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Abstract: Damage to organs by trauma, infection, diseases, congenital defects, aging, and other
injuries causes organ malfunction and is life-threatening under serious conditions. Some of the lower
order vertebrates such as zebrafish, salamanders, and chicks possess superior organ regenerative
capacity over mammals. The extracellular signal-regulated kinases 1 and 2 (ERK1/2), as key members
of the mitogen-activated protein kinase (MAPK) family, are serine/threonine protein kinases that
are phylogenetically conserved among vertebrate taxa. MAPK/ERK signaling is an irreplaceable
player participating in diverse biological activities through phosphorylating a broad variety of
substrates in the cytoplasm as well as inside the nucleus. Current evidence supports a central
role of the MAPK/ERK pathway during organ regeneration processes. MAPK/ERK signaling is
rapidly excited in response to injury stimuli and coordinates essential pro-regenerative cellular events
including cell survival, cell fate turnover, migration, proliferation, growth, and transcriptional and
translational activities. In this literature review, we recapitulated the multifaceted MAPK/ERK
signaling regulations, its dynamic spatio-temporal activities, and the profound roles during multiple
organ regeneration, including appendages, heart, liver, eye, and peripheral/central nervous system,
illuminating the possibility of MAPK/ERK signaling as a critical mechanism underlying the vastly
differential regenerative capacities among vertebrate species, as well as its potential applications in
tissue engineering and regenerative medicine.

Keywords: MAPK/ERK pathway; organ regeneration; appendage regeneration; heart; liver; eye;
nervous system

1. Introduction

Damage to organs by trauma, infection, diseases, congenital defects, aging, and other
injuries causes organ malfunction and is life-threatening under serious conditions. One
of the most exciting current biomedical research challenges is to decipher the molecular
basis of organ regeneration, aiming to maintain, improve, and restore organ functions
after injury. The regeneration capacity across vertebrate taxa varies greatly. Mammals, in
particular humans, are not characterized as regeneration-competent species, with limited
organ/tissue regenerative ability upon injury [1,2]. Lower order vertebrate animal phyla,
such as fish, amphibians, and reptiles, in contrast, can withstand serious organ/tissue
injury by efficient organ regeneration [2,3].

The phenomenon of organism regeneration has been documented dating back to
the naturalist Aristotle [4]. However, due to a lack of laboratory tools and technologies,
scientists have begun to address mechanistic questions on regeneration processes only in
recent decades. Organ regeneration consists of a series of dynamic and complex processes
that are exquisitely orchestrated by the interplay among extracellular and intracellular
signaling, cytokines, growth factors, and other components [3]. Extensive studies have
been carried out to unravel the molecular mechanisms that facilitate organ regeneration.
Importantly, understanding of the molecular basis of organ regeneration holds the key to

Int. J. Mol. Sci. 2022, 23, 1464. https://doi.org/10.3390/ijms23031464 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23031464
https://doi.org/10.3390/ijms23031464
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-8660-8222
https://doi.org/10.3390/ijms23031464
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23031464?type=check_update&version=1


Int. J. Mol. Sci. 2022, 23, 1464 2 of 21

a new epoch for regenerative medicine for humans [5]. Currently, a growing number of
studies underscore the significant and divergent roles of the mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway (also known as the
Ras/Raf/MEK/ERK pathway) in organ regenerative processes. However, the full spectrum
of ERK signaling in organ regeneration at the cellular and mechanistic level has not been
discussed. In this review, we recapitulate and discuss the advances of MAPK/ERK signal-
ing regulations, its dynamic spatio-temporal activities, and the divergent roles contributing
to organ regeneration, including appendages, heart, liver, eye, and central/peripheral
nerve regeneration, in order to shed light on the development of tissue engineering and
regenerative medicine.

2. MAPK/ERK Structure, Activation, and Function

The extracellular signal-regulated kinases, ERK1 and ERK2, are the prototype of
ubiquitously expressed proline-directed Ser/Thr protein kinases that belong to the MAPK
family. Only one ancestral form of ERK has been identified so far in invertebrates [6], while
ERK1 and ERK2 protein sequences and structures maintain stable and highly homologues
among vertebrate taxa (Figure 1). Moreover, ERK1 and ERK2 amino acid sequences are
84% identical across the mammal phylum [6]. Structurally, ERK1/2 both have the D-
recruitment site and F-recruitment site as substrate binding domains [7] and a Thr-Glu-Tyr
(TEY) motif in their activation segment for catalytic activation [8]. ERK1 and ERK2 are
activated indiscriminately by the same extrinsic stimuli and share 22 out of 23 amino acids
that directly phosphorylate their substrates [8–10]. A diverse array of extrinsic signals are
transduced through MAPK/ERK signaling, including growth factors such as fibroblast
growth factor 2 (FGF2) [11,12], platelet-derived growth factor (PDGF) [13,14], and insulin-
like growth factor type 1 (IGF-1) [15]; neutrophins such as Neuregulin-1 [16], brain-derived
neurotrophic factor (BDNF) [17], neurotrophin-3 (NT3) [18], and serotonin [19]; cytokines
such as tumor necrosis factor (TNF) [20,21] and transforming growth factor (TGF)-α [22];
and cellular stress such as reactive oxygen species (ROS) [23], Ca2+ signaling [24], and DNA
damage [25,26].
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Figure 1. Diagram represents highly conserved ERK1/2 protein functional domains among ver-
tebrates. Full length ERK1/2 amino acid sequences of vertebrate species were retrieved from the
NCBI database (http://www.ncbi.nlm.nih.gov, accessed on 22 January 2022). ERK1/2 functional
domains were mapped using IBS software and recolored. (A) ERK1 functional domain alignment of
10 vertebrate species. (B) ERK2 functional domain alignment of 12 vertebrate species.
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Activation of the Ras/Raf/MEK/ERK signaling cascade is relayed through hierarchi-
cal three-tiered phosphorylations that occur starting on the cell membrane. Once activated
by the ligand–receptor interaction, Ras induces Raf dimerization and kinase activity, fol-
lowed by the sequential phosphorylation of the serine residue on the dual-specificity
kinases MEK1/2, which are highly exclusive in that ERK1/2 are their only known sub-
strates. MEK1/2 continue to activate the downstream ERK1/2 (MAPK) by phosphorylation
at Tyr 204/187 and Thr 202/185 sites. Then, activated ERK1/2 phosphorylates a broad
variety of substrates localized in the cell membrane, cellular organelles, and cytoplasm. In
addition, dimerized ERK can rapidly shuttle into the nucleus to regulate cell transcriptional
activities through phosphorylating a number of transcription factor targets. Reciprocally,
cytosol ERK1/2 can phosphorylate the upstream kinases of the ERK pathway, such as
son of sevenless (SOS), Raf, and MEK, as a negative feedback regulatory mechanism
(Figure 2) [27–30].
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Figure 2. Simplified schematic of the regulatory mechanism and functions of the MAPK/ERK1/2
pathway. Upon receiving extracellular excitatory input, the Ras/Raf/MEK/ERK signaling cascade
is activated and relayed through a three-tiered phosphorylation wave that occurs starting on the
cell membrane. Activated ERK1/2 subsequently phosphorylate a broad range of substrates in the
cell membrane, cytoskeleton, cytoplasm, and nucleus to execute essential cellular functions. GPB2,
guanine nucleotide-binding protein subunit beta 2; SOS, son of sevenless; MEK, mitogen-activated
protein kinase kinase; Bcl2, B cell lymphoma 2; CK2, casein kinase 2; FAK, focal adhesion kinase;
RAC1, Ras-related C3 botulinum toxin substrate 1; RSK, ribosomal S6 kinase; DUSPs, dual-specificity
phosphatases; BRF1, butyrate response factors 1; UBF1, upstream binding factor 1; EGR, early
growth response; ATF1, activating transcription factor 1; STAT3, signal transducer and activator of
transcription 3.
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Functionally, since MAPK/ERK1/2 target over 600 substrates within the cell, they
serve as a central hub that governs fundamental cellular behaviors including cell survival,
differentiation, proliferation, growth, migration, and metabolism [31,32]. These cellular
responses are critical for efficient organ regeneration, implying substantial involvement of
the MAPK/ERK pathway in regeneration. Mounting research has evidenced a central role
of MAPK/ERK1/2 signaling pathway in regulating complex organ regeneration.

3. Involvement of the MAPK/ERK Pathway in Tissue/Organ Regeneration Processes

To achieve successful organ regeneration, organ cells firstly sense injury-induced
extrinsic signals, and subsequently, a set of intercellular and intracellular signaling is
excited to execute regeneration processes in a meticulously coordinated manner including
cell fate turnover, migration, proliferation, growth, and transcriptional and translational
activities. By experimenting on regenerative/non-regenerative vertebrate animal models
(Xenopus, zebrafish, axolotl, newt, chick, mice, and rat), tremendous effort has been put in
to investigate molecular mechanisms regulating tissue/organ regeneration processes and
determined that the MAPK/ERK pathway plays diverse and profound roles in regulating
an array of tissue/organ regeneration, as briefly summarized in Table 1.

Table 1. Overview of MAPK/ERK pathway in vertebrate organ regeneration.

Organs (Species) Signaling Components Functions References

Limb (newt) - ERK/p53/sox6 - Promote cell cycle progression and
dedifferentiation [33]

(newt) - Prod1/EGFR/ERK/MMP9 - Promote WE and blastema
formation [34]

(Xenopus laevis)
- MAPK/ERK1/2 and PI3K/Akt

pathways - Promote blastema formation [35]

Tail (axolotl) - anoctamin1/ERK1/2 - Promote cell proliferation [36]

(Xenopus laevis) - ERK/TGF-β/ROS - Promote wound healing [37]

(zebrafish) - ERK - Promote regeneration [38]

Fin (zebrafish)
- FGF/ERK1/2&Wnt/β-

catenin/raldh2 - Promote WE and blastema
formation

[39]

- FGF/ERK1/2&Wnt/β-catenin - Promote cell proliferation [40]

- Promote regeneration initiation

Scale (zebrafish) - ERK activity wave - Control scale morphogenesis [41]

- Melatonin/ inhibiting ERK1/2 - Suppress osteoblast and osteoclast
differentiation

[42]

Antler (deer) - PAP/InsR/IRS-1/ERK and
PAP/PI3K/Akt

- Promote osteoblasts proliferation,
differentiation, and mineralization

[43]

- ERK/MAPK, PI3K/Akt and p38
MAPK [44]
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Table 1. Cont.

Organs (Species) Signaling Components Functions References

Heart (zebrafish) - Duox&Nox2/H2O2/Dusp6/
ERK1/2

- Promote CM proliferation, coronary
angiogenesis

[45]

- Dusp6/Ras/MAPK - Reduce fibrosis [46]

(mice) - ERBB2/ERK/YAP
- Reactivate adult mice CM

dedifferentiation, proliferation, and
migration

[47]

- ERBB2/ERK - Promote CM dedifferentiation,
proliferation, and redifferentiation

[48]

- Agrin/ Dag1 /ERK&YAP
- Induce adult/juvenile mice CM

dedifferentiation, maturation, and
proliferation

[49]

- N-Cadherin/ERK/VEGF - Promote coronary angiogenesis and
CM integration

[50]

- LPA/LPA3/ERK - Promote CM proliferation [51]

(rat) - ERBB2/ERK - Induce CM proliferation, sarcomere
loss, and tissue remodeling

[52]

- E2F1/ECRAR/ERK1/2 positive
feedback loop - Promote adult CM proliferation [53]

Liver (axolotl) - ERK activation - Promote hepatocyte proliferation [54]

(mice) - Serotonin/ERK/YAP - Promote hepatocyte proliferation [55]

- IGF-1R/IRS-1/ERK/cyclin D1&A - Promote hepatocyte proliferation [56,57]

- PKA/ERK, Wnt/β-catenin and
NMII-Rac signaling

- Promote liver organoid
cholangiocyte-to-hepatocyte
differentiation,
Expansion, and ex vivo maintenance

[58]

- HGF/MET/ERK1/2, inhibition of
TGF-β and GSK3 signaling

- Promote human hepatocytes cell
fate turnover and proliferation

[59]

- GHR/EGFR/ERK1/2 - Promote hepatocytes cell G1/S
phase transition

[60]

(rat) - ERK1/2 & p70S6K - Promote hepatocyte and
cholangiocyte proliferation

[61]

Eye (zebrafish) - HB-EGF/EGFR/ERK1/2/ascl1a,
c-mycb&pax6b

- Promote MG dedifferentiation [62]

- Insulin& HB-EGF, IGF-1&
FGF2/ERK, PI3K/β-catenin and
pStat3

- Promote MG reprogramming and
proliferation [63]

(newt) - MEK1/2/ERK1/2 - Promote RPE cell cycle re-entry [64–66]

- FGF2/MEK-ERK - Promote RPE transdifferentiation
and proliferation

[67]

(Xenopus laevis) - FGF2/MEK/ERK - Promote RPE transdifferentiation
and proliferation

[68]

(chick) - FGF2/FGFR/MEK/ERK/Pax6 - Promote RPE transdifferentiation [69]
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Table 1. Cont.

Organs (Species) Signaling Components Functions References

PNS (zebrafish) - H3K27me3 histone demethylase/
ERK1/2/p21&p27

- Promote hair cell proliferation [70]

- Promote neuromast proliferation
and survival

(mice) - Ras/Raf/MEK/ERK - Promote SC dedifferentiation,
proliferation, and demyelination

[71,72]

- Suppress SC differentiation

- Recruit inflammatory cells

- Cell-autonomous MAPK/ERK1/2
activation in SCs

- Increase SCs myelin sheath
thickness

[73]

(rat) - VEGF-A/VEGFR2/ERK - Promote angiogenesis [74]

CNS (frog) - RA/MAPK/ERK&AKT&STAT3 - Promote RGC long-term survival [75]

(mice) - SORLA/EGFR/ERK/c-fos - Promote neurite outgrowth [76]

- Bcl-2/Ca2+ influx/ERK/CREB - Promote neuronal survival and
neurite outgrowth

[24]

- MAPK/ERK1/2 activation - Promote OPC differentiation and
remyelination

[77]

- Cell-autonomous MAPK/ERK1/2
activation in OLs/ OPCs

- Increase OLs myelin sheath
thickness and OPCs proliferation

[73,78]

- EGFR/ERK/decreased TRIM32 - Suppress NSC differentiation [79]

(rat) - BDNF/trkB/ERK/CREB - Promote neurite outgrowth [80]

- Intracellular Sigma
Peptide/ERK/CREB

- Promote axon regrowth and neuron
functional recovery

[81]

- ERK/MAPK - Promote axon regrowth [82]

WE, wound epidermis; EGFR, epidermal growth factor receptor; MMP9, matrix metallopeptidase 9; Akt, protein
kinase B; raldh2, retinal dehydrogenase 2; PAP, pilose antler peptide; InsR, insulin receptor; Duox, dual oxidase 2;
Nox2, NADPH-oxidase 2; ERBB2, Erb-B2 receptor tyrosine kinase 2; NRG1, neuregulin 1; Dag1, α-dystroglycan;
LPA, lysophosphatidic acid; E2F1, E2F transcription factor 1; IGF-1R, insulin-like growth factor type 1 receptor;
PKA, protein kinase A; NMII, non-muscle myosin II; HGF, hepatocyte growth factor; GHR, growth hormone
receptor; HB-EGF, heparin-binding EGF-like growth factor; pax6b, paired box 6b; PAX6, paired box 6; H3K27me3,
tri-methylation of histone H3 at lysine 27; VEGFR2, vascular endothelial growth factor receptor 2; SORLA,
sortilin-related receptor with A-type repeats; ISP, intracellular sigma peptide; CREB, the cAMP-response element
binding protein; CM, cardiomyocyte; NSC, neural stem cell; RA, retinoic acid; CNS, central nervous system;
TRIM32, tripartite motif containing 32.

3.1. MAPK/ERK Pathway in Appendage Regeneration

Appendage regeneration mostly occurs in lower order vertebrates such as teleost fish
and urodele amphibians. It represents a typical epimorphic regeneration model that injured
or lost appendages can be fully reconstituted both anatomically and functionally [83]. In
contrast, injured mammal extremities go through pathological healing processes resulting
in excessive inflammation and scar formation [1]. Precise orchestrations among a complex
variety of cell and tissue types are required during appendage regeneration. Take axolotl
limb regeneration, for example: upon injury, surrounding epidermal cells are rapidly
activated and migrate, forming the wound epithelium over the wound surface within
24 hr. Then, local terminally differentiated cells including dermal cells, epidermal cells,
skeletal muscle cells, Schwann cells (SC), chondrocytes, and fibroblasts, among others,
become motivated and go through dedifferentiation to turn into progenitor cells, which
interestingly, are lineage-restricted progenitors with different levels of plasticity [84–86]. As
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a result, these heterogeneous progenitor cells accumulate underneath the thickened wound
epithelium, forming a cone-shaped stump called blastema, and continue to outgrow into a
replica of the lost body part [2].

MAPK/ERK signaling is determined to play divergent and beneficial roles in ap-
pendage regeneration. MAPK/ERK activation as one of the early cellular responses has
been described across species, implicating its conserved role in the initiation of regenera-
tion [36–40]. The first cellular responses triggered by injury are pivotal for regeneration
onset, such as ROS production and Ca2+ signaling activation [87–89]. Multiple studies
demonstrate ERK activity directly links to effects of first cellular responses. Sato et al. [37]
showed that early ERK activation induces ROS production via promoting TGF-β signaling
to initiate regeneration. Inhibition of the ERK/TGF-β/ROS signaling cascade by treatment
with chemical inhibitors for ERK, TGF-β, or ROS sabotage stump epidermis formation and
wound closure in Xenopus laevis tail regeneration. In addition, Ca2+ signaling, another imme-
diate wound signal, is evoked rapidly post appendage injury in Xenopus [90], zebrafish [91],
and axolotl [92], and plays significant roles in regeneration initiation. Ca2+ signaling is
known to trigger rapid ERK activation post injury to promote regeneration [93].A study
shows that inhibition of the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA) at low
concentrations blocks axolotl tail regeneration completely [36]. In addition, blockade of the
Ca2+ activated chloride channel, anoctamin1, results in reduction of cell proliferation and
significantly diminishes the MAPK/ERK pathway activation [36]. Overall, MAPK/ERK
signaling is promptly excited upon injury stimuli and integrates with other immediate
early response signaling to promote regeneration initiation.

Dedifferentiation of local mature cells is a hallmark of blastema formation. Multiple
studies demonstrate suppression of p53 as a key mechanism to allow cell cycle re-entry
during cell dedifferentiation [94,95]. A comparative study by Yun and colleagues [33]
investigating myotube dedifferentiation highlights suppression of p53 activity by sustained
ERK activation (over 48 h) during salamander myotube dedifferentiation and proliferation,
which is distinctive from the transient ERK activation pattern (less than 3 h) and failure
of dedifferentiation induction in mammal myotubes. Moreover, sustained ERK activation
alters epigenetic modification of H3K9 demethylation and down-regulates muscle-specific
gene expressions. These findings suggest that firstly, insufficient ERK activation is at
least partly obligatory for the weak myocyte regenerative ability in mammals. Secondly,
sustained ERK activation functions via diverse routes to achieve salamander myotube cell
cycle progression and cell fate turnover. However, inhibition of FGF/VEGF, the classic
growth factors to elicit ERK activation, shows no inhibitory effect on the sustained ERK
activation pattern in salamander myotubes, while another study in zebrafish [96] proves
skeletal muscle dedifferentiation is dependent on FGF/ERK signaling activation. The
irresponsiveness of ERK activity to FGF/VEGF inhibition in salamander myotubes infers
the likelihood of novel molecules to ignite and maintain the special ERK activation pattern,
or the unique specificities of the RTK receptor.

Importantly, ERK signaling functions beyond intracellularly in that it also has signifi-
cant impacts intercellularly on tissue morphogenesis. Genetic modifications targeting the
ERK pathway have greatly facilitated understanding the dynamic flow of ERK activity
in vivo. Recent work by De Simone et al. [41] determined ERK plays a profound role in
choreographing growth and patterning of fish scale regeneration. By constructing Erk
kinase translocation reporter (Erk KTR) transgenic zebrafish to track cellular ERK activity
level, results show ERK activity follows a delicate temporal-spatial pattern during zebrafish
scale regeneration, which expands from the center across the whole scale, forming con-
tinuous concentric ring waves. Perturbation of ERK signaling waves causes disruptive
growth pattern and defective scale morphogenesis in size and shape. Concomitant with this
study, findings from Hino et al. [97] elucidated mechanisms of ERK signaling mediating
the mechanochemical-induced collective cell migration in vitro. In a light-inducible ERK
activation system, live imaging shows ERK activation waves propagated from leader cells
to follower cells. Induction of the EGFR/ERK/Rho-associated kinase signaling cascade
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causes cell front-rear polarization and cytoskeleton contraction to relay intercellular contrac-
tion forces and thereby orchestrate unidirectional collective cell migration. These findings
suggest that the ERK pathway acts as one of the master pathways in orchestrating overall
tissue growth and patterning for proper regeneration.

Intriguingly, the MAPK/ERK pathway is shown to participate in the rare case of post-
natal mammal appendage regeneration, such as in deer antler regeneration. It is classified
as epimorphic regeneration that occurs periodically without injury stimuli [98]. Proteomics
analysis of regenerating red deer antler indicates MAPK/ERK signaling is activated in both
pedicle periosteum and antlerogenic periosteum cells, which are the major cell sources to
form the antler bud [44]. By investigating a component protein purified from deer antler
tissue named pilose antler peptide (PAP), Yun et al. [43] elucidates how the administration
of PAP strongly activates insulin signaling and hierarchically stimulates ERK and PI3K/Akt
signaling, to promote osteoblasts proliferation, differentiation, and mineralization.

Of note, by using a bioinformatics screen among cold- and warm-blooded verte-
brate animal genomes, a new gene named cold-blooded animal-specific wound epithelial
receptor-binding gene (c-answer) was identified, which is homologous to FGFRs and plays
critical roles in Xenopus laevis hindlimb/tail regeneration [99]. Mechanistic studies per-
formed on the animal cap of Xenopus embryo reveal that C-answer homodimer forms
a complex with FGF8 and FGFR1-4 on the cell membrane that significantly stimulates
MAPK/ERK signaling. Another novel protein discovered by Brockes lab is a salamander-
specific neurotrophic protein named newt anterior gradient protein (nAG), which induced
nAG over-expression at the amputation site and is sufficient to rescue the regeneration
ability of the denervated newt limb [100]. Separate studies from the same lab identified
prod1 as a blastema cell surface receptor for nAG [101], and EGFR/ERK1/2 signaling is ro-
bustly activated in Prod1 over-expressed newt blastema cells, leading to a soaring increase
of MMP9 transcription and expression [34]. High MMP9 activity is important for wound
epithelium/blastema formation owing to its function in regeneration-related ECM remod-
eling [102,103]. From these studies, we deduce that ERK activation is required in mediating
pro-regenerative effects of some novel proteins discovered in regeneration-competent verte-
brate animals. Nevertheless, to draw confirmative conclusions, explicit evidence to link ERK
signaling to these novel proteins in the context of appendage regeneration is in demand.

3.2. MAPK/ERK Pathway in Cardiac Regeneration

The mammal heart is considered to be a non-regenerative organ, due to the permanent
postmitotic arrest of cardiomyocytes (CMs), whereas zebrafish [104–106], amphibian [107],
and neonatal mouse heart [108] can efficiently regenerate through robust CMs refuel from
pre-existing CMs and neovascularization contributed by epicardial and endocardial cells.
After injury, the surrounding epicardial cells migrate to cover the wound, followed by
dedifferentiation of CMs, which features sarcomere disassembly, reduced CM marker genes
expression, and cell cycle re-entry. Then, with robust ECM rearrangement and cytoskeletal
remodeling, the proliferating CMs go through an epithelial–to-mesenchymal transition
(EMT)-like process to integrate into and replace the damaged myocardium [109,110].

MAPK/ERK signaling exhibits beneficial and multifaceted roles in inducing CMs re-
programming and neovascularization following heart resection or infarction. ERK signaling
integrates in the dynamic flow of signal networks, and each individual pathway is engaged
in designated cellular modifications. Among these signaling pathways, the ERK/Yes-
associated protein (YAP) axis is prominent in reawakening CM cell plasticity [47,49]. Multi-
ple studies [48,52] underline the essential role of ERK signaling in mediating the potent
effects of Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2) activation in CM, which facilitates
postnatal mice CM dedifferentiation and proliferation, as well as the subsequent redif-
ferentiation and regeneration. A more recent study also reveals transient overexpression
of activated ERBB2 in CMs stimulates ERK signaling [47]. Activated ERK hierarchically
induces YAP activation to drive myoskeleton and nuclear-envelope components alteration,
which causes sarcomere disassembly, EMT behavior, and robust CMs proliferation. Ex-
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citation of ERBB2/ERK/YAP signaling is sufficient to reactivate juvenile and adult mice
CMs’ regenerative potential. Likewise, agrin, a neonatal mice ECM glycoprotein, through
binding to the receptor α-Dystroglycan (Dag1), activates the downstream ERK and YAP to
efficiently promote CMs’ dedifferentiation, maturation, and proliferation in myocardium
infarction (MI) adult mice [49]. To make a clue of how ERK carries out its divergent cellular
functions, it is critical to identify its key substrates that execute specific cellular changes
in different contexts. Here in cardiac regeneration, strong YAP nuclear translocation and
activation to promote myoskeleton rearrangement under the control of ERK signaling are
confirmed to be pivotal.

Of importance, increased ERK activity during cardiac regeneration is suggested to
guide coronary vasculature, which is vital for supporting and nurturing regenerated heart
tissue. Elevated MAPK/ERK pathway activation is induced in the epicardium, endothe-
lium, and injury border zone in zebrafish heart upon injury [45,111]. Robust H2O2 (~30 µM)
is released immediately at the site post-injury, and it subsequently targets and destabi-
lizes a potent pERK dephosphotase called dual-specificity phosphatase 6 (Dusp6) [45].
Suppression of Dusp6 unleashes ERK1/2 activities to promote angiogenesis and CMs
proliferation, as well as to reduce fibrosis after partial resection in zebrafish heart [45,46].
Moreover, proper coronary vasculature morphogenesis and neovasculature stabilization
require tight control of cell–cell adhesion among homotypic and heterotypic cells, for
instance, endothelial cells and CMs. In the MI rat model, over-expression of N-cadherin
significantly increases ERK activity, which in turn promotes vascular endothelial growth
factor (VEGF) expression [50]. The up-regulated VEGF functions in a paracrine manner
contributing to neovascularization and integration of regenerated CMs.

Interestingly, epigenetic modification on ERKs by the long non-coding RNA (lncRNA)
plays a significant role in cardiac regeneration. A highly up-regulated novel lncRNA
named endogenous cardiac regeneration-associated regulator (ECRAR) was identified by
an unbiased screen of lncRNA transcriptome of fetal and adult human heart [53]. Using the
cardiac Ad-ECRAR transfection approach, Chen et al. [53] showed that ECRAR physically
binds to ERK1/2 in the cytoplasm. After activation, ERK1/2 translocate into the nucleus
and increase expression of pivotal cell cycle control molecules including cyclin D1/E1
and E2F1, thereby forming a E2F1-ECRAR-ERK1/2 positive feedback signaling loop to
reactivate CMs proliferation and regeneration after MI. This study provides an insight
that even though ERK1/2 ubiquitously exist in all cell types and are highly conservative,
differential epigenetic modifications among various species are one of the regulatory
mechanisms to individualize ERK activities such as the subcellular localization, and thereby
to switch cell fate in diverse directions.

3.3. MAPK/ERK Pathway in Liver Regeneration

The liver is a unique inner organ from the perspective that even the vertebrate taxa
conserve high liver regeneration capacity [112]. The liver is capable of regenerating up
to 70% of liver mass, in which residue hepatocytes make the most contribution through
proliferation and differentiation [113]. After partial hepatectomy (PH), the remaining
hepatocytes re-enter the cell cycle within 12 h, followed by proliferation of other cell types
such as cholangiocytes and Kupffer cells. Then, through a remodeling phase, normal liver
structure and functions are restored [114,115].

Endocrine hormones and growth factors are potent hepatic mitogens, through which
the HGF/MET [116], insulin-like growth factor type 1 (IGF-1)/IGF-R [56], and growth
hormone (GH)/GHR [60] pathways are among those well established for efficient liver
regeneration. Several studies support ERK as one of the underlying core signaling path-
ways that promote hepatocyte and cholangiocyte proliferation during liver regeneration
[54–57,60,61,117]. Liver regeneration is severely impaired in GHR knockout mice and
shows suppressed EGFR expression and blocked EGFR phosphorylation [60]. Further
investigation identified ERK1/2 as the downstream mediator of EGFR signaling in promot-
ing hepatocyte G1 to S phase cell cycle progression. Another study [56] on the effects of
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IGF-1 utilizing the liver-specific IGF-1R knockout mice demonstrates that although IGF-1R
function is not required in maintaining a healthy liver, the IGF-1R/IRS-1/ERK signaling
axis is a requisite to induce hepatocyte proliferation after liver resection. By using the L-O2
cell line and serotonin-deficient transgenic mice, Yu et al. [55] discovered that serotonin
treatment significantly increases the expression and activity of YAP via ERK signaling,
which induces hepatocyte proliferation and liver function restoration during regeneration.

Excitingly, understanding of the critical role of the ERK pathway has been applied in
liver tissue engineering construction [58,59]. A recent work reported generation of tissue-
engineered liver organoids with a small-molecule cocktail by targeting the PKA/ERK,
Wnt/β-catenin, and NMII/Rac signaling pathways, respectively. Modulation of this
signaling set induced mouse liver organoids expansion as well as achieved long-term
(>20 passages) ex vivo maintenance [58]. Kim et al. [59] developed a small-molecule cock-
tail composed of HGF, A83-01, and CHIR99021, which activates MET/ERK signaling and
suppresses TGF-β and GSK3 signaling, respectively. By administration of this cocktail,
human hepatocytes isolated from healthy/diseased donor livers are reprogrammed into
bipotential human hepatic progenitors that can differentiate into hepatocytes or cholangio-
cytes. Moreover, this population of hepatic progenitors is able to repopulate in injured liver
and restore liver functions after being intrasplenic transplanted in mice models. There-
fore, development of pharmacological activation of the MAPK/ERK pathway could be a
promising therapeutic strategy to benefit patients with liver injury.

3.4. MAPK/ERK Pathway in Eye Regeneration

Mammals are susceptible to irreparable degenerative retinal diseases due to their
defective eye regeneration capacity [118]. In contrast, amphibians, teleost fish, and avians
are able to fully regenerate their damaged retinas [62–69]. Retinal pigmented epithe-
lium cells (RPE) [67,69,119] in newt, Xenopus, and embryonic chicks, and Müller glia cells
(MG) [62,63,120,121] in teleost fish, Xenopus, and post-hatched chicks are the major cell
sources for retina regeneration through transdifferentiation and proliferation. During trans-
differentiaton, quiescent RPE/MG become stimulated to dedifferentiate and proliferate
into multipotent neuroepithelial cells, which continue to differentiate into all cell types
required to rebuild the retina [62,122,123].

Besides the striking similarity of regeneration strategy employed to regenerate a
retina, several studies indicate that ERK is also employed as a key mechanism promoting
retina regeneration across species. Through years of work, Chiba’s laboratory [64–67]
posits a multi-step mechanism regulating retinal regeneration in the adult newt. Firstly,
strong immediate early activation of ERK signaling as well as prominent p-ERK nuclear
translocation take place in retinal RPE within 30 min following retinectomy. Next, the
early activated ERK signaling and loosened cell–cell contact cause nuclear translocation
of β-catenin at around 3 days post injury. Subsequently, extracellular factors such as
FGF2 induce a reinforcement of ERK activation that continues to act synergistically with
β-catenin signaling and other heparin-binding (HB) signaling to promote cell cycle re-entry,
transdifferentiation, and proliferation of RPEs. By performing the surgical procedure to
implant heparin-coated FGF2 beads inside the optic cup of chicks [69] and Xenopus laevis [68]
after retinectomy, studies show exogenous FGF2 works through ERK signaling to increase
paired box 6 (pax6) expression, a key transcription factor controlling RPE reprogramming.

In line with the above findings, during zebrafish retina regeneration, ERK signaling
in MG cells becomes activated upon stimulation by multiple growth factors (HB-EGF,
FGF2, IGF1, and insulin) [62,63]. It then exerts functions collectively with other signaling
(β-catenin, pStat3) in cytoplasm and, simultaneously, functions in the nucleus to induce
transdifferentiation-related transcription factor expressions (pax6b, ascl1a), thereby pro-
moting transdifferentiation and proliferation of quiescent MG [62,63]. To sum up, these
findings indicate ERK signaling mediates similar cellular responses in RPE and MG and
yields equivalent outcomes in retina regeneration across phyla.
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3.5. MAPK/ERK Pathway in Central/Peripheral Nerve Regeneration

The central nervous system (CNS) consists of the brain and the spinal cord, whereas
the peripheral nervous system (PNS) includes the rest of the nerve networks bridging the
CNS and tissue/organs [124]. Vertebrates can recover well from PNS injury, during which
Schwann cells (SCs), the peripheral nerve glia cells, take a leading role in orchestrating
peripheral nerve regeneration [125]. SCs exhibit remarkable plasticity during nerve regen-
eration. SCs initially undergo demyelination and dedifferentiation, along with recruited
immune cells, to facilitate Wallerian degeneration, followed by proliferation and differenti-
ation to form the bands of Büngner to re-establish axon connection and further guide axon
regeneration [126,127]. Acute strong pERK expression in SCs is induced in sciatic-nerve-
transected animals [71]. By using transgenic approaches to construct inducible Raf SCs
and transgenic mice, solid data from Lloyd lab [71,72] indicates the following: (1) single
activation of Ras/Raf/ERK pathway in SCs is sufficient to induce SCs dedifferentiation;
(2) continual Ras/Raf/ERK activation maintains SCs in the dedifferentiated state while
suppressing SCs differentiation; and (3) Raf activation in SCs recruits immune cells on
site, including macrophages, mast cells, neutrophils, and T cells. In addition, in a nerve
tissue engineering study using a sciatic-nerve-transected rat model, SCs overexpressed with
VEGF-A stimulate drastic elevation of VEGF/VEGFR2/ERK signaling, which is shown
to promote neurological recovery, in particular angiogenesis [74]. Furthermore, the inter-
cellular communications are also of great interest to scientists. Negro et al. [128] revealed
degenerating neurons control SCs’ behavior by releasing ATP, which enhances ERK 1/2
and the cAMP-response element binding protein (CREB) phosphorylation, triggers cAMP
production, and causes cytosol Ca2+ surge inside SCs. However, a study from Cervellini
et al. [129] shows long-term ERK activation is detrimental to PNS regeneration. By con-
structing gain-of-function MEK1DD transgenic mice to induce constitutive ERK activation
(over 6 weeks), results show impaired nerve regeneration in MEK1DD transgenic mice
after sciatic nerve transaction, which is due to suppressed SCs’ differentiation and axonal
remyelination from long-term ERK activation. Overall, the contradictive regeneration
outcomes [72,129] deriving from suppressed SC differentiation by ERK activity underscore
the significance of precise control of SC plasticity alterations during PNS regeneration.

Nevertheless, few PNS regions in mammals have lost regeneration ability during
evolution, for instance the cochlear and vestibular hair cells in the auditory and vestibular
systems. Loss of hair cells leads to hearing loss and balance disturbance in mammals,
whilst hair cells in non-mammal vertebrates (fish, birds, reptiles, and amphibians) main-
tain homeostasis through active turnover [130,131]. In investigating zebrafish hair cell
regeneration, Bao et al. [70] demonstrated histone H3 at lysine 27 (H3K27) demethylase is
critical in promoting regeneration of hair cell and neuromasts via ERK-dependent cell cycle
progression. This study indicated that the H3K27 epigenetic modification on ERK signaling
may be one of the mechanisms underlying differential hair cell regeneration capacities
among species.

In contrast to PNS regeneration, injuries to CNS in mammals are catastrophic, largely
due to failure of axon regrowth, whereas fish [132,133], frogs [133,134], lizards [135], and
salamanders [133,136,137] are able to recover from CNS loss. Oligodendrocytes (OLs) are
the major glial cell type to form myelin ensheathing axons in CNS, which are differentiated
from oligodendrocyte progenitor cells (OPCs) during regeneration. Numerous studies
evidence the essential roles of the MAPK/ERK pathway in CNS development and regenera-
tion. To systemically investigate roles of the MAPK/ERK pathway in nervous system (CNS
and PNS) development, Ishii and colleagues [73,78] conducted loss-of-function and gain-
of-function studies by generating glia-specific ERK1/2 double knock-out and constitutive
active ERK1/2 transgenic mice, respectively. Both in vivo and ex vivo experiments prove
that enhanced MAPK/ERK activities increase OLs/SCs myelin sheath thickness and OPCs
proliferation in the cerebellum, brainstem, spinal cord, and sciatic nerve development. In
addition, during CNS regeneration, the MAPK/ERK pathway is under multifaceted control
and exerts diverse functions. In a study investigating optic nerve regeneration in frogs,
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retinoic acid is shown to maintain long-term survival of retinal ganglion via activating
MAPK/ERK and STAT3 signaling [75]. In rodent CNS injury models, the ERK/CREB path-
way is evidenced to be stimulated by signal molecules such as BDNF [80], anti-apoptotic
protein Bcl-2 [24], and intracellular sigma peptide (ISP) [81] to promote neuronal survival,
neurite outgrowth, and axon remyelination, thereby facilitating CNS regenerative processes.
By the transgenic manipulation approach, sortilin-related receptor with A-type repeats
(SORLA), a transmembrane trafficking protein expressed by neurons, is shown to pro-
mote neurite outgrowth and regeneration through elevating the EGF receptor/ERK/c-fos
axis [76]. During severe facial nerve axotomy regeneration, the MAPK/ERK and PI3K/Akt
pathways enhance axon regrowth and facial nucleus neuron survival, separately, indicat-
ing the importance of inter-signaling collaborations [82]. Excitingly, miconazole, a Food
and Drug Administration (FDA)-approved blood–brain-barrier-crossing drug, is currently
under repurposed drug development to promote OPCs differentiating into OLs, as well
as OLs remyelination for multiple sclerosis treatment, which functions through activating
MAPK/ERK signaling [77]. Nonetheless, several recent studies describe ERK activation as
detrimental to central nerve regeneration. In a drug-induced demyelination mice model,
administration of ERK inhibitor promotes OPCs differentiation and myelin formation in
spinal cord and corpus callosum regeneration [138]. In another study by Xue and col-
leagues, using a tripartite motif containing 32 (TRIM32)-lentivirus infecting neural stem
cells (NSC) at spinal cord injury (SCI) site in mice, the results show that blockade of the
EGFR/ERK pathway upregulates TRIM32, a neuronal differentiation factor, promoting
NSCs’ differentiation into mature neurons, as well as functional recovery post SCI [79].

According to the above studies, MAPK/ERK activation yields mixed results in CNS
and PNS regeneration, which promotes neuronal survival, SC dedifferentiation, glial pro-
genitor cell proliferation, axon outgrowth, and angiogenesis, but suppresses SC/NSC
differentiation and the subsequent remyelination. The contradictory effects of MAPK/ERK
signaling can be partly explained by its stage-specific and cell-type-specific attributes,
which, when designed in different experimental settings, may give rise to conflicting regen-
erative outcomes. Nevertheless, its indispensable role in promoting nerve regeneration in
the CNS and PNS should not be undermined. Due to the complex glial/neural plasticity
alterations during nerve regeneration, precise control of spatio-temporal ERK activation
and tight collaborations with other pathways in neurons and glial cells are requisites for
successful nerve regeneration.

4. Conclusions and Perspectives

Accumulating evidence to date has established a central role of the MAPK/ERK path-
way in vertebrate organ regeneration, as it actively participates in regeneration initiation,
tissue growth, morphogenesis, angiogenesis, and so on (Figure 3). The pro-regenerative
effects of the MAPK/ERK pathway in organ regeneration are based on its functions in
(1) facilitating an array of pro-regenerative cellular processes, (2) orchestrating homo-
typic/heterotypic intercellular communications, and (3) promoting ECM remodeling to
create a regeneration-friendly microenvironment.
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Importantly, it is worth pointing out the commonalities and discrepancies of ERK
activities during different organ regeneration processes. Rapid ERK activation as an “alarm”
signal upon injury is conserved at the onset of multiple organ regeneration. On the other
hand, although MAPK/ERK exists ubiquitously in all cells, it is not surprising that the
spatio-temporal dynamics of ERK signaling is customized in each organ due to their
diverse cell/tissue composition and fluctuates dynamically throughout regeneration pro-
cesses. As discussed above, sustained ERK activation is observed in salamander myotube
turnover [33]; continuous reaction-diffusion trigger waves of ERK activities are evident
throughout zebrafish scale regeneration [41]; and a reinforcement of ERK activation is
detected following the retinectomy-induced immediate early ERK activation in newt retina
regeneration [65]. These particular activation patterns are crucial because short bursts of
ERK activation failed to induce mammal myotube regeneration [33], and perturbation of
ERK activity waves sabotages proper morphogenesis in zebrafish scale regeneration [41].
In particular, continual or untimely ERK activation impairs neuron maturation and axonal
myelination in both CNS and PNS regeneration [79,129]. MAPK/ERK signaling activities
are under the influence of complex regulatory factors as discussed above, such as ligand–
receptor interactions, subcellular compartments localizations, epigenetic modifications, and
so on. Keyes et al. [139] conducted experiments in PC12 cells showing that EGF induces
sustained ERK activation and causes cell morphology change when located near the plasma
membrane, compared to a transient ERK activation when located in the cytoplasm and
nucleus. It is fascinating how ERK signaling regulation is under such meticulous control.
Therefore, it is necessary to rigorously test the distinctive ERK activation patterns (timing,
strength, duration, and cell type) in different organs to fully understand the effects and
mechanisms of the ERK pathway in each organ regeneration scenario.

Despite our emphasis on MAPK/ERK signaling in organ regeneration, the regulation
is not a linear process by nature; rather, several signaling pathways actively intertwine
with each other. At the onset of regeneration, organ cells receive injury-induced extracel-
lular stimuli that can ignite a variety of intracellular signaling pathways simultaneously.
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Nonetheless, these pathways act on all kinds of cellular machines that may lead the cellular
modifications into conflicting directions. Therefore, to achieve successful regeneration,
especially on a whole organ level, it is pivotal to build up a highly organized signaling
network to guide all types of cells through specific transformations sequentially. During
regeneration, the MAPK/ERK pathway undergoes delicate regulations/modifications,
becomes turned on in unique spatio-temporal patterns, and interfaces with other pathways
to act synergistically or in parallel. For instance, direct interactions among a core set of sig-
naling pathways (MAPK/ERK, PI3K/Akt, β-catenin, and Jak/Stat signaling) are elucidated
to collectively drive MG transdifferentiation and proliferation in zebrafish eye regener-
ation [63]. In initiation of zebrafish fin regeneration, FGF/ERK1/2 and Wnt/β-catenin
signaling concomitantly regulate raldh2 expression, the retinoic acid synthesis enzyme,
to promote wound epithelium and blastema formation [39,40]. Since Ras can activate
both the Raf/MEK/ERK and the PI3K/Akt pathways [31], they develop close interactions
during regeneration. In the context of Xenopus froglet limb and deer antler regeneration,
the MAPK/ERK and PI3K/Akt pathways are excited simultaneously and collaboratively
to drive cell cycle re-entry and dedifferentiation as well as suppress apoptosis [35,43], while
to achieve peripheral nerve regeneration, they function in parallel in separate aspects [82].
In more complex contexts, such as CNS regeneration, ERK activity needs to be transiently
suppressed to allow other signaling pathways to set in to induce neuron/glial progenitor
cell differentiation. On the contrary, certain signals must be downplayed. For example,
Dusp6 activity needs to be suppressed to increase ERK activity as manifested in cardiac
regeneration [46]. In addition, Rb protein is inactivated through sustained ERK phospho-
rylating activity in order to permit myocytes to re-enter the cell cycle [33]. According to
these studies, the presented multitasking roles of the MAPK/ERK pathway are at least
partly due to its functional interactions with partner signaling pathways. More importantly,
understanding of core signaling interactions has great potential in regenerative medicine
development. For instance, multiple groups have successfully designed small-molecule
cocktails to generate hepatic progenitors by targeting core sets of signaling pathways,
including MAPK/ERK signaling [58,59]. However, the knowledge is far from complete
regarding the dynamic crosstalk and on/off switch among MAPK/ERK and other signaling
pathways, as well as their convergence on cellular machines during different types of organ
regeneration. Thus, more in-depth investigations of the signaling network are required to
develop an integrated picture of the regeneration system of each organ.

An interesting further question concerns the differentially distributed regeneration
ability within evolutionarily closely related vertebrate phyla. Increasing studies have
been carried out aiming to unravel the molecular and signaling basis of the discriminated
regenerative capacity across species. One of the theories of defective regeneration ability
in mammals is due to insufficient/missing/dysregulation of key signaling activation
in mammal cells. Through unbiased transcriptomic screening and comparative studies
across species, novel genes are identified, for instance, c-answer [99], Agr genes [100,140],
prod1 [101], and Ras-dva1/2 [141], which are lost or modified during evolution but are
still carrying their regenerative functions in lower order species. Among these molecules,
c-answer and prod1 proteins have been revealed to evoke drastic MAPK/ERK signaling
activation. However, there is still a long road ahead to comprehend the regeneration-
involved molecules/signaling that are abandoned or conserved during evolution. Given
the rapidly evolving toolbox in genetics and molecular biology, for instance, single-cell
transcriptomics [142,143], transcription activator-like effector nucleases (TALEN) [46], and
clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 [144] gene editing
approaches, performing comparative studies among different cell types, organs, and species
on a mass scale to pin down key pathways, epigenetic factors, and cell origins during organ
regeneration [145] are becoming increasingly promising.
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Abbreviations

FGF2 Fibroblast growth factor 2
IGF-1 Insulin-like growth factor type 1
IGF-1R Insulin-like growth factor type 1 receptor
BDNF Brain-derived neurotrophic factor
TGF Transforming growth factor
ROS Reactive oxygen species
MEK Mitogen-activated protein kinase
EGFR Epidermal growth factor receptor
MMP9 Matrix metallopeptidase 9
FGFR Fibroblast growth factor receptor
PI3K Phosphoinositide 3-kinase
Akt Protein kinase B
IRS-1 Insulin receptor substrate 1
DUSP6 Dual specificity phosphatase 6
YAP Yes-associated protein
VEGF Vascular endothelial growth factor
E2F1 E2F transcription factor 1
ECRAR Endogenous cardiac regeneration-associated regulator
PKA Protein kinase A
NMII Non-muscle myosin II
HB-EGF Heparin-binding EGF-like growth factor
STAT3 Signal transducer and activator of transcription 3
ascl1a Achaete-scute complex-like 1a
CREB The cAMP-response element binding protein
Rb Retinoblastoma protein
nAG Newt anterior gradient protein
CM Cardiomyocyte
ECM Extracellular matrix
MI Myocardium infarction
RPE Retinal pigmented epithelium cell
MG Müller glia cell
PNS Peripheral nervous system
CNS Central nervous system
SC Schwann cell
OL Oligodendrocyte
OPC Oligodendrocyte precursor cell
Agr Anterior gradient
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