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Abstract

Understanding how and why animals regenerate complex tissues has potential to transform 

regenerative medicine. Here we present an overview of genetic approaches that have recently been 

applied to dissect mechanisms of regeneration. We describe new advances that relate to central 

objectives of regeneration biolsts researching different tissues and species. These objectives 

include defining the cellular sources and key cell behaviors in regenerating tissue; elucidating 

molecular triggers and brakes for regeneration; and defining the earliest events that control the 

presence of these molecular factors.
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1. Introduction

The ability of animals to replace injured body parts has been a subject of fascination since 

ancient times (25). In Greek mythology, the second labor of Hercules included a famous 

battle with Hydra, a mythical serpent that could regenerate any of its many heads after 

amputation. Millennia later in the mid-1700s, the Swiss scientist Abraham Trembley 

described the remarkable capacities of invertebrate polyps to regenerate their heads or feet in 

a laboratory setting, fittingly referring to these animals as “Hydra” (25). In this same era of 

scientific curiosity, the Italian scientist Lazzaro Spallanzani reported for the first time that 

certain vertebrates such as salamanders can regenerate complex tissues like limbs and tails. 

He also documented how regeneration can be affected by the severity or type of injury, or by 

environmental factors. For instance, regeneration of a near-whole salamander hindlimb 

occurred in a similar timeframe as regeneration of an amputated digit of the same animal 

(116). This principle holds true during regeneration of goldfish fins, identified by Pierre 

Broussonet at the end of the 18th century, and elaborated upon by Thomas Hunt Morgan at 

the beginning of the 20th century (10; 77; 88; 116). Observations like these were made 
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centuries ago, yet it is intriguing that many questions Spallanzani and Morgan identified in 

their time remain unanswered and are under pursuit in this modern era of regeneration 

research.

Though widespread and presumably advantageous (8), high regenerative capacity is not 

universal, and, diversity in this trait can exist even among species that otherwise have many 

similarities. For instance, whereas planarians are famous for their ability to regenerate whole 

animals from tiny fragments, certain platyhelminthes cannot regenerate their heads after 

amputation and die from the sequelae (68; 109; 128). Similarly, the capacity for skin 

regeneration has evolved differently between Mus musculus (representing mouse strains 

common in laboratories) and African spiny mouse species, the latter able to regenerate large 

areas of skin shed in escape mechanisms (108). One possible explanation for these 

disparities is that regenerative capacity is an adaptive trait, but it might be less associated 

than other traits with overall reproductive fitness. For instance, rapid scarring mechanisms 

and custom regulation of tumor suppressor genes in certain tissues might contribute greatly 

to overall fitness, whereas optimized mechanisms for generating a tissue replicate might not 

(90). Interestingly, regenerative capacity changes during development and progression 

through life stages. For instance, fetal and newborn mice are better able than adults to 

regenerate complex tissues like the heart (91). An intriguing notion is that most or all species 

have maintained the genetic machinery that effects tissue regeneration, but not the 

mechanisms to retain developmental competence and positional information, or to activate 

expression of key regulatory factors, after major injury to certain tissues (54; 68).

In recent years, most attention in the domain of regenerative medicine was directed toward 

the therapeutic potential of transplanted stem and progenitor cells. However, it is becoming 

clear that transplanted cells have limitations in what they can provide, and they are not 

applicable for many tissues. Moreover, as most scientists feel that the most effective 

therapies of the future will be molecular - stimulating regeneration de novo from spared 

tissue – not cellular, animals and tissues with high regenerative capacities provide blueprints 

for successful innate tissue renewal. Therefore, elucidating the mechanisms of successful 

(and also failed) innate regenerative events in multiple contexts should inspire new clinical 

strategies.

An onslaught of recent studies in a variety of laboratory animals has provided exciting 

mechanistic insights into regeneration. It is evident that the accessibility of genetic tools has 

been a primary driver for these advances. For instance, new transgenic mice, axolotls, and 

zebrafish have been employed to determine the sources of new cells in regenerating tissues 

(122). In addition, genome-wide profiling, which can be combined with new genome-editing 

technologies, has uncovered novel factors and concepts during tissue regeneration (13; 29; 

79; 94). In this review, we focus on some of the central questions in tissue regeneration 

research, what has been learned recently to address these questions, and how genetic 

strategies have enabled these studies. We discuss a handful of animal model systems and 

tissue types sampled from a broad and growing encyclopedia of discoveries.
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2. Genetic approaches to monitor cell behavior during regeneration

Over the past decade, major advances have been achieved in our understanding of which 

cellular sources are activated upon injury to give rise to new tissues during regeneration 

(121; 124). This line of research is highly mechanistic, as cell-level resolution is necessary 

to interpret possible molecular players, and clear answers yield the target cells for possible 

therapies.

Cell labeling strategies and source determination

Before contemporary genetic tools became accessible in model systems employed for 

regeneration, key experiments involved attempts to transiently label cells in situ with 

fluorescent dyes or electroporated DNA constructs, or to transplant exogenously labeled 

cells or tissues. For instance, these approaches generated a model for formation of the 

blastema, a mass of proliferating cells, during salamander limb regeneration. The results 

indicated that skeletal myofibers fragment into mononuclear cells that are progenitors for 

multiple new tissues (27; 70). With the onset of transgenesis in the axolotl species, models 

for regeneration were refined. By transplantation of green fluorescent protein (GFP)-

expressing cells from transgenic donors into unlabeled hosts, Kragl et al. identified that the 

blastema is a heterogeneous collection of proliferating cells with restricted cell fates. For 

example, new, regenerated skeletal muscle derives from spared skeletal muscle, which 

makes little or no contribution to other tissue types during regeneration (59).

To avoid the potential artifacts that transplantation can cause, intricate genetic approaches 

now enable direct tagging and observation of specific cell types in their natural habitat 

during regeneration. The most commonly used strategy employs a cell type-restricted Cre 

recombinase in a transgenic line, with activity that can be controlled by the estrogen analog 

tamoxifen. When paired with a transgene that cages a fluorescent reporter cassette 

downstream of a transcriptional stop sequence flanked by loxP recognition sites for Cre, one 

can induce permanent labeling of a specific cell type and then trace its progeny during 

regeneration. Cre recombinases were originally discovered in bacteriophages (2) and have 

provided a windfall for a variety of genetic manipulations in vertebrate systems, such as 

conditional gene knockout and conditional gene expression (80). Genetic fate-mapping 

studies using tools like this have together supported a theme in which appendage 

regeneration in the salamander limb, fish fin, or mouse digit tip occurs through proliferation 

of lineage-restricted cells (57; 63; 97; 110; 115; 118). Intriguingly, species that are 

considered closely related may have alternative routes to regenerate a tissue like skeletal 

muscle during limb regeneration. Sandoval-Guzman et al. found recently that, whereas 

newts appear to utilize dedifferentiation and fragmentation of myofibers to create a 

progenitor pool, axolotls likely mobilize a muscle stem cell population that is analogous to 

mammalian satellite cells (104).

There are now many molecular genetic tools available for precise genetic ablation of a 

specific cell type. These include strategies for spatiotemporal release of the cytotoxin 

diphtheria toxin A (9; 131), genetically triggering apoptotic mechanisms, or targeted 

expression of a bacterial nitroreductase that can convert the non-toxic, external substrate 

Metronidazole to a potent toxin (22; 89). For instance, in regenerating zebrafish fins, which 
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go through a blastema stage like planarian heads or salamander limbs, several Cre-based 

fate-mapping studies found that new bone-depositing osteoblasts are restored by the 

proliferation of spared osteoblasts (57; 110; 115; 118). However, Singh et al. ablated the 

osteoblast population animal-wide using the nitroreductase methodology, and found that 

new osteoblasts in zebrafish could rise from cryptic sources to support bone regeneration at 

a normal pace (110). Other analogous examples of source plasticity have been demonstrated 

by experiments like these across numerous species and tissues. For instance, mice are able to 

restore insulin production after extreme β-cell ablation, not by β-cell division as typical (26), 

but by differentiation from other sources like glucagon-producing α-cells (123). The age of 

the animal has also been reported to affect choices of cellular source after β-cell ablation. In 

juvenile animals, pancreatic δ-cells can proliferate and later become insulin producers like 

β-cells (17). Thus, genetic ablation and fate-mapping strategies can reveal alternative 

cellular mechanisms for tissue regeneration if the typical source mechanism is disrupted.

Clonal analysis

In addition to genetically labeling entire populations of specific cell types with a single 

color, strategies exist to examine the contributions of single cells in regenerating tissues. 

Limiting cell tagging to rare events can enable striking inferences that are impossible to 

assay in entire labeled populations. These include the expansion capacity of single stem 

cells, whether determination of contributions by cells in a population is stochastic or 

hierarchical, and how the spatial characters of a tissue are collectively established through 

the proliferation of individual cells (24; 101). Multicolor cell tagging strategies can be even 

more powerful. Livet et al. developed Cre-loxP-based genetic tool methodology, called 

Brainbow, to simultaneously assign unique color barcodes to many individual cells in a 

population (69). Brainbow uses distinct, paired loxP sites, to enable a random choice of 

expression of 3 different fluorescent protein cassettes upon induced Cre recombination. 

Transgene concatemerization can lead to many copies integrated at a single locus, which 

greatly expands the color selection possibilities of each cell in a population (Figure. 1). 

Brainbow was first exploited to distinguish nerve cells from each other in complex brain 

tissues. More recent studies have used Brainbow-based systems to retrospectively assess the 

contributions of several cells together during tissue regeneration. For instance, heart 

regeneration in zebrafish occurs by proliferation of cardiac muscle cells (51; 56), and a 

priZm reporter found that there does not appear to be a hierarchy in contributions to 

regeneration by these source muscle cells (39). Multicolor cell fate-mapping was also 

applied to study Lgr5-positive stem cells in the intestinal epithelium (5). A Brainbow-based 

Confetti mouse line was used to visualize that stem cell progeny at the crypt base drift 

toward clonality, that is, derivation from a single stem cell, over long periods (113). Thus, 

multicolor cell labeling enables the experimenter to elucidate mechanistic insights that are 

technically challenging to gain from single color cell-tagging strategies.

Live cell imaging during regeneration

In vivo imaging platforms enable the direct visualization of intricate cell activities in live 

regenerating tissues (Figure 2) (4; 16; 23; 125). This has been effectively employed to 

visualize the behaviors of labeled cells. For instance, Tornini et al. recently performed 

longitudinal tracking of Cre-labeled single blastemal cells and their progeny sets in hundreds 
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of regenerating fin rays, mapping out the contributions of each blastemal cell over entire 

regeneration events (Figure 2a). One observation from this study was that the numbers of 

progeny derived from individual blastema cells are surprisingly variable, representing a 

spectrum from no division to dozens of division events. The distribution of progeny within 

the regenerates was also heterogeneous, although data analysis indicated that the position 

within the blastema is predictive of the proximodistal (PD) contributions made to 

regeneration (125). Images were acquired every 12 hours to 3 days for this study, yet in 

contexts where cell behaviors are highly dynamic, continuous live imaging over long-time 

periods is preferred over repetitive snapshot imaging. However, keeping anaesthetized 

animals alive during the entire course of regeneration is technically challenging as the 

process can take days to weeks to complete. Notably, using a crustacean model Parhyale 
hawaiensis, Alwes et al. achieved continuous live imaging of individual epidermal cells over 

the first 96 hours after leg amputation (4) (Figure 2b). To cover the surface of a newly grown 

leg, continuous tracking of ~54 cells reveals that most epidermal cells on the blastema are 

progenitors capable of dividing on a small scale. One interesting observation was that there 

appears to be a sharp transition from a quiescent phase to an active phase where many cells 

start to divide, an unexpected finding that might not have been captured by repetitive 

snapshot imaging.

Multicolor platforms have the potential to be highly informative for live imaging during 

regeneration. Instead of tracking one cell and its progeny, the ability to assign many color 

tags enables monitoring of many cells in a population and their collective behaviors. With 

Brainbow-based genetic technology, Chen et al. recently developed a transgenic line, 

referred to as skinbow, to simultaneously monitor individual superficial epithelial cells 

(SECs) in a large population during tissue homeostasis and regeneration (16) (Figures 1 and 

2c). Live imaging of skinbow surface tissue allows tracking of hundreds of cells over long 

periods of time, permitting acquisition of epithelial cell size, mobility, and cell-cell 

interactions during cell turnover and injury-induced regeneration. Moreover, pre-existing 

SECs and de novo emerging SECs could be identified. For example, major injuries like fin 

amputation induced massive new cell creation, whereas minor injuries such as exfoliation 

recovered through accelerated differentiation (16). In an analogous study, transgenic 

“Limbow” axolotls were employed to define cell behaviors in the connective tissue of 

amputated digit tips (23) (Figure 2d). Currie et al. found that cells from different connective 

tissue compartments behave in distinct manners. For instance, cells from chondrocyte 

compartments proliferate but do not migrate into the regenerate, whereas fibroblasts residing 

within 50–500 μm below the amputation plane can migrate above the plane. Periskeletal 

cells and fibroblasts in connective tissues are major contributors to form the blastema, a 

dynamic process influenced by Platelet-derived growth factor signaling (23). Not 

surprisingly, similar to axolotl digit regeneration, blastema formation during zebrafish tailfin 

regeneration also occurs by a definable zone of cell recruitment (125). Only cells that are 

located within 200– 300 μm below the amputation plane are able to contribute to the 

blastema. Thus, tracking at single cell resolution during regeneration can yield quantitative 

information about regeneration that is of great biological importance.
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3. Identification of molecular factors required for regeneration

Embryologists are accustomed to studying molecular factors and their mechanisms of action 

in great detail, owing to vast experimental toolboxes. By contrast, regeneration biologists 

have traditionally lacked this level of precision. One of the main challenges for regeneration 

research is that the familiar model systems, such as planarians, salamanders, and fish, have 

been late in acquiring genetic approaches compared with others like fruit flies, nematodes, 

and mice. Much progress has been made in recent years, and the field will continue to be 

propelled by the increasing accessibility of genetic tools in model systems from the genome 

editing revolution. We discuss recent studies that have identified molecular regulators of 

regeneration and highlight the responsible genetic tools (Figure 3).

Forward genetics in regeneration research

Forward genetics is an unbiased approach to identify genes based on phenotypes. Once 

robust methods to perform random mutagenesis and phenotypic screening are established, 

the search for key regulatory factors is unbiased and requires no prior knowledge or 

hypothesis about the molecular nature of the phenotype. A foundation for genetic 

approaches to tissue regeneration was pioneered by Hadorn, Schubiger, Bryant, and others, 

who studied imaginal disc regeneration in Drosophila larva (11; 40; 105). Regenerative 

growth of imaginal discs is driven by a defined zone of cell proliferation (3; 55), reminiscent 

of the proliferative blastema that is a landmark feature of appendage regeneration in 

vertebrate model organisms. This line of study is still bearing fruit today with new injury 

models and mutagenesis strategies (7; 74; 106; 112). In vertebrate species, the first forward 

genetic screen for tissue regeneration was carried out in 1995 by Johnson and Weston using 

zebrafish, which have relatively short generation times and robust chemical (ENU) 

mutagenesis protocols (50; 78; 114). This screening strategy attempted to find mutations that 

block regeneration of amputated tail fins. As mutations that affect regeneration are likely to 

have additional roles during animal development, the investigators screened for temperature-

sensitive alleles that would conceivably bypass the lethal effect of the mutation during early 

development at a permissive temperature (e.g. 25 degrees) but allow a regeneration 

phenotype to manifest a restrictive temperature (e.g. 33 degrees) (50). These screens have 

the additional benefit of generating conditional mutations that could allow for functional 

tests at any stage in development.

Remarkably, there have been only five genes from such screens identified by positional 

cloning of the responsible mutation. The first gene, mps1, a mediator of centrosome 

duplication and the spindle checkpoint and that is upregulated in proliferating blastemal 

cells, was identified in 2002 (93), and other screens have identified the fibroblast growth 

factor ligand gene fgf20a (133), the protein-folding chaperon hsp60 (73), the protein-

trafficking gene sly1 (81), and the extracellular matrix component gene lamb1a (15). Among 

these genes, identification of fgf20a is exciting for several reasons. First, the regeneration 

phenotype found in fgf20a mutants is not entirely temperature-sensitive. The mutants 

display no embryonic phenotypes despite a predicted null allele. These findings allow one to 

speculate that a primary function of fgf20a is regeneration, and that its regulation and 

function may have in part been selected during evolution to support regeneration (see 
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below). Also, as a signaling ligand that is induced early upon amputation injures, fgf20a 
appears to act very early in the regenerative process. Interestingly, one of the roles of fgf20a 
appears to be in establishing an epithelial-mesenchymal signaling interface, which includes 

induction of lamb1a to establish the basal epithelial layer (15).

To improve the productivity of forward genetics screens as discovery tools for fin 

regeneration, several technical challenges must be addressed. First, maintaining hundreds to 

thousands of aquarium tanks for screening and mapping over several years is a barrier for 

many labs. Successful implementation of a three-generation mutagenesis screen for adult 

phenotypes requires infrastructural support and careful planning. Second, positional cloning 

of causative mutations at the adult stage is another rate-limiting step - a process that is both 

labor-intensive and time-consuming. Clearly, efficiency leaps are needed to increase the 

discovery rate of regeneration genes from isolated mutant families. We expect recent 

advances in high-throughput sequencing-based mapping, zebrafish genome assembly, web-

based bioinformatic tools for SNP analysis, and efficient genome-editing tools will 

contribute significantly to augment this classic genetic approach (41; 42; 45; 65).

Reverse genetics in regeneration research

With the advent of sequenced genomes and genome editing tools, potential mediators of 

regeneration can be examined by targeted perturbation of specific genes. Gene inhibition via 

RNA interference (RNAi) is a routine approach in planarians and hydra to deplete transcripts 

(71; 82; 103). By feeding planarians with bacteria that express double-stranded RNA 

targeting specific genes, multiple screens have been conducted for molecular factors 

involved in regeneration, tissue maintenance, or cell fate determination (31; 96; 98; 132). 

Planarians have great potential to answer questions in stem cell biology, as a single 

multipotent stem cell called a neoblast can replenish all necessary cell types upon 

transplantation to a lethally irradiated host planarian (130). Recent single-cell transcriptome 

analyses have revealed that neoblasts comprise a heterogeneous population with distinct 

molecular profiles and functions (107; 129). Additionally, through characterization of a 

panel of genes implicated in positional control, a subepidermal layer of cells with muscle 

cell markers was found to affect the process by which pluripotent neoblasts become 

specified as eye progenitors during head regeneration (134). Transgenesis and clustered 

regularly interspaced short palindromic repeats (CRISPRs) technology have proven more 

difficult to establish in common flatworm species used for regeneration studies. This has 

delayed exciting discoveries; for instance, experiments to visualize by live imaging the 

contributions of a single transplanted transgenic neoblast to whole-animal regeneration.

In adult salamanders and zebrafish, transient inhibition of gene activity can be achieved by 

electroporation of antisense morpholinos into adult tissues. For instance, this approach 

recently indicated functions for a novel MARCKS-like protein sufficient to activate cell 

proliferation during axolotl limb and tail regeneration (120). Although accessing gene 

function in vivo using antisense morpholinos is quick and inexpensive, their off-target 

effects have drawn high-profile concern (58; 100; 117). As an alternative method to study 

gene function during regeneration, many groups achieve precise, spatiotemporal control of 

gene activity through several transgenesis strategies. For instance, using the Cre-loxP 
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system, effects of gene overexpression can be assayed in specific cell types like 

cardiomyocytes at adult stages (35; 41). To block gene activity, one can choose to 

manipulate expression of dominant-negative cassettes during regeneration using either the 

Cre-loxP system or a heat shock-inducible promoter (39; 62). In one recent study, Ablain et 

al. combined transgenesis and CRISPRs technology in zebrafish to achieve tissue-specific 

gene disruption. Using a transgenic cassette that co-expresses sgRNA and Cas9 in specific 

cell types, gene knockouts were obtained for loss-of-function studies (1).

CRISPR/Cas9 technology allows the generation of targeted mutations to study gene function 

in zebrafish or salamanders during regeneration. For instance, through a candidate gene 

approach, Fei et al. reported that genomic deletion of Sox2, a SRY-related high-mobility 

group box transcription factor, has no impact on the development of axolotls (29). 

Interestingly, upon tail amputation in adult animals, spinal cord regeneration was affected, 

supporting a preferential role during regeneration. Similarly, mutations in the extracellular 

ctgfa allow zebrafish to develop grossly normally to adulthood, but block regeneration of the 

spinal cord after it is severed (76). Mutant phenotypes for fgf20a, Sox2, and ctgfa are 

consistent with the idea that some genes might be evolutionally preserved in certain species 

for their roles in adult tissue regeneration (29; 133). However, it is equally or more possible 

that adult contexts like regeneration lack buffering by genetic compensatory mechanisms 

that are present in during early development (100). Rapid expansion in the CRISPRs/Cas9 

toolkit and their ease of use in a wide range of traditionally “non-genetic” model systems are 

likely to increase the catalog of mutant phenotypes that preferentially affect regeneration 

versus embryogenesis (37).

Applying reverse genetics to study regeneration has some limitations. First, as alluded to 

earlier, animals harboring null mutations in candidate genes with essential roles during early 

development would never survive to adulthood to enable regeneration assays. More 

sophisticated genetic strategies, such as generating conditional knockouts or inducible 

dominant-negative transgenes in adult animals, are thus essential to access tests of function 

in regeneration. Second, reverse genetics often relies on an educated guess of the gene 

function based on prior knowledge or its known expression domains within a tissue. As a 

candidate-driven approach, reverse genetics can overlook essential, unsuspected regulators 

of regeneration.

4. Early signals for regeneration

Tissue damage like amputation somehow activates regeneration programs to produce a 

replicate. Answering the question of “What is the earliest signal for regeneration?” is 

technically challenging, but recent studies have identified new concepts and mechanisms to 

begin to address this deficit.

Injury signals and initiation of regeneration

Within hours of limb or fin amputation, the stump is covered by a thin layer of epithelium 

that soon synthesizes growth factors (92). In zebrafish fins, epithelial cell sheets migrate at 

different velocities corresponding to ray and interray tissue, covering the fin stump within 

30–60 minutes (16). Mechanical properties of epithelial cells are likely to mobilize epithelial 
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cell sheets (16), but the molecular basis of their differential motility and its significance are 

unclear. Studies of wound healing responses in zebrafish larvae and Drosophila embryos 

indicate clues to early molecular responses (83; 95). At the onset of wounding, initial tissue 

damage is thought to be detected by osmotic surveillance (28; 33). Instant activation of 

calcium signaling in spared cells may mediate activation of an NADPH oxidase to produce 

reactive oxygen species (ROS) (95), providing additional injury signals to reinforce wound 

detection (84; 136).

Injury causes clotting and inflammation, and there are many recent studies that report 

evidence for pro-regenerative roles of immune cells like macrophages and T-cells (12; 67; 

87; 135). Among several known early wound-released signals (83), the production of 

hydrogen peroxide along the wound edge can recruit leukocytes to sites of tissue damage by 

activation of the redox sensor Lyn, a Src family kinase (84; 137). In addition to transient 

activation at the early phase of wounding (< 2 hours) for recruiting immune cells, ROS 

remain elevated at the wound edge for days in both zebrafish and Xenopus models (34; 72). 

This suggests that local tissue-derived ROS, including hydrogen peroxide, might have 

additional roles during tissue regeneration. Indeed, prolonged perturbation of ROS 

production through pharmacological approaches can impair tissue regeneration in amputated 

finfolds of zebrafish larvae, adult zebrafish tailfins, Xenopus tadpole tails, and gecko tails 

(34; 72; 136; 138). Reported targets of ROS include apoptotic events and activation of JNK 

signaling, which activate several pathways such as Wnt/β-catenin and Fgf signaling for 

tissue regeneration (34).

Cell death contributes to a vigorous regenerative response in multiple species and contexts, 

including salamander retinae, Xenopus tails, planarian heads, and Hydra heads (18; 34; 44; 

53; 85; 126). How do dying cells trigger regeneration? Multiple studies provide evidence 

that apoptotic cells can release mitogens that directly activate cell proliferation in spared 

tissues and facilitate tissue regeneration (32; 86; 102). For instance, apoptotic cells at the 

amputation site can release Wnt3 ligand to activate cell proliferation during Hydra head 

regeneration (18). These apoptotic events are thought to be triggered by the MAPK/CREB 

pathway (19), consistent with the known role of ROS as a potential trigger of cell death 

through MAPK/JNK signaling (52). Notably, for tissues with a high demand for 

regeneration, apoptotic cells are integral parts of normal tissue homeostasis. In the 

Drosophila midgut, apoptotic enterocytes can release cytokines to activate proliferation of 

local stem cells, which differentiate to replenish dying enterocytes. Both Jak/Stat and 

EGFR/Ras/MAPK signaling pathways are key to regulate this delicate feedback system (47–

49).

In planarians, pro-regenerative apoptotic events can also be regulated by bioelectric signals 

(6). In any living cells, not just neuronal and muscle cells, endogenous bioelectricity (i.e. 

transmembrane voltage potential) is generated and maintained by specific ion channels and 

pumps within cell membranes. Manipulating ion current across cell membranes is sufficient 

to trigger tail regeneration in Xenopus tadpoles during the so-called, non-regenerative 

refractory period (127). Although bioelectricity has long been implicated in regeneration 

(66), the molecular mechanism by which endogenous bioelectrical signals are triggered 

upon injuries remain elusive. A recent study by Ferreira et al. suggests that ROS may act 
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upstream to modulate early bioelectrical activities in amputated tails of Xenopus tadpoles 

(30). Upon pharmacological inhibition of the ROS source (i.e. NADPH oxidase), multiple 

bioelectrical features like trans-epithelial membrane potential and electrical current densities 

are disrupted, coinciding with defects in regeneration. Intriguingly, short-term supplement of 

hydrogen peroxide can consistently modulate bioelectrical activities of the tissue through 

activation of sodium channels, and it can trigger tail regeneration to occur during the 

refractory period (30). The downstream targets that bioelectrical signals might regulate 

remain to be identified (30; 127). Thus, early injury signals like hydrogen peroxide may 

have multiple roles during regeneration, e.g. as a chemical attractant to leukocytes and as a 

molecular trigger to activate regeneration by modulating bioelectrical activities.

Activation of gene regulatory elements for regeneration

To interpret regenerative mechanisms, it is crucial to consider how regeneration programs 

are triggered at the level of DNA sequences by early injury signals. Two decades of research 

into gene regulatory elements has highlighted the involvement of enhancers, short DNA 

sequences that engage with transcription factors and gene promoters to control gene 

expression (61). Recent studies indicate that there are enhancer elements that preferentially 

or specifically activate gene expression in the contexts of injury and tissue regeneration. For 

instance, activation of embryonic gene expression in the epicardial cell layer of the heart is a 

hallmark of the cardiac injury response in zebrafish or mouse (64; 111). To identify 

responsible enhancer elements, Huang et al developed a mouse heart explant culture system 

for screening conserved putative enhancer elements linked to epicardial marker genes (43). 

Two short enhancer elements were identified that helped pinpoint C/EBP transcription 

factors as important for epicardial gene expression in developing mouse embryos and in the 

injured adult heart. This study provides a molecular basis to explain how some epicardial 

genes that are transcriptionally activated during embryonic development can be re-induced 

after injuries; that is, by sharing regulatory sequences. Similarly, by deleting different 

genomic regions surrounding mouse Bmp5, essential for skeletal development and bone 

repair, Guenther et al identified separable genomic regions responsible for Bmp5 expression 

in discrete anatomic domains during normal development or following injuries (38). 

Intriguingly, the 18-kb injury-responsive region is sufficient to trigger gene expression in 

mesenchymal or epithelial cells in multiple tissues, suggesting it might contain an injury-

responsive enhancer element.

Recent reports indicate that enhancer elements preferential or specific to regeneration may 

be widespread, and that several genes with induced expression during regeneration have 

nearby DNA elements with features expected of regeneration-activated enhancers (Figure 4) 

(36; 54). These elements, coined “tissue regeneration enhancer elements”, or TREEs, were 

identifiable by chromatin profiling of uninjured and regenerating zebrafish heart tissue. For 

example, short sequences upstream of leptin b (lepb), a zebrafish ortholog of mammalian 

Leptin, acquire a mark of open chromatin typically found at enhancers, the acetylated lysine 

27 of Histone H3, specifically in regenerating tissue. This sequence, combined with a 

minimal promoter, was sufficient to direct expression of reporter transgenes to injured fins 

and hearts (54). Interestingly, the lepb-linked enhance sequence could also be employed to 

control expression of a gene encoding a dominant-negative of fgfr1 (dnfgfr1), the fgf20a 
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ligand gene, or the cardiomyocyte mitogen gene neuregulin1 in stable transgenic lines 

during tissue regeneration. These animals undergo normal development, but show a loss or 

gain of regenerative capacity after injury. These findings, along with the studies mentioned 

above, indicate that there exist cis-regulatory elements that activate gene expression after 

tissue injures and/or during regeneration, and that there may be thousands of TREEs that are 

active in each context of regeneration. Evidence indicates that some of these elements 

respond to the injury component of regeneration, whereas others are active during cell 

proliferation (36).

A key task ahead is determination of upstream factors that bind to TREEs, guided by 

bioinformatical assessment of possible transcription factor binding sites. Identification of 

these transcription factors can provide the missing link between early injury signals and the 

activation of genetic programs upon injury. Also, the Kang et al. study found that the 

zebrafish lepb-linked element can be recognized and activate expression in injured neonatal 

mouse digits and hearts (54). Thus, it will be interesting to determine whether a TREE 

strategy can be adopted to target pro-regenerative factors and instruct regeneration in 

mammalian tissues. Finally, it is interesting to speculate that TREE sequences are different 

among species, and that the capacity to regenerate a given tissue might be impacted by these 

sequence differences. Addressing these questions can improve our understanding of 

regeneration mechanisms and suggest potential therapeutic strategies to control tissue 

regenerative capacity with surgical precision.

5. Concluding remarks and future perspectives

Access to new genetic tools is empowering researchers to better address central questions in 

regeneration, using a range of model systems with distinct technical advantages. To visualize 

how regeneration occurs, new genetic tools and imaging platforms are enabling a high-

resolution view of intricate cell behaviors. Studies to date have focused on tracking one or 

two specific cell types in two-dimensional space. For instance, through spatial visualization 

of both hair follicle cells and adjacent dermal papilla cells, recent live imaging combined 

with cell ablation found that dermal papilla cells in the mesenchyme are essential to regulate 

follicular stem cell division during growth and regression phases (75; 99). The finding 

provides a direct support for the niche function of dermal papilla cells in initiating and 

sustaining hair regeneration (20). Extending this approach, regeneration of complex tissue 

involves many diverse cell types like epithelium, fibroblasts, neural and vascular tissues, and 

parenchymal cells that are tissue-specific, viewed in a 3-D space. An in toto view of cell 

behavior during regeneration, by employing the color spectrum to label various cell types, 

has the potential to be transformative.

In addition to cell behaviors, live imaging studies will enable concurrent imaging of 

signaling pathways and/or subcellular features during tissue regeneration. Dynamic 

regulation of molecular signals and subcellular structures (e.g. microtubules) instruct cell 

behaviors, for instance as visualized for the maintenance of germline stem cells in fruitflies 

(46). Similarly, spatiotemporal activation of signaling pathways can be quantitatively 

monitored in individual cells at large-scale during regeneration with genetic biosensors or 

reporters. Concurrent imaging of cell behaviors and cell signaling events at high-resolution 
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should illuminate how wound healing, regenerative outgrowth, and pattern formation are 

achieved through dynamic regulation of morphogenetic factors in spared tissue after injuries.

To address how regeneration occurs, technical advances in genome-editing tools have 

enabled straightforward tests of potential regeneration factors. Established model systems 

either recent (e.g. zebrafish and crustaceans) or centuries-old (e.g. salamanders and 

planarians) will continue to offer unique technical advantages, bolstered by availability of 

these tools. Parallel advances in different model systems can identify not only evolutionarily 

conserved regeneration strategies, but also alternative strategies that might be applied across 

different phyla. In contrast to what we know about positive regulators of regeneration, only a 

handful of negative regulators have been described (60; 119); these factors may be rare, or 

they may be more difficult to predict. Incorporation of sensitive reporters (e.g. FUCCI or 

luciferase (14; 21)) into forward and reverse genetic screens, as a means to quantify 

proliferating cells in the regenerate, will facilitate identification of both positive and negative 

regulators of regeneration.
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Summary points

1. Three central questions in regeneration are discussed: What are the cellular 

sources and key cell behaviors in regenerating tissue? What molecular factors 

mediate regeneration by these cell sources? What are the earliest signals that 

control the presence of these molecular factors?

2. A combination of sophisticated genetic technologies, live imaging platforms, 

and quantitative analyses is enabling deconstruction of complex tissue 

regeneration at single-cell resolution.

3. Forward and reverse genetic approaches, evolving rapidly in the genome 

editing era, remain essential to uncover molecular and cellular bases of 

regeneration in different model systems.

4. Studies of early injury signals and regeneration-activated enhancer elements 

are exciting frontiers that may yield clues to jump-start regeneration in poorly 

regenerative contexts.
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Figure 1. 
Transgenic multicolor approach to visualize entire cell populations in live animals. (a) 

Schematic drawing of a Brainbow cassette. Each copy of a Brainbow cassette can result in 

one of three distinct colors after limited Cre-mediated recombination. In principle, the color 

choice is stochastically determined. (b) A high-copy number of Brainbow cassette can 

provide more color choices. For instance, transgenic animals with five Brainbow cassettes 

can theoretically generate twenty-one different colors to barcode cells of interest. (c) 

Brightfield view of an adult skinbow transgenic zebrafish. A red dashed-box indicates areas 

where the z-stacked confocal image shown below was captured. An entire population of skin 

epithelial cells is multicolor-barcoded. Scale bar, 1 mm. (d) A high-magnification view of 

skin surface cells in a skinbow zebrafish.
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Figure 2. 
Live cell imaging during regeneration. (a) Live imaging of single blastemal cells in 

regenerating fin tissue. Through tracking hundreds of permanently labeled single blastemal 

cells over entire regeneration events, the progeny sizes and distributions from these cells 

were found to be highly variable, ranging from no division to populating the entire distal-

proximal axis of the regenerate. (b) Live imaging of nuclear-tagged epidermal cells in a 

regenerating crustacean leg. Through continuous live imaging of many cells over several 

days, the behaviors of epidermal cells covering the blastema were found to be highly 

coordinated. After a quiescent phase, many cells simultaneously start to divide on a small 

scale. (c) Live imaging of skin epithelial cells in regenerating fin tissue. Through direct 

tracking of hundreds of skin epithelial cells during fin regeneration, pre-existing, post-

mitotic skin cells were found to travel long distances across the amputation plane. (d) Live 

imaging of connective tissue cells in a regenerating axolotl digit tip. Through tracking 

several cell types in the connective tissue, cells sources that migrate and contribute to the 

blastema were unambiguously identified. Black-dashed lines indicate anatomic sites of 

amputation in each system. Black arrows indicate direction of cell migration. Red arrows 

indicate plane of amputation
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Figure 3. 
Forward and reverse genetic approaches to identify regulators of regeneration. (a) Forward 

genetic screens in the zebrafish system. Random genetic mutations are induced by N-ethyl-

N-nitrosourea (ENU) treatment. Homozygous recessive mutations that affect tailfin 

regeneration can be screen in the F3 generation. Notably, screens in zebrafish can be carried 

out to identify temperature-sensitive mutant alleles. (b) Candidate gene approaches in 

highly-regenerative animal models. Familiar model systems in regeneration like such as 

planarians, hydra, salamanders, and zebrafish have relatively recently received access from 

genetic approaches. Much progress has been made in recent years, and the field is propelled 

by the increasing accessibility of genetic tools in each model systems.
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Figure 4. 
Tissue regeneration enhancer elements (TREEs) control regeneration capacity in zebrafish. 

(a) After amputation injuries, a TREE linked to the leptin b gene (LEN) can rescue 

regeneration defects in adult fgf20a mutants (dob) when paired with an fgf20a expression 

cassette. (b) Conversely, the same TREE can effect a block in tailfin regeneration in the 

wild-type background when paired with the expression of a dominant negative Fgfr1. 

Intriguingly, these transgenic animals undergo normal development, whereas their 

regeneration capacity is modified. Thus, the LEN element appears to be specifically 

activated after injury and during regeneration.
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