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Abstract 

 

Although mammals form scars upon skin wound healing, the Mexican “Axolotl” 

salamander has the extraordinary ability to heal wounds scar-free. While axolotl 

skin histologically resembles mammalian skin, molecular details that prevent scar 

formation during axolotl wound healing are largely unknown. To address this 

knowledge gap, we performed transcriptional profiling during axolotl cutaneous 

wound healing.  We analyzed genes that displayed differential gene expression 

during axolotl wound healing compared to previously published human gene 

expression profiling data.  We found that Sal-like 4 (Sall4) expression was 

increased early during axolotl skin regeneration, but did not increase in humans 

until later time points. We hypothesize that early increase in expression of SALL4 

after injury is required for scar-free wound healing. To test this hypothesis, we 

depleted SALL4 in vivo during wound healing. We found that when SALL4 is 

depleted, we see excessive Collagen I and XII deposition that occurs earlier and 

is not fully remodeled, resulting in a scar-like phenotype. 

 

To determine how SALL4 expression is regulated during wound healing, we 

sought to identify which microRNAs post-transcriptionally regulate SALL4. We 

found that miR-219 is able to regulate expression of axolotl SALL4 during wound 

healing. Further, when we ectopically increase miR-219 levels during axolotl 
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wound healing, we find early excessive collagen deposition, mirroring the SALL4 

depletion phenotype. Additionally, we found that miR-103, not miR-219, is able to 

regulate human SALL4. Thus, revealing one mechanism that could explain the 

different SALL4 expression profiles seen in axolotls vs. humans.  

 

Lastly, we describe how to use a Dual-Fluorescent green fluorescent protein 

(GFP)-Reporter/ monomeric red fluorescent protein (mRFP)- Sensor (DFRS) 

plasmid to quantitate the dynamics of specific miRNAs over time. This system 

allows researchers to obtain relative quantifications for microRNA levels during 

biological processes over time. This will allow researchers explore the expression 

dynamics of any microRNA over time in vivo. 
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The response to skin injury 

The skin is the body’s protection from the outside world, and when there is a 

physical insult to the skin, it must be repaired to ensure homeostasis of the body. 

The extent of the wound will determine the ultimate outcome, simple scratches 

can be effectively repaired, but full-thickness skin wounds most commonly result 

in scar formation. Wound healing is a repair process that in humans, and most 

mammals, results in a fibrotic response. The mammalian wound healing process 

is composed of three overlapping phases: inflammation, proliferation, and 

maturation/ remodeling1-3. In this section, the functions of these three steps, with 

emphasis placed on the cell types and temporal processes involved, will be 

delineated. 

 

Inflammation Phase 

The inflammation phase starts the full thickness cutaneous wound healing 

process and begins as a result of blood vessel disruption. Broken blood vessels 

will lead to the release of clotting factors that will cause the blood to coagulate 

and a fibrin clot to form. The fibrin clot serves multiple purposes, including 

cessation of bleeding and provision of a temporary matrix for cellular migration.  

Platelets in the fibrin clot will also secrete growth factors and chemokines to 

attract immune cells to the wound bed. Of the immune cells, neutrophils arrive to 
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the wound first to sterilize the wound bed by degranulation and phagocytosis. 

Neutrophils will also release chemokines to attract more leukocytes, thus 

amplifying the immune response. Soon after neutrophils are present within the 

wound bed, macrophages will migrate to the wound site.  While both neutrophils 

and macrophages help to sterilize the wound bed by phagocytosis, the 

macrophages will release pro-inflammatory cytokines as opposed to the lytic 

granules released by neutrophils.  Additionally, after the wound is clear of debris, 

macrophages will release growth factors that initiate formation of new connective 

tissue and blood vessels, referred to as granulation tissue.  Within hours of initial 

injury, keratinocytes at the leading edge of the wound will begin to lose apical-

basal polarity and begin migrating into the wound.  

 

Proliferation Phase 

The proliferative phase of wound healing begins within a few days after injury, 

when keratinocytes start to hyperproliferate. Macrophage-derived cytokines that 

were released into the wound bed cause fibroblasts to migrate into the wound 

bed, proliferate, and initiate extracellular matrix (ECM) production.  
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Keratinocyte	migration	and	proliferation		

Immediately after wounding, several types of skin cells receive signals that allow 

migration and proliferation of these cells, leading to wound closure. The first cell 

type is the keratinocyte, which resides in the epidermis and proliferates and 

migrates to close the wound.  

 

Multiple signaling cascades initiate keratinocyte migration. Keratinocytes migrate 

to close the wound, thus restoring both barrier function and tissue homeostasis. 

Keratinocytes receive signals that initiate cytoskeletal rearrangement, allowing 

for keratinocyte migration.  At least three different signaling mechanisms can 

allow for cytoskeleton rearrangement: Reactive Oxygen Species (ROS) 

signaling, calcium signaling, and membrane depolarization signaling. Both 

Calcium and ROS levels are elevated minutes after wounding.  

 

One of the signals that allows cytoskeleton rearrangement to occur is calcium. 

The divalent cation form of calcium enters keratinocytes either from the 

sarcoplasm or from the ECM.  Once calcium enters the keratinocyte, it activates 

calpain, which in-turn cleaves spectrin.  Spectrin anchors the cortical actin 

network to the plasma membrane, thus cleavage of spectrin allows actin 

remodeling and potentiates migration.  
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Another signal that allows cytoskeletal rearrangement to occur is ROS. ROS has 

several roles during the wound healing process. ROS is produced and released 

from keratinocytes immediately after wounding4,5. One source of ROS is the 

mitochondria. Release of mitochondrial ROS is triggered by calcium uptake of 

mitochondria6. Studies show that this ROS release will promote keratinocyte 

proliferation and migration7. One recently discovered mechanism by which ROS 

promotes keratinocyte migration is via inhibition of Rho-GTPase activity by the 

ROH-1 redox-sensitive motif8. ROS signaling also acts as an antimicrobial agent, 

a chemo-attractant for immune cells, as well as a promoter for angiogenesis9.  

 

Lastly, membrane depolarization of keratinocytes can signal for cytoskeletal 

rearrangement. Membrane depolarization occurs after wounding and gradually 

extends away from the wound to neighboring cells, resulting in coordinated 

migration10. 

 

Fibroblast	proliferation	and	ECM	production	

Another cell type that plays a prominent role in the proliferation phase is the 

fibroblast, which also migrates to, and proliferates within, the wound bed. The 
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major role of the fibroblast is to rebuild the ECM by depositing fibrous proteins, 

such as collagen.  

 

Recent findings show that there are two types of dermal fibroblasts that arise 

from two distinct lineages. One, the “upper lineage” forms the upper dermis, 

including the dermal papilla that regulate hair growth. These “upper lineage” 

fibroblasts are recruited during re-epithelialization, and activated by β-catenin 

secreted by epidermal cells.  The “lower lineage” mediates dermal repair. The 

lower lineage does not support hair follicle formation, and thus explains why scar 

tissue lacks hair follicles11. The lower lineage will migrate into the wound bed, 

proliferate and secret ECM. The first major ECM component produced by 

fibroblasts is fibronectin, which is produced while fibroblasts migrate through the 

wound.  However, once fibroblast migration speed decreases, protein production 

switches to collagen III and I. While it is unclear why the switch from type III to I 

occurs, one possibility is the tensile strength of type I is greater than type III12. 

Thus, to restore the integrity of the tissue, collagen type I will need to replace 

type III. Further, it has been reported that collagen type III is crucial for collagen 

type I fibrillogenesis13. Therefore, collagen type III is likely a required collagen 

intermediate that allows the major skin collagen, type I, to be replaced within the 

wound bed.  
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Maturation/ remodeling Phase 

Soon after ECM is deposited within the wound bed, the remodeling phase 

begins. The remodeling phase is conducted by macrophages, fibroblasts and 

myofibroblasts within the wound. The action of these cells result in a balance of 

matrix degradation and matrix synthesis14. This is achieved by the release of 

collagenases and matrix metalloproteinases (MMPs) to break down excessive 

and temporary matrix proteins while synthesizing new collagen fibers14.  

 

Post-translational	modification	of	collagen	leads	to	mature	collagen	

Collagen is critical to effective wound bed closure.  The process of secreting and 

properly maturing collagen is a complicated, multistep process, where any of 

these steps might lead to differences in wound healing efficiency.  Collagen is 

produced largely by fibroblasts, and post-translational modification begins 

immediately after translation of the collagen mRNA. First, multiple post-

translational modifications occur, such as hydroxylation of specific lysine and 

proline residues.  These modifications help to stabilize the triple helical structure 

of collagen (referred to as pro-collagen). Pro-collagen is secreted into the 

extracellular space, where it is processed by proteases that cleave both the N 

and C-terminus ends of the protein, yielding mature collagen. Mature collagen is 
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then organized into fibrils. Each collagen triple helix will be subjected to 

intramolecular and intermolecular cross-linking by enzymes such as lysyl 

oxidase. The cross-linking process yields mature collagen fibrils, which are the 

functional unit of collagen.   

 

Following cross-linking, collagen remodeling continues to occur via collagenases 

secreted by fibroblasts, neutrophils and macrophages within the wound bed. The 

collagenases will cleave through the triple helix at specific sites allowing the triple 

helix of collagen to be further degraded by additional secreted proteases. 

Continued collagen deposition and catabolism will slowly replace granulation 

tissue with a fibrotic scar. However, the collagen that is deposited within the 

wound bed will not return to pre-injury condition. During development, collagen is 

laid in a basket weave pattern, which allows elasticity in the tissue. After injury, 

collagen is deposited in a linear fashion, and never regains the original basket 

weave morphology, elasticity or tensile strength.  During this remodeling process, 

the tensile strength of the wound will slowly start to increase. At the end of the 

remodeling process, the tensile strength of the scar is only up to 70% of intact 

skin. 
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While the ECM matures and is remodeled during wound healing, TGF-β signaling 

from both immune and other resident cells to fibroblasts will trigger differentiation 

of some fibroblasts into myofibroblasts15,16.  Myofibroblasts are distinct from 

fibroblasts in the wound bed, because myofibroblasts will also bind to collagen 

fibers and contract to assist in wound closure.  

 

The process of wound closure in humans and other mammals has been studied 

for over one hundred years.  These studies have led to a well-rounded 

knowledge of the mammalian wound healing process at the tissue, cellular, 

protein, and transcriptional level. However, one major gap in our knowledge that 

cannot be answered by studying mammalian wound healing is how does the 

process of scar-free wound healing occur. To begin to elucidate the scar-free 

wound healing process, studies must look towards animals that have the ability 

to regenerate skin.  

 

Axolotls as a model system 

 

Ambystoma mexicanum, or the Mexican “Axolotl” salamander has been used in 

scientific research since the 1860s. The axolotl originates from Lake Xochimilco 
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near Mexico City, Mexico17. Over the years, axolotls have been used to study 

many of biological processes including development and regeneration.   

 

Axolotls have many advantages as a model system18. First, axolotls are subject 

to relatively easy genetic manipulation.  Axolotls lay approximately 200 large 

(3mm) embryos that are coated in a transparent jelly. This allows for easy 

viewing and manipulation of the developmental process. The large size and 

number of embryos also facilitates the production of transgenic axolotls. 

Consequently, transgenic axolotls can be produced by injecting embryos at the 

single cell stage19-21. Additionally, to avoid developmental defects associated with 

transgenic axolotls, genes can be ectopically expressed or depleted by 

microinjection and electroporation22-24. Axolotls can be injected locally and 

electroporated with a wide variety of genetic modifiers or reporters to study a 

gene, miRNA, or cell type of interest.  

 

Second, axolotls have several different skin color mutants (melanoid, white, 

albino, axanthic, and wild type)18. These skin color mutations are helpful for skin 

transplantation experiments, making it easier to trace the donor cells. 

Additionally, having mutants without melatonin in the skin makes the axolotls 
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more optically transparent, and decreases the amount of autofluorescence within 

the tissue.  

 

Finally, axolotls have a remarkable regenerative capacity. Axolotls are able to 

regenerate many complex structures including, limbs, spinal cord, heart, jaw, 

retina, and skin18,25. Many of these structures are more related to mammals than 

other regenerating species. One example of this is the skin of the axolotl 

compared to the scales of Danio rerio (zebrafish). The skin of the axolotl contains 

the same cell types as human skin, as well as similar tissue morphology. This 

makes the axolotl an ideal model to study skin regeneration.  

 

Scar-free wound healing models 

 

The study of the mammalian wound healing process has largely focused on the 

laboratory mouse, Mus musculus. These studies have both shed light on the 

overlapping steps of wound healing, and have also described roles for several 

different proteins required in this process. However, one major drawback to the 

study of wound healing in mammals is that mammals generally cannot heal 

wounds without scarring.  Therefore, it is essential to study other adult 

vertebrates that are can heal wounds scar-free.  
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A number of model organisms are available which heal wounds scar-free. The 

following will discuss the benefits of each model organism for regeneration 

studies. Several vertebrate species can heal wounds without scarring. These 

vertebrates include amphibians, (Xenopus laevis and A. mexicana), fish, (Danio 

rerio), and even mammals, such as rodents in the Acomys genus.  Our work 

primarily focuses on one of these model systems, Ambystoma mexicana.  The 

following will detail these three models of scar-free wound healing. 

  

Scar-free wound healing in amphibians 

Several different amphibians can heal scar free (figure 1-1 b). Adult frogs from 

the Xenopus genus also harbor the ability to heal wounds scar-free26. A benefit to 

using Xenopus as a model is that they can regenerate skin appendages, such as 

exocrine glands. Additionally, Xenopus have a multi-layered epidermis, similar to 

that of mammals.  

 

Just like frogs, urodele amphibians, such as newts and axolotls, also can 

regenerate skin appendages25,27. Additionally, newts and axolotls are still able to 

heal their wounds scar-free even after metamorphosis, and do not lose their 

regenerative ability with age27,28.  
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Figure 1-1: Depiction of different outcomes of wound healing: Scar formation or 
regeneration.  
(a) In mammalian wound healing, a fibrin clot is formed, and keratinocytes will proliferate 
and migrate under the clot. As keratinocyte migration is occurring, fibroblasts will enter 
into the wound bed and proliferate, and will start to express extracellular matrix (ECM) 
proteins such as collagen. Once there is a provisional matrix, keratinocytes can migrate 
over to close the wound. Some fibroblasts will differentiate into myofibroblasts and will 
contract the wound. Scar formation is the result of mammalian wound healing, marked 
by a thickened epidermis, as well as excessive and un-remodeled collagen deposition. 
(b) In axolotl wound healing, keratinocytes will migrate over the fibrin clot, closing the 
wound within 24 hours. Once the wound is closed, the keratinocytes will proliferate, and 
create a wound epidermis. Fibroblasts will enter the wound bed, proliferate, and secrete 
ECM. Again, some of the fibroblasts will differentiate into myofibroblasts and contract the 
wound. The cells within the dermis will then continue to remodel the ECM that was 
deposited until regeneration has been achieved.  
 

Mammalian wound healing  Axolotl wound healing  

Scar formation Regeneration 

Key: Kera%nocyte	 Ac%ve	kera%nocyte	Fibrin	clot	

Dermal	fibroblast	 Myofibroblast	 Collagen	

a b 
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Scar-free wound healing in Zebrafish 

Danio rerio (referred to as zebrafish) have several advantages as a model to 

study scar-free wound healing.  First, zebrafish are an established developmental 

model with a sequenced genome, which enables the use of a broad toolbox of 

available genetic tools.  Second, zebrafish produce hundreds of embryos from 

each mating and have a rapid generation time. Third, and most important to 

wound healing, is that the same three phases of wound healing occur in 

zebrafish that occur in mammals.  However, in zebrafish, these three phases do 

not overlap.  This allows researchers to study the intricacies of each phase of 

wound healing separately29,30.   

 

Rodent models of scar-free wound healing 

Rodents in the Acomys genus (referred to as spiny mice) are the only adult 

mammals that are known to heal wounds scar-free31.  Acomys have skin that will 

tear easily, as a potential mechanism to escape predators. After injury, the spiny 

mouse will quickly close the wound and regenerate the missing tissue, including 

hair follicles and associated structures.  
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Similarities in the wound healing process of scar-free wound healing 

models 

Several similarities exist between the scar-free wound healing process in 

amphibians, fish, and rodents. These commonalities are: rapid re-

epithelialization, a muted immune response, and the timing of ECM deposition 

and remodeling. In this section, each of these processes will be discussed for 

each model system.  

 

Rapid	re-epithelialization	

The first commonality in species that can heal scar-free is that each can re-

epithelialize wounds very quickly. Zebrafish will close full thickness wounds at a 

rate of 250 μm/hour, and amphibians generally re-epithelialize similar wounds 

within 24 hours25-27,30. Acomys is also able to fully close a 4mm wound within 3 

days of injury, which will take 7-9 days in the lab mouse Mus musculus31. Finally, 

humans (which cannot heal scar-free) close wounds at a rate of 0.001 

μm2/hour32, which is notably slower than in any of these scar-free wound-healing 

models.   

 

The reason each of these models can close wounds so rapidly is because the re-

epithelialization process relies on migration, not proliferation, of keratinocytes at 
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the leading edge of the wound.  The result of the migration is a wound epithelium 

that is only 1-2 cells thick. After wound closure, the cells of the epithelium will 

proliferate to re-establish the original thickness of the skin. This contrasts with 

both human and M. musculus wound healing, where keratinocytes at the leading 

edge of the wound will hyperproliferate to re-epithelialize.  

 

Muted	immune	response	

A second similarity that is found in scar-free wound healing models is the 

immune response during wound healing.  A current hypothesis is that animals 

with regenerative capacity have a muted immune response28,33. In Xenopus, 

during development there is a short window of time where regeneration does not 

occur, referred to as the refractory period34. This refractory period coincides with 

the initiation of immune cell development and function, and ends after the 

development of T regulatory cells, a cell type that functionally suppresses the 

immune response28. Thus, the ability to limit the immune response in Xenopus 

could be responsible for regaining regenerative ability. Further, transcription 

profiles of chemokines and MHC class II receptors differ between the refractory 

and non-refractory periods during regeneration35.  In addition, if Xenopus are 

immunosuppressed during the refractory period, the regenerative ability is 

restored35. During the refractory period, the number of immune cells that traffic to 
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the regenerating area increases compared to non-refractory period, providing 

evidence of an increased immune response during this time36.  

 

Axolotls can regenerate throughout their life, even after metamorphosis. Even 

though axolotls have both T and B cells, they are still considered 

“immunodeficient” since tissue transplantation can occur without acute rejection37 

and they cannot clear viral infections as readily38. While both T and B cells have 

reasonable cell receptor repertoires, axolotls have limited MHC class II 

repertoires39. With a limited MHC class II repertoire, immunodeficiency could be 

explained by limited presentation of class II peptides.  

 

Another piece of evidence that a muted immune response will create a more 

permissive environment for regeneration is found in a study performed by Maden 

and colleagues. In this study, gene expression profiles during wounding of Mus 

and Acomys were compared. This comparison revealed that during wound 

healing, there were markers of a strong immune response elicited from M. 

musculus, but much less of an immune response signature in Acomys33.  

 

While it is clear that a muted immune response is a pro-regenerative feature, 

several lines of evidence show that an immune response is still required.  For 
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example, in zebrafish, when macrophage recruitment is inhibited, regenerative 

capability is diminished40,41. Further, macrophages are essential for limb 

regeneration in the axolotl42, again supporting the conclusion that the presence of 

an immune response is necessary for scar-free wound healing.  Several 

functions are attributed to macrophages at the wound site, such as cleaning up 

cellular debris, releasing growth factors and cytokines to attract other immune 

and non-immune cells, and remodeling the extracellular matrix. In regenerative 

species, the current literature supports the notion that macrophages couple 

immune surveillance to regeneration.  

 

ECM	deposition	and	remodeling	

Finally, the timing of ECM deposition, as well as which proteins comprise the 

ECM, are similar in each of the scar-free wound healing model organisms. 

Indeed, during zebrafish and axolotl wound healing, a provisional matrix made of 

hyaluronic acid, tenacin C, and fibronectin is first synthesized and deposited43.  In 

this early, provisional wound matrix, collagen levels are decreased. However, by 

14 days after injury, collagen is present in the wound bed, 27. Similarly, collagen 

deposition seems to be delayed in the spiny mouse, where collagen deposition 

occurs by 8 days after injury44. In contrast, animals that heal by scarring undergo 

very early ECM deposition. In M. musculus collagen can be seen by 3 days after 
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injury, prior to re-epithelialization45, thus collagen deposition is delayed in these 

scar-free models.  

 

In addition to the timing of collagen deposition, scar-free wound healing 

organisms deposit different collagens compared to scar-forming organisms. 

Specifically, collagen type III is the initial collagen to be deposited, and is later 

replaced by collagen type I in the axolotl; similar collagen types are deposited in 

the spiny mouse27,31. This differs drastically from the laboratory mouse, where 

wounds had many more collagen type I fibers than type III fibers31. More recently, 

a proteomics approach was taken to determine the collagens present within the 

wounds of both M. musculus and Acomys44. In this study, there were many 

collagens with increased expression during the wound healing process, the most 

abundant being collagen type XII. This same increase in expression of collagens 

was not seen in Acomys, and there were very few collagens expressed33.  

 

Thus, each organism that has the ability to heal scar-free re-epithelializes 

wounds quickly, has a muted immune response, displays deposition of certain 

types of collagen, the deposition of which is delayed, and the ability to efficiently 

remodel ECM. While many groups are trying to delineate the molecular 
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mechanisms of how each of these processes occurs, much work is still needed 

to form a complete picture of how wounds can heal scar-free. 

 

Gene regulation by microRNAs 

MicroRNAs (miRNAs) are small, non-coding RNAs that are approximately 22 

nucleotides long46-50. The major function of miRNAs is to guide the RNA-induced 

silencing complex (RISC) to a target mRNA transcript in a sequence-specific 

manner51. MiRNAs frequently bind to the 3’ untranslated region (UTR) of mRNA 

to either inhibit translation of the target mRNA or degrade the transcript52. This 

allows miRNAs to tightly regulate gene expression in nearly every biological 

process, including tissue repair and regeneration. Additionally, a single miRNA 

can regulate modulate hundreds of transcripts, allowing modulation of entire 

genetic programs during normal biological functions as well as disease 

processes53. Thus, miRNAs are an important regulator of gene expression.  

 

miRNA biogenesis 

miRNA sequences are located throughout the genome. Frequently, 

miRNA genes are spatially clustered and can be transcribed using the same 

promoter54. While these miRNAs may be transcribed together, further post-
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transcriptional regulation modulates the expression of individual miRNAs in a 

given cluster55.  

 

Figure 1-2: Biogenesis and Function of miRNAs. 
miRNA gene is transcribed by RNA polymerase II and polyadenylated. The primary 
miRNA (pri-miRNA) transcript is processed by a multi-enzyme complex, Microprocessor, 
to generate a pre-miRNA which is subsequently exported to the cytoplasm. After nuclear 
export the pre-miRNA is cleaved to ~21 nucleotides by DISC and the guide strand is 
incorporated into miRISC. Finally, the guide miRNA will anneal to a 6-8 nucleotide seed 
sequence in the 3’ untranslated region (UTR) of target mRNAs to promote transcript 
degradation or inhibition of translation. Adapted from Sabin, K. and Echeverri, K., 201756 
 

Since miRNA are a significant regulator of gene expression, understanding the 

cellular machinery that regulates miRNA expression is critical.  RNA polymerase 
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II transcribes miRNA from DNA.  The initial form which the newly-transcribed 

miRNA takes is referred to as primary-miRNA (pri-miRNA) 57.  The pri-miRNA is 

approximately one thousand nucleotides long and contains a stem-loop structure 

that houses the mature miRNA.  Typically, the stem is 33-35 nucleotides in 

length and is cleaved from the pri-miRNA transcript by a protein complex known 

as the Microprocessor58,59.  The Microprocessor is a protein complex that 

comprises the RNase III protein Drosha as well as an associated protein named 

DGCR8. The current understanding is that Drosha is the catalytic portion of the 

Microprocessor, which can specifically cleave dsRNA. Cleavage by Drosha 

results in a ~65 nucleotide hairpin known as pre-miRNA60. Pri-miRNA is 

processed by the Microprocessor in the nucleus, which allows the pre-miRNA to 

be exported into the cytoplasm for further processing.  

 

In the cytoplasm, the pre-miRNA is further cleaved by the RNase III-type 

endonuclease Dicer61-65. Dicer cleaves the loop structure and subsequently 

releases an RNA duplex that is approximately 22 nucleotides long61-65. The 22-

nucleotide RNA duplex is then loaded onto an Argonaute (AGO) family member 

protein to form the pre-RNA Induced Silencing Complex (RISC). The miRNA 

duplex can produce two mature miRNAs: one from the 5’ strand and one from 

the 3’ strand of the pre-miRNA-respectively denoted as the 5p and 3p miRNA (for 
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example miR-1-5p or miR-1-3p). However, each strand has a differing level of 

biological activity. The more active strand is termed the guide strand, and less 

active termed the passenger strand.  

 

Strand determination occurs during pre-RISC formation and is based on the 

relative thermodynamic stability of the two ends of the RNA duplex66,67. 

Specifically, the guide strand usually has a less stable 5’ end, as well as a Uracil 

at nucleotide position one48,68-71. The passenger strand will either be unwound 

and degraded in the cytoplasm, or cleaved by an AGO protein. Together, this 

process allows for full maturation of miRNA such that it can carry out the 

biological of modulating gene expression.  

 

miRNA mechanisms of action 

Once the miRISC is assembled, the miRNA will determine the mRNA target by 

base pairing to the seed sequence located within the 3’UTR of the target mRNA. 

The proteins within the RISC can inhibit the functionality of the mRNA by one of 

two potential methods: RISC-mediated mRNA translational repression, and 

miRNA-mediated mRNA degradation. 
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RISC-mediated	translational	repression	

The first possibility is that the RISC and associated proteins repress translation of 

the target mRNA. Originally, it was thought that translation inhibition was the only 

mechanism of miRNA-mediated silencing. The basis for this idea was the 

observation that miRNAs inhibited protein expression, but largely did not affect 

transcript abundance of target mRNAs72,73. Since then, studies have shed light 

on mechanistic details of translation repression. Translational repression occurs 

by miRISC binding to the 3’UTR of a target transcript. miRISC binding interferes 

with the interaction of Eukaryotic translation initiation factor 4 G (eIF4G) at the 5’ 

Cap and Poly A binding protein C (PABPC) on the poly A tail of the target 

transcript74. Interaction between eIF4G and PABPC brings the two ends of the 

mRNA transcript into proximity75,76. The interaction of each end of the transcript 

to each other increases the binding affinity for other translation initiation factors, 

and can lead to ribosome recycling76. Thus, miRISC inhibits translation initiation 

by interrupting these protein-protein interactions that support translation initiation.  

 

RISC-mediated	mRNA	degradation	

In contrast to RISC-mediated translational repression, many recent studies have 

supported the model that miRNA-mediated silencing is also performed via 

degradation of the target transcript. Mass spectrometry and transcriptome 
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analysis were used in combination to measure protein and transcript abundance 

after the addition or removal of miRNAs. These studies showed that there is, in 

fact, a decrease in the amount of transcript abundance in the presence of 

miRNAs, suggesting that mechanism of miRNA regulated transcript abundance 

is mRNA degradation77-80. MiRNA-mediated mRNA degradation occurs by 

deadenylation of the poly A tail at the 3’ end of the mRNA transcript, which in-

turn leads to de-capping and degradation of the remaining transcript. Currently, 

many lines of evidence suggest that the most common form of miRNA-mediated 

transcript repression is degradation77-80. These studies suggest that miRNAs can 

recruit de-capping enzymes to the mRNA target transcript, and thus increase de-

capping and degradation of the target transcript.  Thus, between RISC-mediated 

mRNA transcriptional repression and RISC-mediated mRNA degradation, there 

are many observations as to how miRNA mediate gene silencing.  However, 

studies are still needed to fully elucidate the mechanisms of miRNA mediated 

gene silencing.  

 

miRNAs in wound healing  

The role that miRNAs play in nearly every biological process is being 

investigated, and wound healing is no different. Recent studies have shown that 

miRNAs are involved in regulating gene expression in each phase of the wound 
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healing process (Table 1-1). Currently, many studies exploring the roles of 

miRNAs in wound healing are performed in vitro, and the role of each miRNA is 

based on targets identified to be crucial to the wound healing process. Thus, a 

current knowledge gap is to identify how these miRNAs are regulated in vivo, and 

what other targets each miRNA has during the wound healing process.  

 

Table 1-1: MicroRNAs involved in different phases of wound healing. Modified from 
Banerjee, J. et al., 201181 

                                    

 

MicroRNAs Targets

Inflammatory phase

miR-105 TLR2
miR-140 PDGF receptor
miR-146a, miR-125b TNF-!

Angiogenesis

Proangiogenic miRNAs
miR-17-92 TSP-1, CTGF
miR-126 Spred1, PIK3R2
miR-130a GAX, HOXA5
miR-210 EFNA3
miR-296 HGS
miR-378 Fus-1, Sufu

Antiangiogenic miRNAs
miR-92a Integrin-!5
miR-17 Janus Kinase 1
miR-15b,miR-16, miR-20a,
miR-20b

VEGF

miR-320 IGF-1
miR-221, miR-222 c-kit

Proliferative phase

miR-184 Akt
miR-205 SHIP2, Rho-ROCK1
miR-210 E2F3, ISCU 1/2

Remodeling phase

miR-29a Type I and type II collagen
miR-29b,29c Smads, "-catenin
miR-192 SIP1
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Sal-Like 4 

Sal-Like 4 (SALL4) is a transcription factor with known roles in embryonic stem 

cell maintenance, development, and cancer 82-90. SALL4 can directly bind DNA 

via multiple C2H2 zinc finger domains91. After binding DNA, SALL4 can regulate 

gene expression by interacting with a co-factor or epigenetic complex.   

 

In mouse embryonic stem cells, SALL4, OCT4, Nanog, and SOX2, create a 

transcriptional regulatory circuit, which can regulate pluripotency versus 

differentiation during embryonic development.  The creation of this circuit is due 

the ability of each of these proteins to regulate their own, and each other’s 

transcription. Further, these proteins can interact with one another, to finely 

regulate transcriptional programs82-86.  Moreover, SALL4 can interact with 

epigenetic modifiers. These modifiers include subunits of the NuRD complex and 

histone lysine-specific demethylase 1 (LSD1), which are often correlated with 

inhibition of gene expression92,93. SALL4 has also been shown to bind with co-

factors that generally promote transcription, such as the protein Mixed Lineage 

Leukemia (MLL)94. MLL has histone 3 lysine 4 (H3K4) trimethylation activity, an 

epigenetic marker of active transcription. Thus, depending on the co-factors 

bound to SALL4, SALL4 can act as a transcriptional activator or repressor.  
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During embryonic development, SALL4 is expressed in the limb bud, and is 

partially responsible for limb patterning87. Indeed, mutations in the SALL4 gene in 

humans may lead to Duane-Radial-ray syndrome, which causes abnormalities of 

bones in the arms and hands88. In addition, SALL4 is modulated during limb 

regeneration in both Xenopus and A. mexicanum95,96. Thus, SALL4 is essential 

for proper limb development, and is likely critical for limb regeneration.  

 

In adult tissues, SALL4 expression is restricted to germ and progenitor cells. 

However, in several different types of cancer, SALL4 is mis-regulated and re-

expressed89,90. In some types of cancer, the presence of SALL4 has been 

correlated with increased metastasis or worse survival97-100. However, it is 

unclear how SALL4 is contributing to the pathogenesis of these tumors. 

Therefore, experiments are needed to dissect the molecular contributions of 

SALL4 to tumorigenesis.  

 

Conclusion 

 

The work presented herein determined how a model of wound regeneration (the 

axolotl) can be used to further our understanding of scar-free wound healing. 

These data support the conclusion that the transcription factor SALL4 modulates 
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collagen deposition and remodeling during wound healing, and that SALL4 is 

regulated at least in part by miRNA-219.  Further, that this miRNA regulation is 

species-specific and is part of what makes SALL4 expression different between 

the axolotl and human. 
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Chapter 2 

 

 

Comparative transcriptional profiling of axolotl and human wound healing 
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Summary 

The human response to serious cutaneous damage is limited to relatively 

primitive wound healing, whereby collagenous scar tissue fills the wound bed. 

Scars assure structural integrity at the expense of functional regeneration. In 

contrast, axolotls have the remarkable capacity to functionally regenerate full 

thickness wounds. Here, we identified a novel role for SALL4 in regulating 

collagen transcription after injury that is essential for perfect skin regeneration in 

axolotl. This work highlights one molecular mechanism that allows for efficient 

cutaneous wound healing in the axolotl. 
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Introduction 

The skin is the largest organ of the human body and has several crucial functions 

to keep the body operational and healthy. It is a barrier to the outside world; it 

regulates metabolic functions and acts as a structural framework for the body. 

The skin is an organ that is in a perpetual state of change, constantly replacing 

the outermost layer of cells via division and differentiation of basal keratinocytes. 

Humans can easily repair minor tears to the skin but major skin injuries result in 

incompletely remodeled collagen in the wound bed, which manifests as part of a 

fibrotic scar 101-106.  

 

In contrast, the Mexican “Axolotl” salamander is able to fully regenerate the skin 

after major wounding 3,25,27,107. Previous work shows that at the end of the wound 

healing process in axolotls collagen remodeling and wound bed closure is 

complete and the skin is restored to normal functionality. Thus, a common 

hypothesis is that axolotl and human have differing molecular mechanisms of 

cutaneous wound healing, that directs towards scar free regeneration in axolotls 

versus reparative scar prone healing in humans. 

 

To date some interesting differences in the wound healing processes between 

these two species have been established.  For example, a major difference 
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between axolotls and humans is the speed at which re-epithelialization of the 

wound occurs 25,27,107,108. In axolotls this process occurs directly after injury; 

whereby keratinocytes migrate over the fibrin clot to close the wound within 24 

hours. Once the wound is covered, the keratinocytes will start to proliferate to 

thicken the epidermis. In contrast, human keratinocytes at the leading edge of 

the wound will hyperproliferate and then migrate under the fibrin clot to close the 

wound approximately one week after wound formation. A second major 

difference between axolotls and humans is the timing at which collagen is 

deposited in the wound area. In humans extracellular matrix (ECM) deposition by 

dermal fibroblasts begins between two to five days after injury, leading to scar 

formation by approximately 15 days after wounding. Comparatively, in axolotls, 

dermal fibroblasts are recruited to the injury site within 5 days after injury, but 

ECM deposition does not begin until 10-15 days after wounding. A third major 

difference between human and axolotl wound healing is the degree to which the 

ECM that has been remodeled at the end of the entire wound healing process.  

The major component of the ECM in both human and axolotl skin is collagen. A 

major driver of scar formation is the lack of remodeling of collagen to a basket-

weave formation that is present in normal skin. In humans, at the end of the 

wound healing process collagen remains in thick aligned bundles, meanwhile in 

axolotls collagen is remodeled during the regeneration process and the skin 
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returns to its normal functionality 27,107. 

 

In order to identify key molecular pathways that are necessary to drive scar-free 

wound healing in axolotl we carried out transcriptional profiling at different time 

points during regeneration and compared this to publically available human skin 

wound healing arrays.  This approach allowed us to identify Sal-like 4 (Sall4) as a 

gene expressed early after wounding in axolotl. SALL4 is a transcription factor 

that is known for its role in maintaining “stemness” of both induced pluripotent 

stem cells and embryonic stem cells 100,109-113. Mechanistically, SALL4 has been 

shown to interact with the transcription factors OCT4, NANOG and SOX2 

100,110,114-116. Additionally, SALL4 has been shown to be required for embryonic 

survival, and development of multiple tissue lineages and is differentially 

regulated during Xenopus and axolotl limb regeneration 95,100,109,114,115,117-120.  

Taken together, these studies suggest that SALL4 is part of the molecular 

mechanism responsible for maintaining cells in a less differentiated state. 

 

In this study, we examine the role of SALL4 during the cutaneous wound healing 

process in axolotl. Thus we identify a novel molecular mechanism whereby 

SALL4 in the axolotl regulates collagen production during dermal regeneration. 

That is an essential component of the molecular circuitry necessary for the ability 



 

35 

 

of axolotls to heal cutaneous wounds scar-free 

 

Results 

Identification of axolotl Sall4 gene 

To identify genes that are differentially regulated during full thickness wound 

healing in axolotl, 2mm punch biopsies were taken from uninjured animals and 

from animals at 2, 14 and 21 days post injury.  RNA was extracted and used to 

perform transcriptional profiling with axolotl specific microarrays.  Expression 

values were calculated using a robust multi-array average for background 

correction and normalization.  Log2 fold changes were calculated for each injured 

sample relative to the uninjured control using a linear regression model.  Of the 

4302 differentially expressed probes (adjusted P-value < 0.05), 808 probes were 

differentially expressed in the axolotl by two fold or more at 2 days post injury. To 

identify genes whose expression was significantly different in axolotl 2 days post 

injury compared to uninjured tissue, but unchanged in mammals in the early 

stages of wound healing, we compared our axolotl wound healing datasets to 

transcriptional profiles of human wounds during the healing process (GSE28914 

and GSE50425)121.  From the list of 2 days post injury differentially expressed 

probes in the axolotl microarray data, we identified 571 genes with human 

homologs, 57 of which were not differentially expressed (Log2 fold change < 0.1) 
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at 3 days post injury in the human dataset.  Unsupervised hierarchical clustering 

was applied to the Log2 fold changes for this gene set and changes at each time 

point are shown in a heatmap (Figure 2-1).  Of these candidates, SALL4 was 

expressed at particularly high levels in many dermal cells in the axolotl skin 

during wound healing (Figures 2-1, 2-3 and 2-4), thus we focused on SALL4.  

 

To determine the level of conservation between axolotl SALL4 and other species, 

we cloned the full-length axolotl Sall4 open reading frame.  We identified a 1146 

amino acid open reading frame that has 46% amino acid sequence identity to H. 

sapiens SALL4, 44% identity to M. musculus SALL4a, and 46% identity to D. 

rerio SALL4 (Figure 2-2).  The A. mexicanum SALL4 contains seven C2H2 zinc-

finger domains that are highly conserved across vertebrate species.   
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Figure 2-1  

Figure 2-1: Transcriptional 
analysis of axolotl versus 
human mRNA profiles 
during wound healing.  
The heat map was 
generated based on 
significant differences 
observed in axolotl versus 
human skin after injury, this 
approach identified 57 
genes that are significantly 
differentially regulated in 
axolotl skin 2 days post 
injury but do not change in 
humans at this time point. 
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Figure 2-2 
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SALL4 is differentially expressed after skin injury in axolotls 

To determine if SALL4 could be playing a role in wound healing in the axolotl, we 

first sought to characterize SALL4 expression in the wound bed.  Using 

quantitative PCR we analyzed Sall4 transcript abundance throughout the course 

of skin regeneration. Our qPCR data (Figure 2-3A) supported findings from the 

axolotl microarray data (Figure 2-1).  Indeed, both analyses showed that Sall4 

transcript abundance increases by two days post injury, remains elevated at 

fourteen days post injury and begins to return to uninjured levels by 21 days post 

injury (Figure 2-3A).  
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Figure 2-2: Sall4 Six-species alignment.  
An alignment of the full-length axolotl (A. mexicanum) Sall4 gene with Sall4 from 
five other species. A. mexicanum Sall4 has a 1146 amino acid open reading frame 
that contains seven C2H2 zinc ginger domains that are highly conserved across 
vertebrate species. 
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Figure 2-3: SALL4 expression during wound healing.  
(a) Quantitative real time PCR of Sall4 expression levels during wound healing versus 
control uninjured tissue. Significance determined by a One-Way ANOVA with Dunnett’s 
Multiple Comparisons test. N=3. Error bars are S.E.M. *** = p<0.001. NS = Not 
significant. (b-e”) Co-Immunofluorescence analysis of SALL4 and TP63 (b-b”), Keratin 
15 (c-c”), Vimentin (d-d”) and Smooth Muscle Actin (SMA) (e-e”) at 28 days post injury. 
Examples of double positive cells are indicated with yellow arrows. Nuclei are stained 
with DAPI. Dotted lines represent separation between the epidermis and the dermis. 
Representative images shown for 3 replicates of each co-stain. Scale bars are 50μm. (f) 
The percentage of SALL4+ keratinocytes, dermal fibroblasts (Vimentin) and 
myofibroblasts (smooth muscle actin) are shown within the wound bed at 14 and 28 
days post injury. An unpaired two tailed t test was used to determine significance. Error 
bars are standard deviation. ** = p < 0.01. 
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A key to understanding the role of SALL4 in axolotl cutaneous wound healing is 

elucidating which cell types express SALL4.  To address this question, we next 

assayed protein abundance of SALL4 to gain insights into which cells might be 

expressing SALL4 during the wound healing process in the axolotl.  When we  

used immunofluorescent microscopy to analyze axolotl tissue after wounding, we 

found that SALL4 protein was localized to cells within the wounded area (Figure 

2-3 & Figure 2-4). Comparatively, no SALL4 was found in the uninjured skin  

(Figure 2-4, area outside of dashed lines).  Co-staining with other cell type 

specific antibodies showed that SALL4 was expressed in around 60% basal 

keratinocytes (TP63 and Keratin 15, Figure 2-3B, C, F), dermal fibroblasts 

(vimentin, Figure 2-3D,F), and myofibroblasts (smooth muscle actin, Figure 2-

3E,F).  Interestingly, we also saw that there is a population of cells within the 

regenerating dermis that are SALL4 positive but do not express markers of other 

known cells types, this representatives between 4-8% of the total cells in the 

wound bed (Figure 2-3D, Figure 2-4E). Thus, SALL4 is expressed in multiple cell 

types in the axolotl cutaneous wound. 
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Figure 2-4: SALL4 is expressed in many cells within the wound bed.  
Immunofluorescent analysis of SALL4 (a) and Smooth Muscle Actin (SMA) (b) at 28 
days post injury. Dashed yellow lines indicate injury site. Representative images of 3 
animals. Scale bars represent 500μm. (d) Quantification of the % Vimentin or SMA 
positive and SALL4 negative cells in the wound bed at 14 and 28 days post injury. An 
unpaired two-tailed t test was used to determine significance. Error bars are standard 
deviation. ** = p = 0.0007, NS = Not Significant. (e) Quantification of the number of 
SALL4 positive cells in the wound bed that were negative for Vimentin or SMA. An 
unpaired two-tailed t test was used to determine significance. Error bars are standard 
deviation. NS= Not significant. 
 

Inhibition of SALL4 leads to early excessive collagen production 

We next wanted to test the function of SALL4 during axolotl skin regeneration. 

While conventional approaches to deplete Sall4 have advantages, Sall4-/- mice 

are embryonic lethal 122. As the same Sall4-dependent development is most 

likely present in the axolotls, we did not produce a body-wide Sall4-/- axolotl; in 

addition we wanted to address the role of SALL4 in regeneration without having 
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previously perturbed development. Instead, to circumvent the role of SALL4 

during embryonic development we used a translation blocking morpholino to 

specifically deplete SALL4 within the injury site during wound healing. Either the 

fluorescently tagged morpholino or a mismatched control morpholino were 

injected and electroporated into the dermal layers during regeneration.  

Quantitative PCR and immunohistochemistry were used to verify that the 

morpholino successfully reduced both Sall4 transcript abundance and SALL4 

protein during regeneration (Figure 2-5C and Figure 2-8C,E).  

                      

Figure 2-5: SALL4 depletion causes scar-like phenotype. 
Acid fuchsin/ Orange G stain on (a) mismatch control morpholino or (b) Sall4 
morpholino-injected animals at 21 days after injury. Yellow arrows indicate the re-
formation of the basal lamina. Representative images shown for two replicates of four 
animals each. (c) Expression of Sall4 relative to 18S at 7 days post injury in tissue that 
was treated with either mismatch morpholino or Sall4 morpholino. Representative graph 
of three repeats. Significance determined by an unpaired t-test. Error bars are standard 
deviation (s.d.) ***=P<0.0001. (d) Analysis of the number of cells in a 100 μm2 area 
below the basal lamina at 21 days post injury after SALL4 knockdown. Replicas=2 with 
10 animals total in each condition. Error bars are s.d. ***=P<0.001. Scale bar = 20 μm. 
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Figure 2-6: SALL4 depletion leads to increased COLI and COLXII deposition. 
(a-b) Immunofluorescence analysis of COLXII 21 days post injury after mismatch 
morpholino or Sall4 morpholino treatment. (c) Quantification of mean fluorescence 
intensity of Collagen XII at 21 days post injury after morpholino treatment. (d) Relative 
expression of COL12A1 to 18S at 14 days post injury after morpholino treatment. (e, f) 
Immunofluorescence analysis of COLI 21 days post injury, SALL4 depletion also leads 
to increases COLI protein and mRNA levels (g, h). c, d, g, h, significance determined by 
an unpaired t-test. Error bars are SD unless noted. ** = p<0.01, *** p<0.001. For 21 days 
post injury, Replicas=2 with 10 animals total per condition. Scale bar = 50µm. 
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affected the morphology of regenerated skin we performed acid fuschin-Orange 

G (AFOG) staining to delineate collagen. We observed that the skin did not 

return to its normal pre-injury morphology.  Histological and immunofluorescent 

microscopic examination of the regenerating tissue showed that at 21 days after 

injury, significantly more collagen was present in the SALL4 depleted animals in 

comparison to the control animals (Figure 2-5A,B). Additionally, there was an 

increase in the number of cells lying below the basal lamina (Figure 2-5B,D).  
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Figure 2-7: Collagen 
expression during scar 
free wound healing. 
Graph of all collagens that 
are differentially regulated 
in comparison to uninjured 
skin during scar free skin 
regeneration. The graph 
represents fold change 
relative to the uninjured 
skin at 2, 14 and 21 days 
post injury. 



 

46 

 

While AFOG can determine if collagen is present it cannot be used to determine 

the specific type of collagen. From our initial transcriptional profiling approach we 

identified 16 collagens that are differentially regulated during skin regeneration in 

axolotls (Figure 2-7). Therefore, we further examined the type of collagen present  

in the wound bed of SALL4 knockdown animals using immunohistochemistry and 

found that this largely consisted of and type I and type XII collagen (Figure 2-6 A, 

B, E, F). We found that type I and type XII collagen deposition was significantly 

increased in the wound bed upon SALL4 depletion (Figure 2-6 A, B, E, F). In 

addition to increased Collagen I and XII deposition, we noted that collagen was 

deposited significantly earlier in the SALL4 depleted axolotls than in control 

axolotls (Figure 2-8A,D, Figure 2-9A-C). Interestingly we found that transcription 

of both type I and type XII collagen was significantly up-regulated in SALL4 

knockdown animals (Figure 2-6D,H). Previous research has shown that in 

humans after injury collagen is not fully remodeled and generally has a linear 

pattern 101,123,124.  We found that as regeneration progressed collagen was 

remodeled in control axolotls; upon SALL4 depletion, there was significantly less 

remodeled collagen in the wound bed (Figure 2-6B,C,F, G and Figure 2-8).  This 

finding is reminiscent of mammalian scar tissue, where collagen is deposited 

very early after injury 101,124-126. 
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Figure 2-8: Collagen quantifications at 7 and 14 days post injury. 
(a,b) Immunofluorescent images of collagen XII in control versus SALL4 morpholino 
injected animals 7 and 14 days post injury.  Each fluorescent panel represents a 
biological replica. (c, d) Quantification of fluorescent intensity of antibody stainings for 
SALL4 and collagen XII protein at 7 days post injury in control versus SALL4 knockdown 
animals. (e, f) Quantification of fluorescent intensity of antibody stainings of SALL4 and 
collagen XII protein at 14 days post injury in control versus SALL4 knockdown animals.  
For 7 days post injury, representative graphs and images are shown for 3 replicates with 
12 animals total for each condition. For 14 days post injury, representative graphs and 
images are shown for 2 replicates with 8 animals total for each condition. Scale bar = 
50µm. 
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Figure 2-9:  Collagen I deposition is regulated by SALL4.  
Immunofluorescent images of collagen I in control versus SALL4 morpholino injected 
animals at 7 (a, b) and 14 (d, e) days post injury. (c, f) Quantification of fluorescent 
intensity of antibody stainings for collagen I protein at 7 and 14 post injury in control 
versus SALL4 knockdown animals. For 7 days post injury, representative graphs and 
images are shown for 2 replicates with 6 animals total for each condition. For 14 days 
post injury, representative graphs and images are shown for 2 replicates with 8 animals 
total for each condition. Error bars are SD. An unpaired two-tailed t test was used to 
determine significance. * = p = 0.0338, ** = p = 0.0086. 
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our data showing an increase in collagen deposition when SALL4 is depleted 

during wound healing, we questioned if SALL4 might regulate collagen I (Col1a1) 

or collagen XII (Col12a1) in the axolotl.  Previous studies have reported that 

SALL4 is able to bind to a Pou5f1-like motif, TTTGCAT in both Mouse and 

Zebrafish 110,127. We identified a single potential SALL4 binding site located within 

the first intron of Col1a1 and three separate potential binding sites for SALL4 in 

Col12a1. 

            

Figure 2-10: SALL4 binds to collagen promoters and regulates transcription.  
(a-c) Chromatin immunoprecipitation with anti-Sall4 followed by qPCR revealed 
enrichment of Collagen I and XII from 14 day injured skin (shown are means of fold 
change over pull down with IgG). Unpaired t-test. Error bars are SD. ** = p<0.01. 
Replicas=2, with each replicate pooling tissue from 3 animals. (d-e) A luciferase assay 
was performed after transfecting HEK293T cells with the pGL3 Enhancer vector 
containing either (d) axolotl Col1a1 Intron 1 or (e) axolotl Col12a1 intron 1 together with 
either a Sall4 over expression construct or empty vector control. After 48 hours the cells 
were lysed and luciferase activity was measured relative to β-galactosidase activity. An 
unpaired two-tailed T-Test was used to determine significance. Error bars are SD. *** = p 
< 0.0001. 
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To determine if SALL4 can bind to regulatory sequences within axolotl collagen 

genes and regulate their transcription in vivo, we harvested axolotl skin at 14 

days post injury and performed anti-SALL4 chromatin immunoprecipitation 

(ChIP) paired with quantitative PCR.  First, we found that Col1a1 regulatory 

sequences were enriched in the SALL4 immunoprecipitation by 9.27 fold over 

IgG immunoprecipitation (Figure 2-10A). We additionally found enrichment in two 

sites of the Col12a1 regulatory sequences in the SALL4 immunoprecipitation as 

compared to IgG immunoprecipitation. In Col12a1 site 1, which contains two 

SALL4 binding sites, there was a 21.4 fold enrichment of the SALL4 

immunoprecipitation as compared to IgG control immunoprecipitation (Figure 2-

10B). Finally, in the Col12a1 site 2 regulatory sequence we observed 19.9-fold 

enrichment in the SALL4 immunoprecipitation as compared to IgG control 

immunoprecipitation (Figure 2-10C). This data supports the hypothesis that 

SALL4 binds to the predicted binding motif in Col1a1 and Col12a1. We confirmed 

the direct regulaton Col1a1 and Col12a1 by SALL4 using standard luciferase 

assays. Cells were transfected with the collagen intron fused to luciferase plus or 

minus axolotl SALL4. Relative luminescence readings were quantified and after 

addition of SALL4, there was less detectable luminescence when either Col1a1 

intron 1 or Col12a1 intron 1 was included upstream of Luciferase (Figure 2-
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10D,E). This data identifies a previously unknown role of SALL4 in regulating 

COL1A1 and COL12A1.  

 

Discussion 

 

In this study we have identified a novel role for the transcription factor SALL4 in 

regulating collagen expression and deposition during scar free wound healing in 

axolotl. 

 

SALL4 is a well-known gene, which in mammals has been shown to be important 

for maintaining stemness during mammalian embryonic development 

109,110,112,114-116,119,128-131. SALL4 in mammals was identified based on sequence 

homology to the previously identified Spalt genes in Drosophila. In Drosophila 

Spalt is essential for terminal trunk structure formation in embryogenesis and 

imaginal disc development in the larval stages 132-134. 

 

Previous work has identified SALL4 as a gene that is up-regulated during limb 

development in mouse and during both development and regeneration of the 

limb in Xenopus 95,117,135. In addition RNA-seq data from regenerating axolotl limb 

blastemas identified SALL4 as part of a group of genes up-regulated early in 
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regeneration 96. It has been postulated that during regeneration SALL4 acts to 

keep cells in an undifferentiated state in the blastema during early stages of 

blastema formation and then may play a role in patterning the regenerating limb 

at later stages 95,96,135. This concept would fit very well with the known roles of 

SALL4 in maintaining cells in an undifferentiated state during development and 

with its known role in limb patterning 110,112,113,117,120,127,136,137. 

 

To begin to elucidate the role of SALL4 in skin regeneration we used 

transcriptional profiling at different time-points following skin injury in the axolotl 

to identify key genes that are differentially regulated during regeneration. To 

further narrow down candidate genes we then compared our data set to 

published data from wound healing in humans. This lead to us to focus in on 

SALL4, given the previous work on this gene we also expected that it would be 

involved in maintenance of a stem-cell like state during the early phases of 

regeneration. Surprisingly the knock down phenotype indicated a role in collagen 

regulation. This result was further corroborated by the identification of SALL4 

binding sites within the introns of Col1a1 and Col12a1 genes and verification of 

this binding using a ChIP assay and data from luciferase assays showing 

functional regulation of these binding sites by axolotl SALL4 (Figure 2-10). These 

results indicate a novel and previously unidentified role for SALL4 during scar-
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free skin regeneration in axolotl. This data suggests that SALL4 may regulate the 

timing of collagen expression during regeneration and this may be an important 

aspect of the whether tissues scar or do not scar after injury. SALL4 is well-

documented to play a role in maintenance of the differentiation state. Due to lack 

of markers in the axolotl we could not currently determine if SALL4 depletion also 

affected the composition of cells in the dermis, as more axolotl specific markers 

are developed it will be important and interesting to also answer this question. 

 

Previous research had identified a species of African spiny mice, Acomys, which 

has the ability to heal skin without any scarring 31. This paper suggested that one 

difference in wound healing abilities might lie in the different types of collagen 

found predominantly in one species versus the other and the timing of 

extracellular matrix deposition. Acomys deposit a large amount of collagen III late 

during wound healing while Mus mice have very little collagen III but large 

amounts of collagen I and this is deposited very early in the wound healing 

process. More recent papers further examining the differences in regenerative 

abilities between spiny mice and normal mice have also identified differences in 

the amounts of collagens present. In Mus at least eight collagens are up 

regulated very early after injury, the most prominent being collagen XII, while in 

Acomys very few collagens were identified 33,44. These recent papers again 
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suggest that it is the timing of collagen deposition that may be a key factor in 

directing the response to injury towards a reparative scarring response versus a 

scar free regenerative response, however these studies do not give any insights 

into how this is controlled at a molecular level. 

 

In this study we have identified a novel mechanism of collagen regulation in 

axolotl by SALL4. Our data suggests that SALL4 binding to Col1a1 and Col12a1 

is a key regulatory step that controls the timing of collagen deposition. In the 

future it will be important to determine how expression of SALL4 after injury is 

regulated and which co-factors are potentially necessary to determine its 

interacting partners in different cell types. 

 

The open question remains as to why mammals do not up-regulate SALL4 after 

injury. We have examined the human collagen genes and found there are no 

SALL4 binding sites in Col1a1, but there are seven potential SALL4 binding sites 

with intron 1 of Col12a1. However the SALL4 binding motifs identified to date 

have not been extensively verified and in addition they are highly homologous to 

the known Pou5f1 motif, so further analysis will be needed to definitively 

determine if the human collagen I genes can be regulated by SALL4.  
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Collagen deposition is only one part of the pathway to scarring. Another key 

difference between axolotls and mammals is their ability to remodel collagen 

after deposition to return the skin to its original morphology. A previous study, 

performed chromatin immunoprecipitation coupled to microarray hybridization 

(ChIP-on-chip) in W4 mouse ES cells to determine which genes could be bound 

by SALL4 110,114,131,137. This ChIP- chip indicates that SALL4 could potentially 

bind to and regulate several collagen-remodeling genes, such as Loxl2 and 

several MMPs. It will be essential in the future to investigate how species that 

heal scar free can in fact remodel collagen. 

 

In summary, the data within provide novel mechanistic insights into how the 

axolotl regulates collagen during scar free wound healing and it identifies a 

previously unknown role for SALL4 in regulating collagen transcription. In the 

future it will be interesting to determine how conserved this new role for SALL4 is 

across different species. 

 

Materials and Methods 
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Axolotls 

All axolotls used in these experiments were housed at the University of 

Minnesota in accordance with IACUAC protocol number 1411-32049A. Adult and 

larval (2-5 cm) were used for these experiments. Prior to in vivo experiments, 

animals were anesthetized using 0.1% p-amino benzocaine (Sigma). Skin biopsy 

punches were performed using a sterile 2mm disposable biopsy punch with 

plunger (Miltex). At desired time points, tissue was collected using a sterile 

scalpel. The collected tissue was either immediately placed into TRIzol (Ambion) 

or 4% paraformaldehyde (Sigma).  

 

Microarray 

Uninjured, 2, 14 and 21-day post injury samples were generated from three 

separate adult male animals by extracting Total RNA using the TRIzol protocol 

(Invitrogen). Full thickness 2 mm biopsy samples were taken from the skin along 

the body of adult axolotls that were 2 years old and measuring between 12-15 

inches from tip of head to tip of the tail. All probe preparation, hybridization and 

quality control was carried out by the DNA Microarray Core Facility at the Max 

Planck Institute CBG, Dresden. Custom Affymetrix GeneChimb Amby002 arrays 

were used for genome wide expression analysis. This array has approximately 

20,000 unique probe sets. Probe annotations are from Sal-Site 
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(www.ambystoma.org). Array quality and differential gene expression was 

assessed using standard microarray techniques in R/Bioconductor using custom 

scripts. All arrays were deemed of high quality and were included in all following 

analysis. Background correction, normalization, and expression summaries were 

obtained using the robust multi-array average (RMA) algorithm. Differential gene 

expression was examined using the limma R/Bioconductor package; p-values 

were adjusted for multiple comparisons using the Benjamini and Hochberg 

method.  The final list of differentially regulated genes was further analyses for 

pathway interaction using the Ingenuity Pathway Analysis software. This data 

has been submitted and its GEO accession number is GSE79299. 

 

Comparison of axolotl array data to publically available human array data  

This custom array contains probes designed against 20,031 axolotl contigs.  Of 

these contigs, 14,976 contained significant homology to human transcripts to 

allow for cross species comparison. Fluorescence intensities from these arrays 

were background corrected and normalized using the robust multi-array average 

(rma) within the Bioconductor affy package 138. A linear regression model was fit 

to the data using the limma software 139. Previously published data in human was 

downloaded and processed as above from Gene Expression Omnibus accession 

numbers GSE50425 and GSE28914 121.   Axolotl transcripts that were 2-fold 
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differentially expressed between the uninjured and 2 day post-injury time point 

and had an adjusted p-value below 0.05 were cross-referenced to the human 

transcripts that were differentially expressed at 3 days post-injury in the 

published data.  Log2 fold changes in the axolotl for all three time points 

compared to the uninjured control was plotted for this subset of genes using the 

pheatmap package in R.  A detailed informatics workflow can be found at 

https://github.com/micahgearhart/sall4. 

 

Quantitative PCR 

Total RNA samples were extracted using TRIzol. All samples were treated with 

DNase (NEB) for 30 minutes at 37°C to remove any DNA contamination. DNase 

was inactivated by addition of 25mM EDTA and incubation at 65°C for 15 

minutes. cDNA was produced by using miScript II RT Kit (Qiagen) per 

manufacturers instructions. cDNA samples were diluted 1:2 prior to quantitative 

PCR. The qRT-PCR was carried out using miScript SYBR Green PCR kit 

(Qiagen) per manufactures protocol. Either Qiagen designed primers compatible 

with miScript kit were purchased to quantify conserved microRNAs, and custom 

designed primers were made by IDT to amplify axolotl mRNAs. Custom axolotl 

primers used: 
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Primers: 

18S_F: CGGCTTAATTTGACTCAACACG 

18S_R: TTAGCATGCCAGAGTCTCGTTC 

Sall4_F: AATCCCTCGCAAGCCC 

Sall4_R: CCAGCTATGAGGGGAACATT 

Collagen I_F: TCCCAAAACATCACCTACCAC 

Collagen I_R: AGCTCTGATCTCAATCTCGTTG 

Collagen XII_F: TCAGCGTGAATTCTGTGTAGG 

Collagen XII_R: CTTCGACGTGTCTCCTGAAAG 

 

Immunohistochemistry  

Tissue was fixed with 4% paraformaldehyde and embedded in Tissue-Tek O.C.T. 

(Sakura) for sectioning. 20μm sections were stained using standard 

immunofluorescence techniques. All sections underwent epitope retrieval by 

incubation in PBS at 70°C for 20 minutes. Sections were permeablized by 

washing three times for 10 minutes with 0.1% Triton X-100 (Sigma) in PBS and 

blocked with 2% Goat serum and 2% BSA Fraction V (Sigma) in 0.1% Trition X-

100 PBS for one hour at room temperature. The following primary antibodies 

were used: rabbit anti-SALL4 (1:250; 8459S Cell Signaling Technology), Mouse 

anti-p63 (1:200; MAB4135 Millipore), mouse anti-cytokeratin 15 (1:200, ab80522 
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Abcam), mouse anti-Vimentin 40EC (1:100, Developmental Studies Hybridoma 

Bank), mouse anti- alpha smooth muscle actin (1:500, A5228 Sigma), mouse 

anti-collagen XII MT2-s (1:100, Developmental Studies Hybridoma Bank), anti-

mouse collagen I (1:500, C2456 Sigma. Antigen retrieval of 5ug/mL Proteinase K 

digest in TE for 10 minutes at 37°C). Primary antibodies were diluted with 

blocking buffer. After four five-minute washes with PBS plus 0.1% Tween 20 

(Sigma), slides were incubated with AF488-, AF568-, or AF647-conjugated goat 

anti-rabbit, or mouse secondary antibodies (1:200) in blocking buffer. Nuclei were 

stained with DAPI. Slides were washed four more times for 10 minutes with 0.1% 

Tween 20 PBS and mounted with mounting media and coverslips. Slides were 

analyzed using Leica DMI 6000 B epifluorescent microscope driven by Leica LAS 

AF software.  

 

Image Analysis 

The open source software Fiji was used to process all images acquired on the 

Leica microscope. Fluorescence intensity was quantified using Matlab from the 

raw images acquired from sections stained with antibodies against SALL4 and 

COLXII. A custom MATLAB (Mathworks, Version 8.2, Natick, MA) script was 

used to analyze the images, Figure 2-6, 2-7, and 2-8. Each image was displayed 

using all gathered color channels to simplify identification of sample containing 
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regions of the image. Sub-sections of the images were manually selected to 

include only portions of the images containing the sample. This avoids the 

background regions altering the fluorescence intensity statistics. The intensity 

statistics were exported; one set of statistics for each image, and subsequently 

visualized using Excel. 

 

Microinjection and Electroporation  

Microinjections of morpholinos (Gene Tools, LLC) were carried out as previously 

described in Erickson and Echeverri, 201524. Briefly, Morpholinos were diluted to 

a final concentration of 1mM in sterile DI water plus Fast Green. World Precision 

Instruments pressure injector was used to inject the solutions directly into the 

wound bed every other day until collection. Post injection, axolotls are placed in 

PBS and electroporated with 5 pulses of 50V, 50ms each. When tissue samples 

were harvested at 7 or 21 days post injury multiple injection of morpholinos were 

given over that time period. 

Am Sall4 Morpholino: GACCTGGAAAAAACCCAGTCATTGC 

Control Morpholino: GAACTGCAAAAAAACAGTAATTCC 
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Acid Fuchsin/ Orange G Staining 

Acid Fuchsin/ Orange G staining on fixed tissue was carried out as previously 

described in Diaz, et al. 2014. Briefly, tissue samples were collected and fixed in 

4% paraformaldehyde (Sigma). Tissue was then embedded using Tissue-Tek 

(Sakura) and 20μm cross sections were taken and slides were post fixed with 

Bouin’s Solution overnight. Sections were washed with distilled water and then 

stained with successive 5-minute incubations in 1% phosphomolybdic acid 

(Sigma), AFOG solution, and 0.5% acetic acid. Slides were washed with distilled 

water for 5 minutes before and after incubation with AFOG solution. After 

staining, slides were successively dehydrated by 2 minute incubations in 96% 

Ethanol and 100% ethanol, followed by xylene incubation for 5 minutes before 

mounting with 80% glycerol (Sigma). Images were captured using an Olympus 

BX40 inverted microscope with Leica EC 3 camera and Leica Acquire software.  

 

Chromatin Immunoprecipitation 

Chromatin immunoprecipitation was carried out using SimpleChIP Plus 

Enzymatic Chromatin IP Kit (Magnetic beads) (Cell Signaling Technologies 

#9005) following the manufacturers protocol. Briefly, 0.1 mg of tissue was 

collected 14 days post injury. Tissue was cross-linked with 1.5% formaldehyde at 

room temperature for 20 minutes. Cross-linking was stopped with glycine 



 

63 

 

addition and incubation for 5 minutes at room temperature. Tissue was washed 

and dissociated using a pestle motor mixer (Argos) and pestle. Samples were 

then incubated with Micrococcal Nuclease for 20 minutes at 37°C and inverted 

every 3-5 minutes. The digestion was stopped by addition of EDTA. Samples 

were washed and then sonicated on ice with six 15-second pulses with 45 

seconds of rest. The cross-linked chromatin preparation was then isolated and 

analyzed to ensure chromatin was the appropriate size and concentration. A 2% 

input of each sample was set aside. The remaining cross-linked chromatin 

preparation was then split into three tubes and incubated with either the positive 

control, 10μL Histone H3 (D2B12) XP Rabbit mAb (Cell Signaling Technologies), 

the negative control, 1μL Normal Rabbit IgG (Cell Signaling Technologies), or 

10μL anti-SALL4 (8459S Cell Signaling Technology) and incubated overnight 

with rotation at 4°C. Each sample was then incubated with ChIP-Grade Protein G 

Magnetic Beads for 2 hours at 4°C with rotation. The Protein G Magnetic beads 

were pelleted and washed by placing tubes in a magnetic separation rack. 

Chromatin was eluted from the magnetic beads by incubation at 65°C for 30 

minutes with intermittent vortexing. The magnetic pellets were then removed by 

incubating on a magnetic separation rack. The supernatant containing chromatin 

was then collected and cross-links were reversed by Proteinase K digestion at 

65°C overnight. DNA was then purified using DNA purification spin columns. 
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DNA was eluted from the columns with 50μL of DI water. PCR and qPCR were 

then performed to evaluate SALL4 binding using the following primers: 

 

Primers: 

Collagen I For: GTTTCTTTTCACTGTGCCCG 

Collagen I Rev: CGAGAGTTCCCATGCCATAG 

Collagen XII Site 1 For: GAGCACTGTCCTCTTAGACAAG 

Collagen XII Site 1 Rev: CCACAAAGCCACCCAGTAG 

Collagen XII Site 2 For: CTGGCTAATAATCACAATCCTGTCT 

Collagen XII Site 2 Rev: TAGGTTTTTGTAAGTGGTCCAGTG 

 

Cloning and Plasmids 

The full-length axolotl Sall4 was cloned out of RNA isolated from tissue collected 

at 14 days post injury. 5’ and 3’ RACE was performed using Smart RACE kit 

(Clontech) and following manufacturer’s instructions and the following primers: 

SALL4 Rev GSP1: CCTTAAGATTCCCTTTCG 

SALL4 Rev NGSP1: GCAGCGCACTATCATTCCCAAAGAC 

SALL4 Rev GSP1_2:  

GATTACGACCAAGCTTCAGAGAGCTGCTGAGACAGGTGAGCCC 

SALL4 Rev NGSP1_2:  
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GATTACGACCAAGCTTCGGATGGGTGAAGAACGTGAGGCGCC 

SALL4 Rev GSP1_3:  

GATTACGACCAAGCTTCCCGCAACTCCGCATGCAGCCACAGC 

SALL4 Rev NGSP1_3: 

GATTACGACCAAGCTTAGCAGTACCAGCAACAAGGAGCAACTTGTC 

SALL4 3'RACE GSP2: 

GATTACGACCAAGCTTGCTCCAGCGGCTTGTTGAGAACATTGACCG 

SALL4 3'RACE NGSP2: 

GATTACGACCAAGCTTCTCTGTGGCCGTGCTTTCTCAACCAAGGG 

 

COL1A1, COL12A1 and SALL4 constructs 

Intron 1 of axolotl Col1a1 and intron 1 of Col12a1 were PCR amplified from 

genomic DNA using the primers listed below. After restriction digest with NheI-HF 

and XhoI (NEB) of both the PCR product and pGL3 Enhancer vector (Promega), 

fragments were ligated at 4°C overnight with T4 ligase (NEB). DH5α E. coli were 

transformed with ligation reactions and selected for using ampicillin.  Plasmid 

DNA was then isolated using Qiagen’s Midiprep kit per manufacturer’s 

instructions.  
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Primers: 

ColI Intron For pGL3 NheI: CATGGCTAGCCAAGAAGACGGTAAGTAGCAC 

ColI Intron full Rev: CATGCTCGAGTCGCACACGCAGATCGTG 

Col XII Intron For pGL3 NheI: CATGGCTAGCCAAGCAACCAGGGGAGGA 

ColXII intron full Rev: CATGCTCGAGCCACAGAGGCGGCTCCAGATTGTG 

 

Full length axolotl Sall4 was cloned out of RNA extracted from a 14-day post 

injury skin wound using the primers listed below using Qiagen One Step RT-PCR 

kit following manufacturer’s protocol. A restriction digest with NheI and BamHI 

(NEB) was performed on both the PCR fragment and pcDNA3.1 MCS- 

BirA(R118G)-HA. pcDNA3.1 MCS-BirA(R118G)-HA was a gift from Kyle Roux 

(Addgene plasmid # 36047). Digested PCR product and vector were then ligated 

using T4 DNA ligase (NEB) overnight at 4°C.  DH10β E. coli were then 

transformed with the ligation reaction and selected with kanamycin. Plasmid DNA 

was purified using Qiagen’s Midiprep kit per manufacturer’s instructions 
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Primers: 

AxSall4 HA BioID NheI For: 

CATGGCTAGCCCACCATGAGCCCAGAGCCTGCATC 

AxSall4 HA BioID BamHI Rev: 

CATGGGATCCACTGACAGCGATGTTACTTTCCTCCA 

 

COL1A1 and COL12A1 luciferase assays 

To determine if Sall4 could functionally regulate transcription of Col1a1 or 

Col12a1, HEK293T cells were plated at a density of 2X104 cells/well in a 96 well 

plate coated with poly-D-lysine and allowed to adhere overnight. HEK293T cells 

were then co-transfected with either 112.5 ng/well of pGL3 Enhancer Col1a1 

Intron 1, 37.5 ng/well pMIR-Report beta gal vector (Life Technologies), and 50 

ng/well pcDNA3.1 MCS-BirA(R118G)-HA (with or without axolotl Sall4 insert) or 

125 ng/well of pGL3 Enhancer Col12a1 Intron 1, 25 ng/well pMIR-Report beta 

gal vector (Life Technologies), and 50 ng/well pcDNA3.1 MCS-BirA(R118G)-HA 

(with or without axolotl Sall4 insert) using Lipofectamine 3000 (Invitrogen). Cells 

were incubated for 48 hours and luminescence was detected using the Dual 

Light System (Ambion) following the manufacturer’s protocol.  
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Statistical analyses 

All results are presented as mean +/- s.e.m. unless otherwise stated. Analyses 

were performed using Microsoft Excel or GraphPad Prism. Data set means were 

compared using ANOVA for three or more tests. When two groups were 

compared a Students t-test was used. Differences between groups was 

considered significant at three different levels (p-values of <0.05, <0.01 and 

<0.001) and are indicated in the figure legends. 
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Chapter 3 
 
 

miRNA regulation of Sall4 during wound healing 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3 is modified from Erickson, J.R., et al., Npj Regenerative Medicine 2016 
Jami R. Erickson participated in conception, design, acquisition of data, analysis and writing of 
manuscript. 
Drew D. Honson and Ron McElmurry participated in acquisition of data.  
Taylor A. Reid and Melissa K. Gardener developed the Matlab code for image analysis. 
Karen Echeverri participated in conception and design of project, analysis of data and writing of 
the manuscript. 
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Summary 

After the wound healing process, two outcomes are possible: scar formation or 

regeneration. While regeneration after injury occurs in several vertebrate 

species, scar formation seems to be the predominant effect of wound healing in 

mammals. After injury, species that can regenerate express different gene 

profiles than species that cannot regenerate. MicroRNAs are responsible for 

regulating gene expression in nearly every biological process, including wound 

healing140-156. We previously showed that proper regulation of SALL4 expression 

is crucial for scar-free wound healing157. Here we hypothesize that miRNAs could 

regulate Sall4 during wound healing. We show that Sall4 transcript is a direct 

target of miR-219, and that miR-219 regulates Sall4 transcript abundance during 

wound healing in axolotls. Intriguingly, we also found that a different miRNA, 

miR-103, is responsible for mammalian Sall4 transcript regulation. Our study 

provides a one regulatory mechanism for Sall4 that differs between axolotls and 

humans. Indeed, our work supports the conclusion that aberrant miRNA 

regulation of SALL4 may contribute to the scarring phonotype found in humans.  
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Introduction 

MicroRNAs (miRNAs) are part of a conserved mechanism for post-transcriptional 

gene regulation.  To this end, miRNAs have been identified as playing a 

regulatory role in many biological processes140-156. miRNAs are ~22-nucleotide 

long single-stranded RNA molecules. Generally, miRNAs are loaded into the 

RNA-induced silencing complex (RISC). Here, miRNAs act as guides to base 

pair to a 6-8 nucleotide long seed sequence most commonly located in the 3’ 

untranslated region (UTR) of a mRNA target. Once bound, Argonaute proteins 

within the RISC are able to inhibit the functionality of the target mRNA.  

 

miRNAs are conserved post-transcriptional regulators of gene expression in all 

studied metazoan species. Additionally, studies have shown that miRNAs play an 

important role in regulating gene expression after injury149,151,158-162. Differential 

expression of miRNAs after injury in regenerating vs. non-regenerating species 

provides an environment that permits regeneration by inhibiting the expression of 

scarring factors and promoting the expression regeneration factors149. Thus, 

miRNAs are required for the precise and dynamic regulation of genes throughout 

the healing process to assure efficient regeneration. 
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Previously we have identified a role for the transcription factor SALL4 in 

regulating collagen deposition during wound healing in axolotls157.  SALL4 

expression early in wound healing inhibits excessive collagen deposition, leading 

to scar-free wound healing. In humans, SALL4 expression does not occur until 

much later in the wound healing process. We were interested in further exploring 

potential regulatory mechanisms of Sall4 gene expression. Thus, we decided to 

explore the role of miRNAs in Sall4 post-transcriptional regulation. After a 

bioinformatic search of the Sall4 3’UTR in several species, we found a seed 

sequence for the miRNA miR-219 that was conserved across many species 

(importantly, including Homo sapiens, Mus musculus and Ambystoma 

Mexicana). Here, we show that axolotl Sall4 transcript is a direct target of miR-

219, both in vitro and in vivo. Further, we find that ectopic expression of miR-219 

during wound healing results in excessive collagen deposition in axolotls. Lastly, 

we find that miR-103, not miR-219, is able to regulate human Sall4 transcript 

abundance. These findings suggest one mechanism of how SALL4 is 

differentially expressed in axolotls vs. humans, which allows axolotls to heal scar-

free and humans to scar.   

 

Results 
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miR-219 post-transcriptionally regulates Sall4 in axolotl 

While we have shown that SALL4 is an important regulator of axolotl skin 

regeneration it is still not clear how SALL4 expression is controlled after 

wounding. We previously demonstrated that SALL4 expression rapidly increases 

within the wound bed by 2 days after injury and remains elevated until 21 days 

after injury (Figure 2-3A). These observations suggest that Sall4 transcript 

abundance is subject to intricate regulation during wound healing. Thus, we 

wanted to determine what might be controlling SALL4 protein levels during the 

course of regeneration. MicroRNAs are well documented to play important roles 

in regulating genes necessary for regeneration in many models systems 

159,161,163,164.  Therefore, we examined the 3’UTR of axolotl Sall4 and identified 

one highly conserved seed sequence for microRNA miR-219. Using qRT-PCR 

we determined the relative levels of miR-219 during axolotl regeneration. We 

found that as Sall4 transcript abundance decreased, miR-219 abundance 

increased, as would be expected if the miR-219 was binding to the 3’UTR of 

Sall4 transcript and inhibiting its translation (Figure 3-1A). To determine if the 

Sall4 transcript was a direct target of miR-219 we performed a luciferase assay 

using the 3’UTR of the axolotl Sall4 and confirmed that miR-219 can functionally 

repress Sall4 transcript (Figure 3-1B).  
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Figure 3-1: MiR-219 regulates Sall4 transcript abundance.  
(a) Log transformed qRT-PCR of Sall4 and miR-219 transcript abundance during wound 
healing normalized as a percent of 18S or SnoRD25, respectively. miR-219 levels 
decrease at 2 days post injury, when SALL4 level increase and at 21 days, miR-219 
levels increase, at which time SALL4 levels decrease. Average of samples collected 
from three different animals. Error bars represent s.d.. Unpaired t-test was used to 
determine significance (**=P<0.01, *=P<0.05) (b) A 3’Luciferase assay was performed 
after transfecting HEK293T cells with either pmiR-Report Luciferase vector, pmiR-Report 
Luciferase Sall4 3’UTR vector or pmiR-Report Luciferase Sall4 3’UTR site directed 
mutagenesis (SDM) alone, or with miR-219 mimic or a non-targeted control. 
Luminescence was normalized to β-Gal. Analyzed with a one-way ANOVA with Tukey’s 
multiple comparisons test. Error bars are standard deviation (NS = not significant, * = 
p<0.05, ** = p<0.01, *** = p<0.001). (c) qRT-PCR confirmed that injection of miR-219 
mimic into the injury site increased levels of miR-219 transcript and decreased levels of 
Sall4 message within tissue collected 1 day post injury. N=2. Unpaired t-test was used to 
determine significance (***=P<0.001) Errors bars=s.d. across four samples, sample are 
generated from tissue pooled from three animals. 
 

Uninjured 2 14 21
0.0

0.5

1.0

1.5

2.0
Sall4
miR-219

Days Post Injury

R
el

at
iv

e 
T

ra
n

sc
rip

t A
b

u
n

d
an

ce

*

** 

1.0

1.5

2.0

2.5

Luciferase-Sall4 3'UTR
Luciferase-Sall4 3'UTR SDM

Mimic Control
miR-219 Mimic

+ + - -
- - + +
+ - + -
- + - +

***

NS

***
***

***
***

N
o

rm
al

iz
ed

 L
u

m
in

es
ce

n
se

Mimic Control miR-219 Mimic
1

10

100

1000

10000

0.01

0.1

1

10

100

miR-219
Sall4

***
***

R
el

at
iv

e 
m

iR
-2

19
 e

xp
re

ss
io

n
 (%

 o
f s

n
o

R
D

25
)

R
elative S

all4 exp
ressio

n
 (%

 o
f 18s)

a 

c 

b 



 

75 

 

To functionally determine if miR-219 levels inversely affect SALL4 levels in vivo, 

a chemically synthesized mature form of miR-219 (referred to as a miR-219 

mimic) was injected and electroporated into the axolotl skin during regeneration. 

Using this approach, combined with quantitative RT-PCR and 

immunohistochemistry, we show transcription and translation of SALL4 are 

inhibited by miR-219 mimic in comparison to control mimics (Figure 3-1, 3-2A-D).  

 

Figure 3-2: miR-219 depletes SALL4 and leads to excessive collagen deposition.  
(a-d) Immunofluorescence of SALL4 protein 1 and 7 days post injury in skin samples 
injected with a non-targeting mimic control or miR-219 mimic. SALL4 protein levels 
decrease when mature miR-219 mimic is injected into the dermal cells (d, f). Dashed 
grey line indicates epidermal/ dermal boarder (Scale bars = 50 μm). (e, f) Acid fuchsin/ 
Orange G stain on mimic control or miR-219 mimic-injected animals 7 days after 
injury. Yellow arrows indicate the injury site. Representative images are from two 
replicates with 7 or 9 animals total in mimic control or miR-219-injected animals, 
respectively. Scale bars: c–f = 50 μm, g, h = 20 μm and inset=10 μm. 
Importantly, we found that depleting SALL4 levels by modulation of miR-219 

phenocopied our Sall4 morpholino-mediated depletion experiments resulting in 

excessive collagen deposition (Figure 3-2e,f). Thus, these findings further 

validated the Sall4 depletion phenotype. Together these data support the 
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conclusion that dynamic miR-219 expression can regulate Sall4 transcript 

abundance in vivo and that perturbation of miR-219 expression leads to 

excessive collagen deposition, phenocopying the early SALL4 depletion 

phenotype (Figure 3-3). 

           

Figure 3-3: Model illustrating the role of SALL4 and miR-219 during wound healing.  
(a) Model illustrating the normal process that leads to scar-free regeneration in axolotls. 
Deregulation of SALL4 early in regeneration causes excessive collagen depostion. This 
result in early aberrant collagen deposition that does not get remodeled later, ultimately 
resulting is imperfect skin regeneration. (b). A model illustrating the mechanism of 
SALL4 regulation. In steady state conditions, miR-219 binds to the 3′ UTR of SALL4 and 
represses its expression. On injury miR-219 repression of SALL4 is released, SALL4 
protein then binds to collagen genes and represses their expression during the early 
phases of regeneration. 
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miR-103 post-transcriptionally regulates Sall4 in humans 

Gene expression analysis comparing human and axolotl revealed that Sall4 

expression differs after injury (Figure 2-1). Post-transcriptional regulation by 

miRNAs could be responsible for the differences of Sall4 transcription abundance 

throughout wound healing in axolotls and humans. We first wanted to determine 

the relative transcript abundance of Sall4 during wound healing in humans. 

However, we did not have human samples collected throughout wound healing. 

Thus, we decided to assess the expression pattern of both Sall4 and miR-219 in 

mouse. Following cutaneous wounding via a 2mm punch biopsy, mouse 

expression of Sall4 increased by seven days after injury, and then returned to 

baseline level by fourteen days after injury. However, contrary to our 

observations in axolotl, in mice miR-219 followed the same expression pattern as 

Sall4 after injury (Figure 3-4a). Because miR-219 does not have an expression 

pattern suggesting regulation of Sall4, it is possible a separate miRNA does.  

 

To determine if a different miRNA is responsible for regulating Sall4 abundance 

in mammals, we looked at highly conserved miRNA seed sequences in the 

3’UTR of Sall4 in both mouse and human. We found that there are two more 

highly conserved seed sequences: miR-15 and miR-103. We then performed 
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qRT-PCR to determine the levels of both miR-15 and miR-103 during wound 

healing. We found that miR-15 had a similar expression pattern to both miR-219 

and Sall4, where miR-15 transcript abundance increased at 7 days post injury, 

and returned to steady state at 14 days post injury (Figure 3-4B). This expression 

pattern suggests that miR-15 does not regulate Sall4 in mice. Next we examined 

the expression pattern of miR-103. miR-103 transcript abundance increases at 7 

days post injury, and continues to increase at 14 days post injury. The increase  

in transcription abundance of miR-103 at 14 days post injury, while Sall4 

transcription abundance decreases at this time point, suggests that miR-103 

could post-transcriptionally regulate Sall4 in mice (Figure 3-4C).  

 

Because we were interested in establishing which miRNA was responsible for 

regulating Sall4 transcript abundance in humans, we also performed a luciferase 

assay using the 3’UTR of the human Sall4 (Figure 3-4 D). Using this assay, we 

observed a decrease in the amount of normalized luminescence when cells were 

co-transfected with miR-103 mimic compared to control. In support of our qPCR 

data showing similar expression patterns between Sall4 and miR-219 in mice, 

there was no difference in the amount of normalized luminescence when cells 

were co-transfected with miR-219 mimic compared to control. These data 

support the conclusion that human Sall4 is a direct target of miR-103, and not 
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miR-219. Taken together, these data show that dynamic expression of miR-103 

during mammalian wound healing regulates Sall4 transcription abundance. 

Further, these data confirm one mechanism of how Sall4 is differentially 

regulated in axolotls compared to humans. 

      

Figure 3-4: miR-103 regulates mammalian SALL4.  
Log transformed qRT-PCR of M. Musculus Sall4 with (a) miR-219, (b) miR-15, or (c) 
miR-103 transcript abundance during wound healing normalized as a percent of 18S or 
SnoRD25, respectively. Error bars represent s.d. (b) A 3’Luciferase assay was 
performed after transfecting HEK293T cells with either pmiR-Report Luciferase Human 
Sall4 3’UTR vector with miR-103 mimic, miR-219 mimic or a non-targeted control. 
Luminescence was normalized to β-Gal. Analyzed with a one-way ANOVA with 
Dunnett’s post hoc test. Error bars are standard deviation (NS = not significant, *** = 
p<0.001). 
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Discussion 

In this study we examine the microRNAs that regulate expression of SALL4 

during wound healing in axolotls vs. mammals. Initially, we took a bioinformatic 

approach to identify conserved miRNA seed sequences in the 3’UTR of Sall4 

across species. We identified miR-219 as a potential regulator of Sall4. Through 

in vitro and in vivo studies, we determined that axolotl Sall4 is a direct target of 

miR-219. Intriguingly, we found that miR-103, not miR-219, is able to post-

transcriptionally regulate Sall4 in humans.   

 

MiR-219 has been the center of several studies looking at a wide range of 

biological processes. According to Ingenuity Pathway Analysis, the top functions 

and diseases that miR-219 regulates are Cancer, Organismal Injury & 

Abnormalities, and Gastrointestinal Disease. Our findings, that miR-219 is an 

important regulator of Sall4 during wound healing, match well with IPA’s analysis 

that miR-219 is important after injury. Some of the top canonical pathways that 

miR-219 could regulate based on IPAs analysis are the Wnt/ beta Catenin 

signaling pathway, Protein Kinase A signaling, and MAPK signaling. These 

pathways play crucial roles in cellular growth and proliferation, which is essential 

in the wound healing process. In the future, it will be interesting to determine if 

these same miR-219 targets are also modulate in axolotls.  
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We found miR-103, not miR-219, could regulate mammalian Sall4 during wound 

healing, a surprising result given that the human 3’UTR of Sall4 contains a miR-

219 seed sequence. Thus this result provides one possible mechanism for the 

differential expression of axolotl and human SALL4 during wound healing. 

According to microarray data, in humans, Sall4 expression does not increase 

until 14 days after injury121, where in axolotls Sall4 expression increases by 2 

days after injury157. Further, when we quantified transcription abundance of 

microRNAs, we found that miR-219 followed an expression pattern that opposed 

Sall4 in axolotls.  Indeed, when expression of miR-219 decreased, Sall4 

increased, and when miR-219 increased, Sall4 decreased. This expression 

pattern suggests that miR-219 transcript abundance is decreased in axolotls 

early after injury to allow a rapid increase of Sall4 transcript abundance. 

However, M. musculus after injury miR-219 increases along with Sall4. This 

expression pattern does not suggest that miR-219 can modulate SALL4 

abundance in M. musculus. We did find that in M. musculus at 14 days after 

injury when Sall4 transcript abundance decreases, miR-103 abundance 

increases. The expression pattern of miR-103 observed in mice suggests that 

miR-103 levels lead to decreased Sall4 transcript abundance late in wound 

healing.  However, since miR-103 levels do not initially decrease, miR-103 levels 
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may not need to subside to allow more abundant expression of Sall4. In the 

future it would be interesting to see if miR-103 can modulate Sall4 in vivo and if 

ectopic expression of miR-103 early during wound healing could alleviate 

scarring symptoms by inhibiting excessive collagen deposition. If this is possible, 

delivering miR-103 to a wound early during the healing process could be an 

effective treatment to reduce scar formation.  
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Materials and Methods 

Axolotls 

All axolotls used in these experiments were housed at the University of 

Minnesota in accordance with IACUAC protocol number 1411-32049A. Adult and 

larval (2-5 cm) were used for these experiments. Prior to in vivo experiments, 

animals were anesthetized using 0.1% p-amino benzocaine (Sigma). Skin biopsy 

punches were performed using a sterile 2mm disposable biopsy punch with 

plunger (Miltex). At desired time points, tissue was collected using a sterile 

scalpel. The collected tissue was either immediately placed into TRIzol (Ambion) 

or 4% paraformaldehyde (Sigma).  

 

Mice 

Mouse samples were collected in collaboration with the lab of Dr. Jakub Tolar. 

Prior to experiments, animals were anesthetized and skin biopsy punches were 

performed using a sterile 2mm disposable biopsy punch with plunger (Miltex). 

Tissue was collected at desired time points using a sterile biopsy punch. The 

collected tissue was flash frozen with liquid nitrogen at stored at -80°C until RNA 

was extracted using TRIzol (Ambion).  
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Quantitative PCR 

Total RNA samples were extracted using TRIzol. All samples were treated with 

DNase (NEB) for 30 minutes at 37°C to remove any DNA contamination. DNase 

was inactivated by addition of 25mM EDTA and incubation at 65°C for 15 

minutes. cDNA was produced by using miScript II RT Kit (Qiagen) per 

manufacturers instructions. cDNA samples were diluted 1:2 prior to quantitative 

PCR. The qRT-PCR was carried out using miScript SYBR Green PCR kit 

(Qiagen) per manufactures protocol. Either Qiagen designed primers compatible 

with miScript kit were purchased to quantify conserved microRNAs, and custom 

designed primers were made by IDT to amplify axolotl mRNAs. Custom axolotl 

primers used: 

 

18S_F: CGGCTTAATTTGACTCAACACG 

18S_R: TTAGCATGCCAGAGTCTCGTTC 

Sall4_F: AATCCCTCGCAAGCCC 

Sall4_R: CCAGCTATGAGGGGAACATT 

 

Immunohistochemistry  

Tissue was fixed with 4% paraformaldehyde and embedded in Tissue-Tek O.C.T. 

(Sakura) for sectioning. 20μm sections were stained using standard 
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immunofluorescence techniques. All sections underwent epitope retrieval by 

incubation in PBS at 70°C for 20 minutes. Sections were permeablized by 

washing three times for 10 minutes with 0.1% Triton X-100 (Sigma) in PBS and 

blocked with 2% Goat serum and 2% BSA Fraction V (Sigma) in 0.1% Trition X-

100 PBS for one hour at room temperature. The following primary antibodies 

were used: rabbit anti-SALL4 (1:250; 8459S Cell Signaling Technology), mouse 

anti-collagen XII MT2-s (1:100, Developmental Studies Hybridoma Bank), anti-

mouse collagen I (1:500, C2456 Sigma. Antigen retrieval of 5ug/mL Proteinase K 

digest in TE for 10 minutes at 37°C). Primary antibodies were diluted with 

blocking buffer. After four five-minute washes with PBS plus 0.1% Tween 20 

(Sigma), slides were incubated with AF488-, AF568-, or AF647-conjugated goat 

anti-rabbit, or mouse secondary antibodies (1:200) in blocking buffer. Nuclei were 

stained with DAPI. Slides were washed four more times for 10 minutes with 0.1% 

Tween 20 PBS and mounted with mounting media and coverslips. Slides were 

analyzed using Leica DMI 6000 B epifluorescent microscope driven by Leica LAS 

AF software.  

 

Microinjection and Electroporation  

Microinjections of miR-219 mimics or controls (Qiagen) were carried out as 

previously described in Erickson and Echeverri, 201524. Briefly, miR-219 mimic or 
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control was diluted to a final concentration of 10μM in PBS plus Fast Green. 

World Precision Instruments pressure injector was used to inject the solutions 

directly into the wound bed every other day until collection. Post injection, 

axolotls are placed in PBS and electroporated with 5 pulses of 50V, 50ms each.  

 

Acid Fuchsin/ Orange G Staining 

Acid Fuchsin/ Orange G staining on fixed tissue was carried out as previously 

described in Diaz, et al. 2014. Briefly, tissue samples were collected and fixed in 

4% paraformaldehyde (Sigma). Tissue was then embedded using Tissue-Tek 

(Sakura) and 20μm cross sections were taken and slides were post fixed with 

Bouin’s Solution overnight. Sections were washed with distilled water and then 

stained with successive 5-minute incubations in 1% phosphomolybdic acid 

(Sigma), AFOG solution, and 0.5% acetic acid. Slides were washed with distilled 

water for 5 minutes before and after incubation with AFOG solution. After 

staining, slides were successively dehydrated by 2 minute incubations in 96% 

Ethanol and 100% ethanol, followed by xylene incubation for 5 minutes before 

mounting with 80% glycerol (Sigma). Images were captured using an Olympus 

BX40 inverted microscope with Leica EC 3 camera and Leica Acquire software.  
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Cloning and Plasmids 

Axolotl Sall4 3’UTR was cloned out of RNA extracted from a 14-day post injury 

skin wound using the primers indicated below. After restriction digest with SpeI 

and NotI (NEB) of both the PCR fragment and the pMIR-Report Luciferase vector 

(Life Technologies), the fragments were ligated overnight at 4°C with T4 Ligase 

(Promega). Ligated plasmids were transformed into DH5α E. coli (Invitrogen). 

Plasmid DNA was then isolated using Qiagen’s Midiprep kit per manufacturers 

instructions.  

 

Primers: 

AxSall4 3’UTR SpeI_F: CTGACTAGTCATCGCTGTCAGTTGAGG  

AxSall4 3’UTR NotI_R: GCAGCGGCCGCGTGGTATCAACGCAGAGTAC 

 

A Human Sall4 3’UTR G-Block (IDT) was created from sequence data from NCBI 

Reference Sequence: XM_005260467.2. SpeI and NotI sites were added to the 

5’ and 3’ ends respectively. After restriction digest with both SpeI and NotI (NEB) 

of both the gBlock and the pMIR-Report Luciferase vector, fragments were run 

out on 0.8% agarose gels and purified using QIAquick Gel Extraction Kit 

(Qiagen). Fragements of the desired size were ligated together overnight at 4°C 

with T4 Ligase (Promega). Ligated plasmids were transformed into DH5α E. coli 
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(Invitrogen). Plasmid DNA was then isolated using Qiagen’s Midiprep kit per 

manufacturers instructions.  

 

Site Directed Mutagenesis 

The miR-219 seed sequence was mutated by performing PCR using FastStart Taq 

DNA polymerase dNTPack (Roche) on the pMIR-Report luciferase-AxSall4 3’UTR 

plasmid with the following primers: 

 

Primers: 

AxSall43’UTR SDM For1: CTGCGCACTAGTCATCGCTGTCAGTTGAGG 

AxSall43’UTR SDM Rev1: AAGCATAGTCATGGTACCCCTCTGGCCAAC 

 

AxSall43’UTR MSDM For2: GTTGGCCAGAGGGGTACCATGACTATGCTT 

AxSall43’UTR MSDM Rev2: GCTAGCGGCCGCGTGGTATCAAC 

 

The bold underlined bases are non-complementary sequence located where the  

miR-219 seed sequence is located. The two fragments were purified and combined 

 in a PCR reaction with AxSall43’UTR SDM For1 primer and AxSall43’UTR  

MSDM Rev2 primer. This gave one PCR fragment with the mutated miR-219 seed 

sequence. Both the fragment and pMIR-Report Luciferase vector  
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(Life Technologies), were digested with SpeI and NotI (NEB) and the fragments were 

ligated using T4 Ligase (Promega) overnight at 4°C. Ligation reactions were then 

transformed into DH5α E. coli (Invitrogen). Plasmid DNA was then isolated using a 

Midiprep kit (Qiagen).  

 

Luciferase assays 

To determine which miRNAs are able to regulate either axolotl Sall4 or human 

Sall4, HEK 293 cells were plated in a 96-well cell culture plate at a density of 

1.2X104 cells/well and were allowed to adhere overnight in D-MEM (Gibco) with 

10% FBS (Thermo Scientific). For axolotl Sall4 experiments, HEK cells were then 

co-transfected with 135ng/well pMIR-Report Vector (with or without axolotl Sall4 

3’UTR insert or seed sequence mutagenized axolotl Sall4 3’UTR insert) and 

45ng/well pMIR-Report beta gal vector (Life Technologies) with 100nM miR-219 

mimic or mimic control using Lipofectamine 2000 (Invitrogen). For human Sall4 

experiments, HEK 293 T cells were co-transfected with 45ng/well of pMIR-report 

luciferase vector (with or without human Sall4 3’UTR insert) and 45ng/well of 

pMIR-report beta gal vector, and either 100nM miR-103 mimic, miR-219 mimic or 

mimic control using Lipfectamine 3000 (Invitrogen). Cells were incubated for 48 

hours and luminescence was detected using the Dual Light System (Ambion) 

using the manufacturer’s protocol.  
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Statistical analyses 

All results are presented as mean +/- s.e.m. unless otherwise stated. Analyses 

were performed using Microsoft Excel or GraphPad Prism. Data set means were 

compared using ANOVA for three or more tests. When two groups were 

compared a Students t-test was used. Differences between groups was 

considered significant at three different levels (p-values of <0.05, <0.01 and 

<0.001) and are indicated in the figure legends. 
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Chapter 4 

 

 

In vivo modulation and quantification of microRNAs during regeneration 
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Summary 

The ability to regenerate diseased, injured or missing complex tissue is 

widespread throughout lower vertebrates and invertebrates, however our 

knowledge of the molecular mechanisms that regulate this amazing ability is still 

in its infancy165-176.  Many recent papers have shown important roles for 

microRNAs in regulating regeneration in a number of species149,151,158-162. The 

ability to detect and quantify miRNA expression fluctuations at a single cell level 

in vivo in different cell types during processes like regeneration is very 

informative. In this chapter, we describe how to use a Dual-Fluorescent green 

fluorescent protein (GFP)-Reporter/ monomeric red fluorescent protein (mRFP)- 

Sensor (DFRS) plasmid to quantitate the dynamics of specific miRNAs over time 

following miRNA mimic injection as well as during regeneration177,178.  In this 

bicistronic vector the mRFP allows for verification of miRNA expression while the 

GFP functions as an internal control to normalize miRNA expression and thus 

obtain quantitative results. In addition, we demonstrate how this technique 

revealed dynamic miR-23a expression and function during tail regeneration.  
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Introduction 

 

The ability to regenerate multiple body parts is a fascinating phenomenon that 

remains poorly understood at a molecular level165-176. While model systems like 

axolotls are desirable since they can regenerate these tissues, lack of a full 

axolotl genome sequence hinders classical genetic studies. Recent studies have 

shown that small non-coding microRNAs (miRNAs) are highly conserved and 

may play an important role in regulating gene expression after injury in many 

species including axolotls149,151,158-162.  

 

miRNAs are small non-coding RNAs that are approximately 22 nucleotides long 

53,179,180. The major function of miRNAs is post-transcriptional regulation of gene 

expression. The canonical mechanism of action for miRNAs is to bind to a region 

of complementary sequence in the 3’ Untranslated Region (UTR) of the target 

messenger RNA (mRNA).  The binding of the miRNA to its target mRNA often 

leads to message degradation181. miRNAs play an essential role in 

regeneration151,156,182,183, yet dynamics of miRNA expression during regeneration 

remains to be delineated. One tool that allows us to explore temporal fluctuation 

of specific miRNAs in a tissue of interest is the Dual-Fluorescent green 

fluorescent protein (GFP)-Reporter/ monomeric red fluorescent protein (mRFP)- 
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Sensor (DFRS) plasmid (Figure 4-1) 177,178. In addition to normal bacterial 

expression components, the DFRS plasmid is a bicistronic GFP (reporter) and 

mRFP (sensor) transiently expressed under the control of two independent SV40  

promoters. Sequences that are complementary to a miRNA of interest can be 

cloned into the 3’UTR of mRFP in the DFRS plasmid using a variety of restriction 

enzymes for digestion followed by ligation [21].  

 

Figure 4-1: Schematic of DFRS plasmid.  
This Dual miRNA reporter construct can be used to analyze and quantify expression of 
endogenous miRNAs and to quantitatively evaluate the effect of modulators of 
microRNAs, such as inhibitors or mimics. The DFRS plasmid contains both GFP 
(control) and mRFP (reporter), each under the control of their own SV40 promoter. 
Following the open read frame of mRFP is a multiple cloning site (MCS) to allow addition 
of seed sequences for a miRNA of interest. 
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Using microinjection and electroporation, the DFRS plasmid can be injected into 

a tissue of interest. The expression of the DFRS plasmid will not only confirm 

miRNA mimic uptake into a specific cell, but will also allow observation of 

changes in expression levels of miRNA in a single cell in vivo. By live animal 

imaging, the amount of mRFP can be normalized to GFP, with the changes in 

mRFP negatively correlate with activity of the given miRNA, such that the relative 

decrease in mRFP expression correlates with increased miRNA expression in 

that cell. This can be used to model temporal changes in expression of a miRNA 

of interest as regeneration progresses, as well as spatial changes as miRNA 

expression fluctuates relative to the regenerating tissue.  

 

Materials 

 

Fluorescent dissecting scope  

Pressure injector  

Micromanipulator  

Electroporator  

Electrodes  

Needle Puller  

Axolotls 
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miRNA DFRS Plasmids 

miRNA mimic  

Anesthesia (0.01% p-aminobenzicane) 

Fast Green  

Glass capillaries  

Sylgard-dissecting pad  

Insect pins  

Pipettes  

Microloader pipette tips  

1XPBS 

Tweezers  

Image J 

 

Methods 

 

Preparation of plasmid solution for injection 

1. To prepare the plasmid solution for injection, dilute the dual-fluorescent 

green fluorescent protein (GFP)-reporter/ monomeric red fluorescent 

protein (mRFP)- sensor (DFRS) plasmid to a final concentration of 
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0.5μg/μL with 0.2mg/mL Fast Green and 1X Phosphate Buffered Saline 

(PBS) (see Note 1).   

 

Preparation of needles 

1. Pull glass capillaries to form injection needles (see Note 2). Following a 

ramp test, place a glass capillary into the needle puller and input the 

following settings: 

Heat  Ramp value + 10 

Pull  60 

Velocity 60 

Time  250 

Pressure 500 

 

2. Load 2-4μL of plasmid solution from step 1.1 into the injection needle 

using a pipette with a microloader tip. 

3. Insert and secure the loaded injection needle into the pressure injector 

nozzle attached to the micromanipulator.  

4. To open the needle, very gently break the very tip using a forceps. To 

ensure the needle is open, press the injection pedal to observe release of 

the plasmid solution.  
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Injection and electroporation of animals 

1. Set the pressure injector to 20psi ejection pressure and 100ms timed 

ejection. 

2. Place axolotls into anesthesia (see Note 3). 

3. Once the axolotl is motionless and unresponsive to touch, place the 

axolotl on a sylgard-dissecting pad and stabilize the axolotl by pinning the 

fin down with four insect pins.  Assure the axolotl remains moist by adding 

a drop of the anesthetic on the axolotl’s head. 

4. Visualize the target tissue using a dissecting microscope. 

5. Using the micromanipulator, insert the injection needle into the tissue of 

interest, such as muscle or spinal cord, and press the injection pedal to 

release the plasmid solution (see Note 4). 6. While the axolotl is still 

pinned on the sylgard-dissecting pad, cover the axolotl with 1XPBS.  

Place the electrodes on either side of the tail ensuring that either electrode 

is not in direct contact with tissue.  

6. Electroporate the axolotl with 5 pulses of 50V, 50ms each (see Note 5).  

7. Remove the insect pins and return the axolotl to water (see Note 6).  
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Tail amputation  

1. Place axolotls into anesthesia (see Note 7). 

2. Once the axolotl is motionless, place the axolotl in a petri dish under a 

fluorescent dissecting microscope. 

3. Visualize the DFRS plasmid expressing cells by GFP expression. Align 

a scalpel immediately posterior to GFP expressing cells. Amputate the tail 

using a scalpel.  

4. Image the axolotl about the amputation, and return to water. 

5. Image the axolotl at desired time points during regeneration.  Be sure to 

use the same exposure time as well as other microscope settings as the 

first imaged time point (see Note 8). 

 

Mimic injection 

1. Prepare the mimic solution so the final concentration of the miRNA 

mimic is 10μM with 0.2 mg/mL Fast Green and 1XPBS (see Notes 9,10, 

and 11).  

2. Load a new injection needle with 2-4μL of mimic solution using a pipette 

with a microloader tip. Insert and secure the needle into the pressure 

injector nozzle attached to the micromanipulator. To open the needle, very 
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gently break the very tip using a forceps. To ensure the needle is open, 

press the injection pedal to observe release of the plasmid solution.  

3. Place axolotls into anesthesia. 

4. Once the axolotl is motionless and unresponsive to touch, place the 

axolotl on a sylgard-dissecting pad and stabilize the axolotl by pinning the 

fin down with four insect pins.  Assure the axolotl remains moist by adding 

a drop of the anesthetic on the axolotl’s head. 

5. Place the sylgard-dissecting pad under a fluorescent dissecting scope. 

Visualize the DFRS plasmid expressing cells by GFP expression, and 

adjust the position of the needle to inject immediately adjacent to the 

DFRS plasmid expressing cells as to not damage the cell by puncture.  

6. Release the mimic solution by pressing the pedal of the injector using 

the settings in step 3.1. (see Note 12)  

7. Cover the axolotl in 1XPBS and electroporate as in step 3.8. 

8. Remove the pins and image the injected area of the axolotl (Figure 4-

2A, 4-3A). 

9. Return the axolotl to water.  

10. Image the axolotl at desired time points (see Note 13).  
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Figure 4-2: Quantifying miR-23a dynamics in single cells during tail regeneration. 
(a) Control GFP expression (green) and reporter mRFP expression (red) shown at 0, 24, 
48, and 96 hours post amputation (hpa). Arrowheads indicate examples of cells that are 
expressing the DFRS plasmid and are used for quantification. Scale bar is 200 μm. (b) 
Graphical representation of mRFP expression modulated by miR-23a in the spinal cord 
during regeneration. mRFP expression is dynamic during the regenerative process, 
revealing that miR-23a expression is increased at 24 and 96 hpa, while miR-23a levels 
at 48 hpa are similar to steady state levels of miR-23a (***P<0.001, NS not significant) 
 

 Quantification 

1. Open RFP and GFP channel images in separate windows in image J 

(or similar program).  

2. Synchronize windows by going to Analyze> Tools> Synchronize 

Windows> Synchronize All.  

3. Select the freehand selection tool and trace the outline of the DFRS 

plasmid expressing cell.  

4. Measure the fluorescence intensity of the GFP window by going to 

Analyze> Measure. Be sure the measurement output contains “Area,” 
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“Integrated Density,” and “Mean.” Repeat the measurement on the RFP 

window (see Note 14).   

 

Figure 4-3: Determining the effect of microRNA mimic injection using miR-141a sensor.  
(a) Control GFP expression (green) and reporter mRFP expression (red) shown at 0, 24, 
48 and 96 hours post mimic injection (hpi). Arrowheads indicate examples of cells that 
are expressing the DFRS plasmid and are used for quantification. Scale bar is 200 μm. 
(b) Graphical representation of mRFP expression modulated by miR-141a in the spinal 
cord following mimic injection. Overall there is a general decrease in the amount of 
mRFP expression until 96 hpi, indicating the most DFRS plasmid-expressing cells also 
took up and processed injected miR-141 mimics (***P<0.001, NS not significant). 
 

5. Once each DFRS plasmid expressing cell is measured, select a region 

that has no fluorescence and measure the region from each window. This 

will serve as a background.  

6. Copy and paste the Image J results window into an excel worksheet (or 

similar program) for further analysis. 
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7. Calculate the corrected total cell fluorescence (CTCF) for both RFP and 

GFP channels: 

CTCF= Integrated Density - (Area of selected cell X Mean of background). 

8. Normalize expression levels by dividing the RFP CTCF by the GFP 

CTCF. 

9. Use the the normalized RFP values to produce a graph (Figures 4-2B & 

4-3B). 

 

Notes 

1. Adding Fast Green will allow visualization of the injection under visible 

light, and is an ideal way to localize injections to the correct tissue site. 

2. Needles can also be pulled manually or pre-pulled needles can be 

ordered. 

3. Animals used here are 2-3cm in length, injection volumes and 

electroporation conditions may need to be varied depending on the size of 

animals used. For further details on how microinjection and 

electroporation are performed refer to references 29 and 30. 

4. The injection is successful if the Fast Green color can be visualized in 

the tissue of interest. If not, adjust the injection needle using the 

micromanipulator and re-inject. 
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5. The orientation of the electric field can be used to direct plasmid uptake 

to specific regions, or the electrodes can be inverted and the axolotl can 

be electroporated a second time for bidirectional plasmid uptake22,184. 

6. Fluorescence of mRFP and GFP can be visualized within 24 hours, and 

can confirm a successful injection. 

7. After visualization of mRFP and GFP, the tail can be amputated 

adjacent to the DFRS expressing cells to examine the expression patterns 

of the miRNA of interest (Figure 4-2A). 

8. If the expression of the miRNA of interest increases during the 

regenerative process, a decrease in mRFP expression relative to GFP will 

be observed (Figure 4-2 A, B). 

9. Here we have demonstrated the effect of a mimic on microRNA levels, 

this same technique can also be used to assay the quantitative effect of 

microRNA inhibitors in vivo.  

10. For each individual microRNA mimic or inhibitor, the optimum 

concentration must be determined by testing different concentrations.  

11. After visualization of mRFP and GFP, a miRNA mimic can be injected 

and targeted to the DFRS expressing cells. 
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12. If Fast Green color appears in the desired location, remove the needle. 

If the injection was not administered in the correct location, adjust the 

position of the injection using the micromanipulator and re-inject. 

13. Be sure to use the same exposure time as well as other microscope 

settings as the first imaged time point. We have found that a significant 

decrease in relative mRFP Fluorescence can be observed at 24 hours 

after mimic injection. If the injected mimic is targeting the binding site at 

the 3’ UTR of mRFP, a decrease in the mRFP expression relative to GFP 

can be observed (Figure 4-3A, B). 

14. Synchronizing the windows will allow the same area to be measured in 

each channel. 
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Chapter 5 

 

 

Discussion  
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Wound healing: a past and current clinical problem 

 

Since early in humanity, wounds have been a constant problem for humans.  

Wounds open the body, potentiating infections, disfigurement and death.  With 

the advent of antimicrobial drugs such as penicillin, the most critical problems 

with wound healing (infection) were limited.  However, even in the absence of 

infection, wounds all over the human body still heal without perfect re-creation of 

the pre-wound tissue.  Human amputees cannot regrow limbs185, human kidney 

donors do not re-grow a kidney186 and human traumatic brain injury victims do 

not redevelop the brain perfectly187.  Further, we all have borne witness to scar 

formation in humans.  Humans form scars over large cutaneous wounds, and 

these scars can be both disfiguring and result in critical loss of function. One 

example of loss of tissue function is due to the scar contractures seen in burn 

victims, where extensive scarring around the mouth can make it impossible to 

ingest food.  Over the past 40 years, our knowledge of molecular biology has 

exploded into a new era with the sequencing of the human and mouse genomes.  

These, and other advances, have made it a possibility to ask challenging 

questions about human wound healing.  These challenging questions have led to 

a well-rounded knowledge of how mammals heal wounds. However, to begin to 
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ask how we can improve upon this knowledge to increase the quality of life, we 

will need to determine how wounds can heal scar free.  

 

Skin wounds in humans are a clinical problem 

 

Over 180 million people suffer serious cutaneous injuries each year around the 

world, surgical and chronic wounds comprising the majority188.  With advances in 

health care and an aging population, the number of people affected by wounds is 

projected to increase each year. In the United States, wound care poses a 

significant burden on our health care system, where care for post-surgical 

wounds alone cost over $38 billion189.  Unfortunately, current therapies are 

insufficient and lead to scarring.  Most mammals form scars during the wound 

healing process, and these scars are problematic, leading to loss of structures 

within the skin, decreased tensile strength of tissue, and scar contractures.  

Thus, a major knowledge gap is understanding the molecular mechanisms of 

scar-less wound healing so that these can be targeted with new therapies.  

Intriguingly, there are species that can heal cutaneous wounds without scar 

formation.  One such species is A. mexicanum, (the axolotl). Previous studies 

have begun to utilize the potential of the axolotl’s ability to heal wounds scar-free.  

Histological characterization of axolotl skin during wound healing has 
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demonstrated that axolotls are able to re-epithelialize wounds within 24 

hours25,190, a characteristic that is common among species that can heal scar-

free. Further, there appears to be a lack of excessive tissue fibrosis and a mild 

inflammatory response25,190. While these studies have confirmed that axolotls are 

able to heal scar-free, it is still unknown what molecular mechanisms lead to a 

pro-regenerative skin response Thus, in this study, we sought to determine how 

axolotls are able to heal scar-free, while humans cannot.  

 

SALL4 modulates the scar-free wound healing response 

Using gene microarray technology, we were able to identify a number of genes 

that are differentially expressed between humans (which form scars) and axolotls 

(which do not form scars) during wound healing.  We focused on the role of 

SALL4 during wound healing in the axolotl.  Besides having different expression 

gene patterns between axolotls and humans (Figure 2-1), we chose SALL4 as a 

candidate because of previously published studies revealing that SALL4 is an 

important transcription factor in pluripotency maintenance100,109-113. Based on 

these findings, we hypothesized that SALL4 expression allows cells within the 

wound to enter a less differentiated state, which is permissive for regeneration. 

Our work showed that indeed SALL4 did regulate aspects of wound healing.  

However, contrary to our hypothesis, that SALL4 would regulate wound bed cell 
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differentiation, we found that SALL4 regulates collagen deposition (Figures 2-6, 

2-8, 2-9, 2-10, and 3-3). 

 

Comparisons between SALL4 in axolotl and other regeneration-competent 

species 

While much remains to be understood about the process of scar-free wound 

healing, species that are able to heal scar-free have similarities in the wound 

healing process. These similarities, discussed in detail in the introduction of this 

thesis include: rapid re-epithelialization, a muted immune response, and delayed 

collagen deposition and the ability to remodel the ECM more efficiently than 

species that scar27,43-45,157. Our work focuses on how the timing of collagen 

deposition is regulated at the molecular level. We found that in axolotls, SALL4 

expression early during wound healing inhibits collagen deposition, and when 

SALL4 is depleted, a scar-like phenotype is present157.  This phenotype fits with 

other regeneration-competent species D. rerio, and X. laevis, where collagen 

deposition is delayed relative to that in humans.  An area of future research will 

be examining if SALL4 plays the same role in these other regeneration-

competent models during wound healing.  We have not yet investigated if 

SALL4-mediated inhibition of collagen deposition is conserved in other 

regenerative species. However, it has been of wide interest to determine how the 
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fibrotic response is limited in scar-free wound healing. By performing 

comparative studies, recent research suggests that the ability to remodel 

collagen could be due to a wide variety of factors.  For example, in recently a 

proteomics approach was taken to compare protein abundance at different time 

points during wound healing of both M. musculus (scaring) and A. cahirinus (non-

scaring)44. Intriguingly, this study identified collagen type XII to be very highly 

expressed in .M. musculus, but not A. cahirinus. Thus, it was hypothesized that 

collagen type XII specifically contributes to the scar phenotype44. However, from 

data presented within this thesis, we find that axolotls mainly express collagen 

type XII within the wound bed, and are still able to heal scar-free. Therefore, it 

could be possible that proper collagen remodeling also depends on specific 

expression patters of MMPs27,33,191, the timing of collagen deposition27, the type 

of Collagen expressed31,33,44, or the amount of myofibroblasts present25. Indeed, 

each of these biological processes may contribute to the ability to properly 

remodel collagen. Moreover, it is quite possible that each of these biological 

processes needs to be regulated in a coordinated fashion to achieve scar-free 

wound healing. As explained in more detail below, it is possible that SALL4 may 

be able to regulate several of these aspects in the axolotl. However, it would be 

imperative to determine if SALL4 could also regulate these processes in non-

regenerating species, such as humans.  
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As a starting point to examine how SALL4 might function similarly in humans to 

the function that we observed in axolotls, we examined the introns of human 

collagen genes, and found potential SALL4 binding sites present within many 

collagen genes.  Given that the SALL4 DNA Binding domain is similar to that of 

other transcription factors (particularly OCT4), simply identifying SALL4 binding 

motifs in the DNA of collagen genes does not provide strong evidence as to 

whether or not SALL4 can bind and regulate expression of these genes.  Thus, a 

next logical step is determining if altering SALL4 expression would lead to a 

change in collagen production in humans.  

 

One limitation of the research presented in this thesis is that this work does not 

identify a specific cell type in which SALL4 expression is critical for modulating 

scar formation.  While we see widespread expression of SALL4 in several cell 

types throughout the wound bed during healing in the axolotl (Figure 2-3b-e, 2-

4a-c), it remains unclear where SALL4 is expressed in mammals. mRNA 

transcript analysis during human wound healing shows that SALL4 transcript 

abundance is elevated at 14 and 21 days after injury121, so while SALL4 may be 

present within the wound, it is not known what cell type is expressing SALL4. 

Presumably, for SALL4 to be playing a role in collagen deposition, it would need 
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to be expressed in fibroblasts. Hence, a logical hypothesis is that SALL4 

expression in fibroblasts is critical for modulating scar formation.  Thus, without 

clarifying the cell type that expresses SALL4 in the human wound bed, the 

function of SALL4 could be completely independent of collagen regulation in 

human wound healing. For example, one alternative possibility is that SALL4 

expression could be elevated in hair follicle stem cells, since SALL4 also has 

been shown to be important in stem cell maintenance. Additionally, hair follicle 

stem cells have been shown to play a role in wound healing by merging with the 

epidermis and migrating over the wound to assist in wound closure192. Since 

axolotl do not have hair follicles within the skin, this is a mechanism that could be 

obscured in our model. Future experiments where SALL4 expression is 

conditionally modulated in certain cell types will be important to help elucidate the 

cell-specific role of SALL4 in wound healing.  Ideally, these experiments should 

be conducted in both mammals and axolotl.  Given recent technological 

advances in gene editing such as the advent of CRISPR/Cas9, such conditional 

targeting experiments may be possible in axolotl as well as the laboratory mouse. 

 

Collagen is translated as an immature protein that requires many levels of 

modification to become fully functional.  The work presented in this thesis 

focuses on the regulation of Collagen transcription and how SALL4 can modulate 
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this.  However, while our work provides evidence supporting the conclusion that 

SALL4 can directly regulate transcription of collagen genes, it is also possible 

that SALL4 is also operating on other levels of collagen remodeling during axolotl 

wound healing.  For example, a recent study sought to determine global gene 

targets of SALL4137. This study found that SALL4 could also potentially regulate 

other collagen remodeling proteins, such as matrix metalloproteases (MMPs) or 

Lysyl oxidase (LOX)137,157. However, the study did not validate these as 

functional targets of SALL4. If SALL4 is able to regulate MMPs or LOX, SALL4 

could also regulate when Collagen is remodeled. For example, one hypothesis is 

that SALL4 may be orchestrating expression of both collagen and collagen-

remodeling proteins to induce scar free wound healing. When we compared 

those genes expressed in axolotl vs. humans during wound healing, we found 

that most MMPs are positively correlated with wound healing in both axolotls and 

humans. Because of these similar expression patterns, fibrotic scar formation 

could be due to the temporal relationship between expression of collagen and 

expression of collagen remodeling proteins. Thus, an important future experiment 

in this line of investigation will be confirming the expression patterns of MMPs in 

axolotl and human wounds.  Further, to test if axolotls are able to remodel 

collagen because of concurrent expression of MMPs, we could modulate MMP 

expression in axolotls and look for defects in collagen remodeling over time. In 
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mammals, an analogous experiment would involve delaying the expression of 

collagen, potentially via modulation of SALL4, and evaluating collagen 

remodeling during the wound healing process. One way to test this would be to 

induce ectopic expression SALL4 in fibroblasts during wound healing in a mouse 

model. However, if this experiment shows that SALL4 can inhibit collagen 

production early during wound healing in mammals, it is unclear how one might 

translate ectopic expression of SALL4 to humans. Indeed, a potentially more 

viable translational option would be relieving post-transcriptional repression of 

SALL4 via inhibition of miRNAs.  

 

Future directions for the role of SALL4 in regeneration of other tissues 

Another question raised by the work presented in this thesis concerns how 

restricted a role SALL4 plays in the regeneration of various tissues, such as limb 

regeneration.  The work presented herein largely concerns the role of SALL4 in 

skin regeneration.  In the literature, it has also been observed that SALL4 is 

modulated in both X. laevis and A. mexicanum limb regeneration95,96. Further, in 

humans, mutations in SALL4, termed Duane-Radial-Ray Syndrome, lead to 

developmental defects of the bones in arms and hands88.  Thus, it would be of 

high interest to determine what the role of SALL4 is during limb regeneration, and 

if that role is the same during wound healing. If the roles of SALL4 diverge during 
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different types of regeneration, it would be curious to determine the interacting 

partners of SALL4 to help further elucidate how SALL4 is able to modulate gene 

expression in a variety of scenarios. However, based on the findings presented 

herein regarding SALL4 in skin regeneration, it seems plausible that SALL4 will 

also be required for efficient limb regeneration.  Indeed, limb regeneration 

requires many of the same steps of ECM creation and remodeling that take place 

in skin regeneration. 

 

Therapeutic considerations for targeting SALL4 in wound healing 

The finding that SALL4 regulates collagen deposition during wound healing is 

exciting because excessive and early collagen deposition leads to scar 

formation, which is often pathological193. These pathologies arise from decreased 

tensile strength of the wounded tissue, decreased elasticity, contractures, and 

hypertrophic scarring193,194. Therefore, our work identifies one candidate 

therapeutic target (SALL4) which appears to regulate the pathological process of 

scar formation.  A literature search suggests that there are currently no studies of 

small molecule therapies targeting specifically SALL4.  However, studies have 

been conducted using small molecules to try and induce pluripotency in cells, 

such as mouse fibroblasts. When a cocktail of seven small molecules is used, 

pluripotency is induced in 0.2% of cells195. Further, this study found that SALL4 



 

117 

 

expression increased after incubation with the small molecule cocktail. It would 

be interesting to determine if any small molecule alone could increase SALL4 

levels, without inducing pluripotency. In addition, another study was able to target 

the protein-protein interactions of SALL4 with a peptide196. If specific and 

targeted disruption of SALL4 protein interactions is possible, one could more 

precisely control the effect of increasing SALL4 levels as a treatment option, and 

thus limiting off target effects. As well, SALL4 expression appears to be 

insufficient early in wound healing in mammals.  Thus, therapies targeting SALL4 

would likely need to function by activating SALL4, which is generally less viable 

via small molecules.  Because of the challenges of targeting SALL4 directly as a 

means to initiate increased SALL4 expression, we have examined the utility of an 

alternative approach: increasing SALL4 abundance by modulating miRNA 

elements that regulate SALL4. 

 

miRNAs have recently come to light as a key modulator of gene expression.  

Indeed, there are multiple clinical trials currently underway, which aim to examine 

miRNA in humans for therapeutic means of modulating gene expression 

(NCT02579187, NCT02369198). miRNAs are important regulators at each stage 

of wound healing, and miRNA target genes are essential for keratinocyte 

proliferation and migration, inflammation, angiogenesis, and collagen 
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remodeling140-148.  Furthermore, several studies in regenerating species have 

shown that miRNAs are also essential to create a regeneration-permissive 

environment149-156. However, most studies do not determine if each miRNA has 

the same targets in other species, and thus if each miRNA is viable for clinical 

translation. In this thesis, we provide evidence supporting the conclusion that 

while miR-219 regulates SALL4 abundance in axolotls (figures 3-1, 3-2), miR-219 

does not regulate SALL4 abundance in humans, even though the miR-219 seed 

sequence is present (figure 3-4 a, d). Because the 3’ UTR of human Sall4 

contains several miRNA seed sequences, we examined other miRNAs and found 

that miR-103 is able to regulate human SALL4 abundance (figure 3-4 c, d). 

Future experiments should examine if inhibition of miR-103 during wound healing 

in either a human skin culture or mouse model.  Upon inhibition of miR-103 in 

either of these models, we hypothesize that SALL4 abundance will increase, thus 

inhibiting excessive collagen deposition during wound healing. If inhibiting miR-

103 can lessen scar-associated pathologies, it could potentially be used as a 

therapy. 

 

Our work supports the logic of future experiments to test if miR-103 can modulate 

SALL4 expression during wound healing in mammals.  If these future 

experiments support the conclusion that miR-103 is able to modulate SALL4 
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during wound healing, one therapeutic approach would be to inhibit miR-103.  

However, before miR-103 inhibitors can be used as a therapy, a few issues need 

to be addressed.   

 

First, other targets of miR-103 need to be elucidated. Indeed, it is likely that there 

are hundreds of potential targets that miR-103 could modulate. When the 

potential targets are entered into Ingenuity Pathway Analysis (IPA), enriched 

gene ontology terms are: regulation of immune response, regulation of 

proliferation, and regulation of bone mineralization and development. Inhibiting 

miR-103 could then have either positive or negative consequences on each of 

these processes. For example, eliminating the immune response will pose an 

issue with clearing infection and damaged tissue, however many studies show 

that impeding the immune response leads to less scar formation28,42,197. 

Determining the effect of inhibiting miR-103 on the immune response and other 

biologic processes occurring during wound healing will be necessary prior to use 

of miR-103 as a scar treatment. Further, we will need to determine an efficacious 

way to deliver a miRNA.  

 

Second, a delivery system for a miR-103 inhibitor needs to be developed. There 

have been many advances in miRNA inhibitor delivery technologies198, and now 
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miRNAs can be delivered in a targeted manner. For example, a few of the 

leading approaches for delivery of either a miRNA mimic or a miRNA inhibitor are 

packaging the miRNA of interest in either a virus with modified tropism for a 

specific cell type, or an antibody based carrier, or a carrier with RNA ligands or 

aptamers that are designed to target specific cell-surface receptors198. Such 

targeted delivery strategies would help limit off-target effects of miR-103 inhibitor. 

However, it is likely that further work to develop better therapeutic strategies for 

delivering such inhibitors will increase any potential function of a miR-103 

inhibitor, were it to be tested clinically. 

 

A third hurdle with the clinical development of a miR-103 inhibitor will be 

monitoring the therapy and establishing pharmacokinetics of the molecule. While 

there has been much development in miRNA delivery technology, there has been 

a lack of development of miRNA monitoring technology. Recently, studies have 

examined levels of circulating miRNAs in blood and plasma to use as biomarkers 

of disease199-201. Further, levels of miRNAs have been determined from whole 

tissues, and even single cells202-204. However, this only provides a snapshot of 

the levels of miRNAs at one point in time. One focus of my thesis was to develop 

an assay that might pave the way for future clinical-grade pharmacokinetic 

monitoring of miR-103 targeted inhibitors. To be able to determine the dynamics 
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of a specific miRNA during a biologic process, such as regeneration, we utilized 

a Dual-Fluorescent green fluorescent protein (GFP)-Reporter/ monomeric red 

fluorescent protein (mRFP)- Sensor (DFRS) plasmid177,178. With the DFRS 

plasmids we were able to monitor the expression dynamics of miR-23a during tail 

regeneration in the spinal cord and determine how long miR-141a mimics are 

effective in the uninjured spinal cord. This system is especially effective in cell 

culture or optically clear species, such as Xenopus tadpoles, D. rerio and A. 

mexicanum larvae, so several time points of each cell can be collected during a 

biologic process. To use the DFRS plasmid in mammals, end point studies will 

need to be conducted. However, recent advances in bioluminescent assays 

could allow for these plasmids to be modified, so that fluorescent protein cDNA 

could be substituted with two different luciferase cDNAs205. This would allow for 

monitoring of miRNAs in vivo in mammals at several different time points. We 

have shown that miRNAs do not only increase or decrease after injury, but can 

have dynamic expression patters. Continued use of the DFRS plasmid would 

allow us to further examine the dynamics of miRNAs during biological processes. 

Further, one can envision that a derivative of a fluorescent reporting system like 

DFRS could be used in a clinical-grade assay, given the high degree of 

quantitation that is possible with fluorescence microscopy.  Thus, development of 
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assays similar to the DFRS vector described in this thesis will be critical if miR-

103 inhibitors are to become a clinical reality. 

 

In conclusion, the work presented in this thesis leverages a remarkable model 

organism, the axolotl, to answer critical questions about an important clinical 

problem: scar formation.  One way to broadly encapsulate the work in this thesis 

is to ascribe its findings to various steps in the process of translational medicine-

target discovery, therapeutic development, and in vivo therapeutic monitoring.  

The work presented in this thesis makes strides into all these aspects of 

translational medicine.  Specifically, the work presented in this dissertation has 

identified candidate target in SALL4, a critical regulator of the scar-free wound 

healing process. Mechanistically, we have found that SALL4 is able to regulate 

Col1a1 and Col12a1 transcription during axolotl wound healing, leading to a 

change in scar phenotype and outcome. In order to consider therapeutic options 

targeting SALL4, we determined that SALL4 is under post-transcriptional control 

of miR-219 in axolotls and miR-103 in humans. Indeed, towards the goal of 

monitoring miRNA mimics and miRNA inhibitors in vivo in a clinical setting, this 

work provides one method to track pharmacokinetics of miRNA or miRNA 

inhibitors in vivo; a critical finding for future clinical translation.  Therefore, the 
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work presented in this thesis broadly grasps translational biology in the most 

pure form: taking an observation of another species in nature, exploring the 

molecular underpinnings of that process, and reflecting those findings onto 

humans in a potentially therapeutic manner. 
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