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Regeneration is a process that restores the structure and function of injured tissues or organs. Regenerative capacities
vary significantly across species, with amphibians and fish demonstrating a high regenerative capacity even after severe
injuries. This capacity is largely attributed to the formation of a blastema, a mass of multipotent cells reprogrammed
from differentiated cells at the injury site. In contrast, mammals exhibit limited regenerative capacities, with blaste-
ma-like cells forming only in specific contexts, such as antler or digit tip regeneration. An interesting aspect of blastema
formation in highly regenerative organisms is the temporary expression of pluripotency factors as known as the
Yamanaka factors (YFs), which is a key requirement for reprogramming somatic cells into induced pluripotent stem
cells (iPSCs). While iPSCs hold pros and cons, direct or partial reprogramming with YF has been proposed as a safer
alternative. Since blastema formation and partial reprogramming are similar in terms of YF expressions, we found
blastema-like cells in mammalian reprogramming with YF. This review outlines the characteristics of blastema across
various organisms, emphasizing interspecies differences. We also explore studies on partial reprogramming and the

possibility of inducing blastema-like cells via the temporary expression of YF in mammals.
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Introduction

Regeneration is the ability of living organisms to recov-
er from damage and restore both the structure and func-
tion of damaged tissues. This process is often thought to
simply recapitulate mechanisms from embryonic develop-
ment, but recent studies suggest it involves more complex
processes (1). While amphibians and fish can regenerate
tissues even after severe injury, most mammals exhibit
limited regenerative capacities, with the liver being one of
the few exceptions (2).

These differences in the regenerative capacity of various

species arise from variations in how cells respond to injury.
In organisms with a high regenerative capacity, such as
amphibians and fish, differentiated cells in damaged tis-
sues temporarily revert to a more primitive, stem cell-like
state, forming a cell mass known as the blastema (3). The
blastema consists of reprogrammed stem-like cells that pro-
liferate and contribute to tissue regeneration (4, 5). Inter-
estingly, blastema-like cells are observed in mammals—
such as the deer antler (6) and the mouse digit tip during
regeneration (7, 8)—but their differentiation potential re-
mains more restricted than in amphibians and fish (6).

An interesting aspect of blastema formation is the tran-
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sient expression of pluripotency factors. Studies have dem-
onstrated that inhibiting these factors during the regene-
ration of fish fins or amphibian limbs suppresses the re-
generation (9), indicating their critical role. These factors,
often called Yamanaka factors (YFs) (10, 11), are well-
known for their ability to reprogram somatic cells into in-
duced pluripotent stem cells (iPSCs). While the expre-
ssion of YF is activated during regeneration, the cells do
not achieve full pluripotency in vivo. In contrast, iPSCs
are fully reprogrammed and capable of differentiating into
any cell type, offering great therapeutic potential, espe-
cially in mammals with low regenerative capacity, like hu-
mans (12). iPSCs also present reduced risks of immune re-
jection when derived from the patient’s own somatic cells
(13). Despite these advantages, iPSCs still have challenges,
such as the risk of tumor formation due to residual un-
differentiated cells, as well as genomic instability during
reprogramming and culturing iz vitro, which may increase
the risk of tumorigenicity (14). Thus, direct or partial re-
programming has been proposed as a promising alternative,
offering the advantage of generating target cells without
transitioning through an iPSC state. This approach may
help mitigate some of the risks associated with tumorige-
nicity and genomic instability (15-17). As we investigated
the YF-mediated reprogrammings, we recently showed
that the existence of blastema-like intermediate cells (ICs)
during mammalian reprogramming in vitro (18).

This review summarizes the formation of blastema and
the regeneration mechanisms in various animals. Additionally,
we explore the possibility of identifying evolutionary rem-
nants of blastema-like cells in mammals and discuss the
induction of a mammalian version of blastema as well as
potential applications in regenerative medicine.

What Is “Blastema’?

Regeneration refers to restoring new cells or tissues lost
due to injury or disease. This complex process involves
various cell types, including resident stem cells and im-
mune cells in adult tissues, which are involved in the re-
generation process (2). However, in certain types of in-
juries, such as the tail or limb amputation in amphibians,
a process known as blastema-mediated regeneration is
activated. Blastemas are mass of stem or progenitor cells
that have differentiation potentials.

When an amputation occurs, the injured site is first cov-
ered by a layer of wound epidermis, beneath which blastemas
are formed (5). The formation of blastemas involve several
signaling pathways, including Fgf, Wnt, Bmp, and Hippo
signaling. While these signaling pathways are known as

essential, the exact mechanisms vary across different or-
ganisms (19-22). Once blastemas are formed, they undergo
re-differentiation into cells of various lineages. This re-dif-
ferentiation process leads to the completion of the rege-
neration, resulting in the recovery of both the structure
and function of the damaged tissues (4). However, under-
standing the cellular and molecular basis of blastema for-
mation still remain elusive.

Types of Blastemas

Historically, blastemas are defined as mass of pluripotent
cells that can contribute to any regenerated structure (23,
24). Recently, however, the differentiation potential of blas-
temas has been found to vary across diverse organisms, re-
flecting changes through evolution. In invertebrates like
planarians, a pluripotent cell mass called neoblasts accumu-
lates at the wound site in response to injury, then form
blastemas (25). In vertebrate organisms with high re-
generative capacity, such as fishes and amphibians, blaste-
mas contain a mixture of lineage-restricted progenitors
(26-28). In mammals, digit tip blastemas are reported and
considered to have limited regenerative capacity (7).
Notably, blastema formation has not been reported in
humans. Collectively, it seems that the differentiation po-
tential of blastemas tends to decrease as organisms evolve.

Blastema-Mediated Regeneration in Animals

Planarians can regenerate whole organisms from tiny
fragments of their bodies, including head, tail, or any oth-
er body parts. This amazing regenerative capacity is driv-
en by a highly specialized and pluripotent cell population
called neoblasts. Upon activation, neoblasts form a differ-
entiated cell population that contributes to blastemas (29,
30). Recent advances in single-cell sequencing have re-
vealed the heterogeneity within neoblasts, identifying vari-
ous subtypes. Among the classified subtypes, it was con-
firmed that the subtype in which the surface protein
Smed-tspan-1 1s expressed at a high level together with
Smed-piwi, a marker of neoblasts, has significant regene-
rative potential. When a single cell of SMED-TSPAN-1+
neoblasts is transplanted into hosts devoid of stem cells,
they can self-renew and differentiate into all cell types, thus
proving functionally pluripotent (31). These neoblasts can
be classified into several subtypes. Notably, gamma and
sigma-neoblasts respond to injury by proliferating and
have broad systemic capabilities, including the generation
of zeta-neoblasts. However, zeta-neoblasts are not essential
for regeneration; they primarily constitute a postmitotic
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lineage, including epidermal cells (29). Unlike blastemas
observed in other organisms, where somatic cells are re-
programmed in response to injury, the planarian blastema
arises directly from neoblasts, which are already pluri-
potent (29, 32).

Among vertebrates, fish and amphibians exhibit re-
markable regenerative capabilities, which are initiated by
blastema formation. For example, zebrafish can regenerate
various tissues and organs, including fins, heart, spinal
cord, and even brain. Fin regeneration serves as a repre-
sentative model of regeneration, with the blastema consist-
ing mainly of multipotent stem cells that can differentiate
into fin rays, muscles, nerves, and blood vessels. Recent
research utilizing single-cell transcriptomics has identified
diverse cell types involved in fin regeneration, revealing
a blastema comprised of highly proliferative and line-
age-restricted progenitor cells (33, 34).

Amphibians such as salamanders are renowned for re-
generating entire limbs, encompassing bones, muscles, nerves,
and other tissues. Following limb amputation, dediffer-
entiated cells from the stump of the remaining limb ag-
gregate to form blastemas. The limb blastemas are hetero-
geneous cell mass consisting of lineage-restricted proge-
nitors. Additionally, the limb blastemas retain positional
memory of the missing tissue’s identity and spatial organ-
ization, establishing the pattern of the lost structures dur-
ing regeneration (28, 35-38).

Intriguingly, blastema formation is also observed in
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Drosophila. Although Drosophila is not typically associated
with extensive tissue regeneration, it displays unique re-
generative phenomena in its imaginal discs. When an in-
jury occurs in the imaginal discs, a cluster of S-phase-la-
beled cells forms at the injury site, similar to the process
observed in amphibians. This cluster is referred to as a
blastema. For instance, if a wing imaginal disc is damaged,
the proliferating cells within the blastema differentiate in-
to specific wing cell types, such as wing epidermal cells
and wing veins (39, 40).

In animals with high regenerative capacity, damage in-
duces the formation of a blastema composed of pluripotent
or multipotent cell populations that respond to the dam-
age and generate multiple cell types (Fig. 1).

Blastema in Mammals

Mammals generally exhibit limited regenerative capa-
city compared to animals like fish and amphibians, al-
though some exceptions exist (41, 42). In contrast, exam-
ples such as the annual regrowth of deer antlers, the clo-
sure of ear hole punches in rabbits, and the regeneration
of digit tips in rodents involve the formation of blaste-
ma-like cells (8, 43, 44). In these instances, all three ani-
mal models exhibit transient blastema formation, consist-
ing of undifferentiated cell populations that later differ-
entiate into the cell types necessary for regeneration. These
regenerative responses are regulated by complex interac-
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Fig. 1. Species-specific differences in blastema formation and regenerative potential. The characteristics of blastemas are summarized in
terms of their formation process, differentiation potential, and specific markers. The dashed red lines indicate the site of injury or amputation
where blastema formation begins. This figure illustrates that blastemas from different animals possess both unique and shared characteristics.
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tions among various cell types, ultimately contributing to
the formation of functional tissues.

In particular, mice possess a certain degree of regenera-
tive ability, albeit not as extensive as that observed in sala-
manders. Specifically, mice can regenerate digit tips under
certain conditions, such as when only the distal parts of
the skin, bones, and nails are amputated, leaving struc-
tures like tendons, glands, or joints intact. However, more
proximal amputations result in wound healing without re-
growth of the digit tips (45). The essential step in digit
tip regeneration is the formation of transient proliferating
cells called the digit tip blastema, which generates differ-
ent cell types to replicate the original tissue structure (46).
Recent advancements in defining blastema cell identities
have been achieved through single-cell RNA sequencing.
This technique revealed that the mouse digit tip blastemas
are heterogeneous cell mass consisting of Schwann cells, im-
mune cells, endothelial cells, vascular smooth muscle cells,
and fibroblasts. Among these cell types, fibroblasts form the
largest portion of the blastema and commonly express
broad fibroblast markers such as Prrxl, Msx1, and Pdgfra.
Moreover, regenerative genes like Mest, which are absent
in unamputated digit tips but upregulated after amputa-
tion, have been identified. These genes may play a role
in regulating blastema formation. However, further re-
search is necessary to elucidate the specific roles of these
cell types and genes in blastema formation and the overall
regeneration process. The exact origin of these cells, whether
they are stem cells or de-differentiated progenitors, remains
to be further investigated (7, 24, 46-48).

As mentioned, blastema is not typically found in mam-
mals except in the case of mouse digit tip regeneration.
However, recent reports indicate the presence of blastema-
like cells in the regeneration of deer antlers, which occurs
annually and exhibits the highest rate of bone growth among
animals (49). Antler regeneration involves elements such
as wounding, nerve input, and the wound epidermis, which
are traditionally considered essential for epimorphic rege-
neration. Nevertheless, this process requires more than
just these three elements, indicating the need for addi-
tional factors for successful regeneration (6, 50). Resear-
chers have identified mesenchymal cells expressing the
paired-related homeobox 1 gene (PRRXI) during the early
stages of antler regeneration, naming them antler blastema
progenitor cells (ABPCs). In lower-level organisms such as
axolotls, the blastema is formed through a dedifferen-
tiation process. In contrast, ABPCs in antlers are not gen-
erated by dedifferentiation but are instead permanently
present in the antler-generating tissue. Through integrated
single-cell analysis involving deer, mouse, axolotl, and ze-

brafish, it was found that ABPCs integrate well with the
blastema of mouse digit tip regeneration but not with the
blastemas of axolotl limb or zebrafish fin regeneration (6).
Accordingly, antler blastemas are similar to those of
mouse digit tip blastemas but differ from those in animals
with high regenerative capacity.

In summary, mammalian blastema-like cells, such as those
observed in mice during digit tip regeneration and in deer
during antler regrowth, demonstrate a limited capacity for
regeneration compared to non-mammalian vertebrates.

Adaptive Cellular Reprogramming during
Mammalian Regeneration

The limited regenerative capacity of blastema in mam-
mals raises intriguing questions about the underlying me-
chanisms of cellular reprogramming. Recent studies have
shown that certain mammalian cells can achieve tempo-
rary plasticity through a process known as “adaptive cel-
lular reprogramming” (51), particularly in response to dam-
age that depletes tissue-specific stem cells. During the re-
generation of mouse intestines (52-54) and lungs (55-58),
terminally differentiated somatic cells regain the ability to
replenish both lost stem cells and other cell types in the
damaged regions by “reprogramming.”

Ayyaz et al. (54) depleted 90% of adult stem cells in
mouse intestines through irradiation and discovered a new
type of stem cells that rarely found under homeostatic con-
ditions. These cells, known as revival stem cells (revSCs),
transiently appear in the injured crypts of the intestine,
particularly in the absence of LgrS+ intestinal stem cells.
Ultimately, revSCs differentiate into all cell types within
the crypts to reconstruct the damaged intestine.

Similarly, transitional ICs important for tissue regene-
ration have been identified in the injured lungs of mice,
known as damage-associated transient progenitors (DATPs),
alveolar differentiating intermediates (ADIs), or pro-
liferating alveolar type 2-like cells (PATS) (55-57). For ex-
ample, when bleomycin was administered to mouse lungs
to deplete alveolar type 1 (AT1) cells, this injury triggered
AT?2 cells to become more plastic cells, known as DATPs,
through reprogramming, which then replaced the dam-
aged AT1 cells and repaired the lungs (57). DATPs/ADIs/
PATS were also found in other adverse conditions, such
as idiopathic pulmonary fibrosis and in postmortem lungs
of coronavirus disease 2019 patients (59).

Adaptive cellular reprogramming induced by damage
generates stem cell-like cells in mammals. These stem
cell-like cells seem to be the blastemas found in animals
with high regenerative capacity, as damage-induced repro-
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gramming results in the formation of blastemas. This sim-
ilarity suggests an evolutionary conserved process shared
by mammals and lower animals.

Induced Blastema-Like Cells in Mammals

Given that both revSCs and blastemas are generated
through reprogramming, we need to ask whether there are
shared factors that induce this reprogramming. In terms
of reprogramming, YFs are strong drivers for generating
iPSCs. Long-term expression of YF is required until the
establishment of induced pluripotency (10, 11). Interestingly,
two phenomena are observed with the transient expression
of YF during reprogramming. One phenomenon is pluri-
potency factor-mediated direct reprogramming (PDR) in
vitro (15, 16, 60), while the other is induced rejuvenation
m vivo (61-63). It is plausible that YF-induced rejuve-
nation is achievable because YF are key transcription fac-
tors expressed in “embryonic” stem cells. In PDR, cells
of all three germ layers can be obtained through transient
YF expression and lineage-specific culture medium (Fig.
2). Given that reprogramming factors are typically the
transcription factors specific to the reprogramming target
cells, it seems implausible that YF can generate cells of all
three germ layers in PDR without generating iPSCs. It is
particularly notable that YF are temporally expressed dur-
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ing the blastema-mediated fin regeneration in zebrafish,
and knockdown of these YF has been shown to impair the
fin regeneration (9). Additionally, recent report indicates
that YF expression facilitates the generation of revSCs
(64). Collectively, thus, the YF are involved in both i vi-
tro reprogramming and iz vivo regeneration.

We recently reported that Desmoplakin (Dsp) is a com-
mon factor between in vitro reprogramming and i vivo re-
generation (18). In this study, we aimed to identify the
ICs involved in YF-mediated reprogramming by compar-
ing iPSC reprogramming and PDR. We successfully iden-
tified two types of ICs and found that Dsp is required dur-
ing the intermediate stage, as confirmed by knockdown of
Dsp. We then hypothesized that ICs might be analogous
to blastemas, as YF are required for the generation of both
ICs n vitro and blastemas i vivo. This hypothesis was fur-
ther confirmed by knockdown of dsp during fin regene-
ration in zebrafish. When we compared our in vitro re-
programming results with published in vivo regeneration
data using single-cell RNA sequencing, we found that gra-
nular ICs exhibited the highest similarity to blastema cells
(Fig. 3). These results suggest that (1) blastema-like cells
can be induced in mammalian cells, and (2) YF can in-
duce these blastema-like cells in mammals. In summary,
YF may induce blastema-like cells in mammals.

Perspectives

We reviewed animal regeneration from the perspectives
of blastema formation and evolution context. Currently,
regeneration in mammals is considered limited and dis-
tinct from that in amphibians, fish, and planarians. In this
review, we propose that regeneration is evolutionarily con-
served from the perspective of adaptive cellular repro-
gramming: when damage occurs, cells or tissues respond
by generating “ICs” through this reprogramming process
across all animals. Because these ICs may acquire stem
cell-like potential, they can regenerate the damaged tissue.
In lower animals, these ICs are known as blastema, where-
as in mammals they are referred to as revSC, although the
regenerative potential of these ICs varies depending on tis-
sue type and animal species.

We observed that blastema-like ICs during YF-mediated
reprogramming iz vitro, as described in our recent pub-
lication (18). We expect that these blastema-like ICs have
the potential to generate cells of all three germ layers, as
ICs are formed during PDR, which can reprogram somatic
cells into ectodermal, mesodermal, and endodermal cells
(15, 16, 65). Although further characterization and eluci-
dation are needed, we expect that our blastema-like ICs

could be a more activated form of blastema cells (ABCs)
in terms of their differentiation potential, as blastema is
currently regarded as a mixture of multipotent cells. The
concept of ABC is quite challenging but could open new
pathways for advancing regenerative medicine.
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