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ABSTRACT

While many organisms possess the remarkable ability to regenerate lost body parts, humans have far mote limited
regenerative capabilities. Harnessing regeneration could revolutionize medicine by serving as a replacement for
inaccessible limb transplants or functioning as part of treatments for organ failure from severe illnesses-and chronic
conditions. Although humans have lost the ability to regenerate through evolution, studies from animal models of
regeneration offer insights for potential applications in clinical settings. Studies on zebrafish show that certain pieces
of the p53 signaling pathway can suppress blastema formation. Additionally, blastema can’t form without the
oncogene CK-2 in cockroaches. Short term regulation of these pathways could play a role in developing potential
clinical procedures for human regeneration.

Introduction

Regeneration is widespread across the animal kingdom, though its extent varies greatly between species. Planarians,
salamanders, and zebrafish, for instance, exhibit remarkable regenerative capacity, capable of regrowing large
anatomical structures including limbs. In contrast, humans demonstrate limited regenerative ability, where the
healing process in many cases generates scar tissue instead of restoringlost tissue. In regenerative animals,
regeneration consists of two key processes: wound healing and tissue development. At the intersection of these
processes lies the blastema, a critical structure that enables regenerative growth.

A blastema is a heterogeneous mass of progenitor cells-that forms at an injury site and undergoes morphogenesis
(Gerber et al., 2018). Unlike malignant tumors, which are also undifferentiated cell masses, the blastema is defined
by its regenerative potential. For a blastema to form, the .epidermis first closes over the wound to generate the wound
epidermis. The wound epidermis is thinner than normal skin, allowing direct communication between it and the
underlying tissues (Seifert and Muneoka, 2019). The extracellular matrix (ECM) shifts to a pro-regenerative state,
resembling the composition during embryonic development (Simkin et al., 2015).

In many cases, regeneration is driven by stem cells, which are undifferentiated cells with the ability to self-renew -
dividing to create identical copies of themselves - and differentiate into specialized cell types. They are classified
based on their potential: totipotent stem cells can develop into any cell type of the animal; pluripotent stem cells can
differentiate into any embryonic cell types; multipotent stem cells can produce many different mature cell types;
unipotent stem cells‘are restricted to producing only one type of cell (Kolios and Moodley 2012). While human
embryonic stem cells are pluripotent, offering significant regenerative potential, adult stem cells have a much more
limited capacity for regeneration.

The cellsiin blastema are generally limited to replacing their tissue of origin such as muscle, skeleton, or Schwan
cells, rather than cells from other areas (Kragl et. al 2009). The lineage-restricted cells seem to be derived from local
populations of stem cells and dedifferentiated cells (Zielins et al., 2016). Dedifferentiated cells are cells which go
from specialized cells to less differentiated cells in the same lineage, essentially the reverse of the differentiation
process. Dedifferentiation allows cells to act like stem cells (Yao and Wang, 2020). Blastema is collectively made
up of fibroblasts and periosteal cells, Pax7+ muscle satellite cells, and other undiscovered populations that
contribute to blastema function (Leigh et al. 2018). Fibroblasts are a diverse set of stem cells found in bone marrow
that play a role in signaling. They provide essential niches, or dynamic environments where stem cells can reside
and get activated when needed. They use biochemical cues in the ECM and regulated secretion of soluble mediators,
growth factors, and metabolites (Lemos and Duffield, 2018; Plikus et al., 2021).

The typical response to injury in mammals is scarring. It begins with hemostasis, a stopping of the bleeding,
followed by inflammation, proliferation and remodeling. Fibroblasts synthesize and maintain the ECM and secrete
ECM remodeling enzymes, matrix metalloproteinases and their inhibitors, and tissue inhibitors of
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metalloproteinases which remodel the ECM. A complex dialogue exists between fibroblasts and their environment
during the scarring process (Darby and Desmouliére, 2020). The annual regeneration of deer antlers is the only
example of repeated rounds of mammalian appendage regeneration. They regrow from a blastema into structures of
cartilage and bone. Rather than producing a fibrotic scar, wounds on antlers can often go months without healing.
Atherogenic periosteum (AP) is a region of the membrane of blood vessels around the bones overlying the frontal
bone of deer, and is where antlers are derived from (Hartwig and Schrudde, 1974). Nude mice which were implanted
with AP and a small stalk-shaped protuberance, though not antler-like, developed. Wounding was required to
generate antler tissue (Li et al., 2001). If blastema can be induced instead of scarring, it is promising for potential
human regeneration (Price and Allen, 2004).

Regeneration Present in Humans

While humans have limited abilities to regenerate large structures like the limbs compared to otherregenerative
vertebrates, certain tissues, such as the skin and liver, retain high regenerative capabilities. The liver, in particular,
can regrow to its normal size even after significant resection (Michalopoulos, 2007). Undermormal.conditions, liver
cells are not highly proliferative. However, in response to acute injury, hepatocytes, the primary cell type of the
liver, proliferate to repair the damage (Pu et al., 2016). These cells play essential roles«in metabolism, detoxification,
and immune cell activation. However, in chronic liver diseases, widespread hepatocyte death can outpace
regeneration, leading to progressive organ failure. A key regulator of liver regeneration is catenin signaling, which
stimulates cell proliferation by inducing hepatocytes into the G1 phase of the cell eycle, where cells grow and
prepare for DNA replication (van Amerongen et al., 2008). Unlike epimorphic regeneration, in which lost
anatomical structures are restored through blastema formation, liver regeneration relies on compensatory
proliferation, where existing cells expand to restore function rather than regenerate an entirely new liver (Hadjittofi
et al., 2021).

Animals that do possess epimorphic regeneration also use compensatory activity for healing. Zebrafish heart
regeneration models include a combination of two distinct regenerative processes. The area nearest to the injury
consists of a population of cardiac cells that reactivates the expression of embryo-specific sarcomeric proteins and
has around ten times the mitotic activity as it normally would have. The undifferentiated cardiomyocytes resemble a
blastema-like structure and they integrate with fibrotic tissue through the ECM and mature cardiomyocytes. This is
done through the upregulation of connexin 43, a tight junction marker, on the barrier of cells. Along with the
blastema, global proliferative activity is important in restoring cardiac function, similar to human liver regeneration.
Many cells that aren’t near the wound reenter the cell cycle and undergo mitosis. A significant difference between
compensatory and epimorphic processes is that in the compensatory mode, the proliferative activity occurs
throughout the remaining organ, while in .epimorphosis, it is confined to the vicinity of the wound. The
compensatory regenerationresults in the organ regaining its mass (Sallin, 2015). So while the liver’s hepatic tissue
enlarges, the original organ doesn’t grow back because while the remaining cells divide and proliferate, they can’t
replace the cells which were lost from injury.

Newborns, unlike adults, can regenerate heart muscle cells within the first week of birth. However, in adults,
cardiomyocytes—the contractile muscle cells of the heart—are highly differentiated, often multinucleated with well-
aligned sarcomeres. This structural specialization helps maintain heart function but hinders regenerative capacity.
Interestingly, cardiomyocyte regeneration has been observed when thyroid hormone pathways and adrenergic
receptors—glycoproteins that bind to epinephrine and norepinephrine—are inhibited postnatally. The oxygen rich
environment induces cardiomyocyte cell cycle arrest and gives the mammalian heart remarkable regenerative
capabilities, but only within a narrow time window before cardiomyocytes become permanently post-mitotic.
(Puente et al., 2015).

Typically, aging cells lose proliferative ability and respond poorly to damage. However, during pregnancy, the
partially shared maternal-fetal blood system exerts a rejuvenating effect on the mother. In mouse models, pregnant
individuals exhibited enhanced muscle regeneration compared to age-matched nonpregnant controls. This effect
persisted for two months postpartum, likely due to activation of satellite cells through the Notch signaling pathway,
which governs cell fate decisions and tissue homeostasis (Wang et al. 2023). Notably, heart and muscle regeneration
occurs without blastema formation; instead, pregnancy-induced systemic factors reactivate dormant muscle
progenitor cells, c-Kit positive cardiac cells (Xiao et al., 2013) .
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In humans, digit tip regeneration represents a rare example of blastema formation, particularly in young children
and, to a lesser extent, in adults. When the distal phalanx (the fingertip) is amputated beyond the nail bed, a
blastema-like structure can form, initiating regeneration of bone, connective tissue, and skin. Unlike scarring, this
process involves mesenchymal progenitor cells, which aggregate at the wound site and re-enter the cell cycle. The
nail bed epithelium plays a crucial role by releasing signals—such as Wnt and FGF pathways—that stimulate the
underlying cells to proliferate and differentiate (Simkin, 2015). However, this regenerative capacity is highly limited
to injuries that preserve the nail bed; amputations beyond this region result in scarring rather than regeneration.
Understanding the mechanisms of blastema formation in digit tip regeneration provides valuable insight into the
potential for enhancing regenerative medicine in humans.

Understanding the signaling pathways that drive blastema formation in regenerative animal models can provide
critical insights into the molecular mechanisms underlying human regenerative capacity. Studies in organisms such
as salamanders, zebrafish, and mice have identified key pathways that regulate cell proliferation, dedifferentiation,
and blastema formation. These signaling pathways are implicated in oncogenesis, and involve the activation of
tumor suppressors and oncogenes. While blastema formation in regenerative species is tightly regulated, cancerous
growths can hijack these pathways to bypass cell cycle control and apoptosis. Understanding the parallels and
differences between these systems in highly regenerative vertebrates and humans can inform the development of
new therapies. This review will explore the shared molecular pathways between blastema formation and
tumorigenesis, assess their role in regeneration in animal regeneration models, and discuss how these pathways may
inform new approaches to increasing regenerative capacity in humans.

P53 Function and Pathway

Tumor protein p53 is a transcription factor that prevents tumor formation by responding to cellular stresses such as
DNA damage (Zhang, 2022). There are several types of DNA damage, including single-strand DNA breaks, double-
strand DNA breaks, base mismatches, and DNA-protein crosslinks. DNA-protein crosslinks occur when proteins
covalently bond to DNA, interfering with replication, repair, transcription, and recombination (Ruggiano and
Ramadan, 2021). Double-strand DNA breaks activate DNA-dependent protein kinase (DNA-PK), which plays a role
in transcription regulation and apoptosis (Jackson, 1997). DNA damage alters DNA sequences, disrupting protein
formation and function. The accumulation of these errors leads to cancer (Moon et al., 2023).

DNA damage also induces interactions between p53 and the transcriptional activator p300, as well as the
transcriptional corepressor mSin3A (Liu and Chen 2005). Another form of cellular stress is oncogene activation.
Oncogenes are mutated versions of proto-oncogenes, which normally regulate cell division. When proto-oncogenes
become overly active or are duplicated excessively, they can drive normal cells toward cancerous transformation
(Liu, 2025).

A common feature of most tumors is hypoxia, a condition characterized by low oxygen levels. Tumor cells divide
rapidly, consuming oxygen at an accelerated rate (Muz et al., 2015). Unlike DNA damage, hypoxia interacts with
the p53 pathway throughmSin3Abut not p300. This suggests that distinct cellular pools of p53 modulate
transcriptional activity using different coactivators and corepressors (Koumenis et al., 2001).
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Figure 1. Overview of p-53 pathway. Created with BioRender.com.
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TP53 is the gene that encodes p53, functioning as a guardian of the cell’s DNA. p53 induces the hematopoietic zinc
finger protein (Hzf), which promotes the expression of p21, a cyclin-dependent kinase inhibitor. p21 helps arrest cell
cycle progression and facilitates DNA repair. If the damage is irreparable, apoptosis is triggered, preventing the
proliferation and spread of damaged cells.

ARF Inhibits Regeneration

AREF is a tumor suppressor gene that activates p53, a key regulator.of cell division in humans. p53 is frequently
inactivated in human cancers and has the ability to induce cell eycle arrest or apoptosis, the process of programmed
cell death (Matheu et al., 2008). pS3 activity is triggered by various forms of cellular stress, including DNA damage.
AREF binds to Mdm?2 and suppresses its function, thereby allowing p53 to remain active (Zhang et al., 1998).

To investigate whether ARF inhibits regeneration, researchers introduced it into zebrafish, which naturally exhibit
high regenerative capabilities but lack ARF. The introduction of ARF humanized the zebrafish p53 pathway. During
developmental stages and in uninjured fins, ARFremained dormant. However, following fin amputation, ARF was
highly expressed in the blastema (Hesse et al., 2015).

Regenerative signals induced zebrafish E2f, a family of transcription factors that regulate genes involved in cell
proliferation, to bind toARE: This interaction inhibited epimorphic fin regeneration, a process that occurs normally
in zebrafish. ARF could only exert this inhibitory effect if the p53 pathway was functional. When p53 was impaired,
ARF did not suppress regeneration, and the zebrafish were able to form a blastema (Hesse et al., 2015).

Figure 2. ARF expression in zebrafish and blastema formation. Created with BioRender.com.
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Furthermore, ARF specifically inhibits epimorphic regeneration in the zebrafish heart. ARF expression was
upregulated during the cardiac regenerative process and slowed the rate of morphological recovery (Lee et al.,
2020). The activity of a tumor suppressor during regeneration suggests that ARF identifies blastema formation as a
tumor-like process. Furthermore, this finding implies that ARF regulation would be necessary in clinical
applications of epimorphic regeneration treatments in humans.

CK-2 Triggers Blastema Formation in Cockroaches

Other cases where blastema formation has been either clinically induced or repressed include studies on
cockroaches. Cockroaches have the ability to regenerate their limbs by forming a blastema at the site of injury,
which gives rise to various cell types. These cells then proliferate, and the newly grown tissue establishes proper
patterning to restore leg function following the proximal-distal axis (Ren et al., 2024).

Extracellular signal-regulated kinase (ERK)-activated casein kinase 2 (CK-2) is the key trigger for blastema
formation in cockroach leg regeneration. However, the role of CK-2 is best documented in cancer. Itincreases cell
proliferation, cell growth, and cell survival. CK-2 functions as an oncogene when overexpressed. (Chua et al., 2017)
It is an important phosphorylated and activated target of ERK, a member of the mitogen-activated protein kinase
(MAPK) family, which stimulates mitosis. After amputation, CK-2 rapidly undergoes activation through ERK-
induced phosphorylation within blastema cells. At five days post-amputation (dpa), phosphorylated ERK (p-ERK)
was concentrated in the nuclei of blastema cells (Zhang et al., 2024). p-ERK, which colocalized with CK-2, was
rapidly and continuously activated by injury. When amputated groups were compared to an uncut control group,
MAPK, forkhead box O (FOXO) transcription factors, and ECM receptor interactions were enriched. MAPK
activity continues to increase throughout the regeneration process.

When RNA interference (RNAi), a method that introduces double-stranded RNA to silence a specific gene, was
used to knock down CK-2, it impaired blastema formation by repressing cell proliferation (Haiyong, 2018).
Cockroaches injected with CK-2 inhibitors lose their regenerative capabilities, demonstrating that CK-2 is essential
for cockroach leg regeneration. CK-2 also plays a role in promoting blastema cell proliferation in zebrafish fin
regeneration. When p-ERK, which phosphorylatesiand activates CK-2, was inhibited, regeneration was blocked.

Discussion

Humans also possess CK-2, which raises the question of why CK-2, which is essential to regeneration in
cockroaches, doesn’t contribute to regenerative abilities in humans. Inhibiting other MAPKSs, such as Jun N-terminal
kinases (JNKs), did not have the same effect either. JNK is involved in imaginal regeneration in fruit flies,
suggesting that MAPK family members may drive species-specific appendage regeneration (Zhang et al., 2024;
Wagner and Nebreda; 2009). 1t is possible that in a similar manner, CK-2 might not carry as much importance in
human blastema formation.
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Figure 3. Type of MAPK that is the key element in blastema formation for different species
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Another explanation could simply be that CK-2 has no opportunity to help form blastema because other factors
inhibit blastema in the first place. If CK-2 could play a key role in humanaegeneration, harnessing it would need to
happen in tandem with the inhibition of the barriers to blastema formation, like ARF.

CK-2 is heavily conserved across different species. Meanwhile, the function of ARF stays essentially the same in
regards to the cell cycle, however, the gene that encodes the protein is different. Human ARF is made from the
Cdkn2A gene. It’s the same for mice. However, zebrafish and cockroaches, which are highly regenerative, have
different versions of the gene, which could partially account for why ARF doesn’t block regeneration in those
species (Haraoka et al., 2022; Yuki et al., 2024).

Figure 4. Pathway vs. Model matrix for CK-2 and Cdkn2A
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Regulation of ARF could be achieved by controlling transcription factors. E2F1 is a transcription factor that
regulates genes involved in cell cycle control and induces ARF transcription by directly interacting with its binding
site (DeGregori et al., 1997). Myc, a well-established oncogene, also activates ARF transcription, triggering
apoptosis as a protective mechanism (Schmitt, 2003). Other transcription factors that positively regulate ARF
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include DMP1, a cyclin D-binding protein, and transforming growth factor-beta 3 (TGF-B3), which can reduce
scarring (Inoue et al., 2000; Zheng et al., 2010)

Conversely, several transcription factors repress ARF expression. One example is BMI-1, a polycomb group gene
that codes for multiprotein complexes (Ko et al., 2016). BMI-1 suppresses cellular senescence—a state in which a
cell ceases to divide but does not undergo apoptosis—by repressing ARF expression (Micco et al., 2020; Parreno,
2022). Another polycomb group gene, CBX7, extends the lifespan of normal human cells by inhibiting ARF
expression (Liu et al., 2022).Temporarily repressing ARF using one of these transcriptional repressors could be a
crucial step in inducing blastema formation in humans.

It is important to take into account the possible consequences of reducing ARF function. Around 50% of human
cancers contain loss of function mutations in p53, and inhibiting ARF would also inhibit p53 (Ozaki and
Nakagawara, 2011). Because of its close relation to cancer, long term modulation would be dangerous. While
mammalian digit tip regeneration takes about 28 days, larger injuries could take even longer. And clinical treatments
using this approach could not be applied to those at risk for developing cancer.

Additionally, repressing the scarring process could be a step needed. Activation of the Wnt/B-catenin pathway, a
family of proteins that play critical roles in embryonic development and adult tissue homeostasis could also be
helpful (Liu et al., 2022). When the yes-associated protein (Y AP) was immediately inhibited with verteporfin in pig
wounds, which display the most human-like model of scarring, it was sufficient to prevent scarring and drive wound
regeneration in pigs (Mascharak et al., 2025). YAP is an oncoprotein involyed in‘cell proliferation control located in
the cytoplasm in an inactive form (Abylkassov and Xie, 2016).

Although there are many additional factors that must be considered in order to effectively induce blastema formation
and regeneration in clinical treatments for human diseases, the regulation.of the components in the P53 pathway can
play a large role in making this happen.

Conclusion

The human healing process generally involves scarring rather than blastema formation. However, tumor suppressors
and oncogenes can act as switches for blastema in certain animals, which leaves the door open to possible medical
applications involving their regulation. CK-2,.an MAPK whose main role is in cancer, serves as a key component of
blastema formation in cockroaches. While humans also possess CK-2, it doesn’t have the same effect. This could be
because MAPKs have species specific functions. ARF, part of the human p53 tumor suppressor pathway, mistakes
blastema for a tumor and interferes with zebrafish fin regeneration. Turning off p53 along with scarring mechanisms
might be necessary steps to induce blastema in humans in the future.
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