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Abstract

Regeneration is the process by which organisms replace lost or damaged tissue, and regenerative
capacity is highly context-dependent. Tissue regeneration shares certain hallmarks of embryonic
development in that lineage-specific factors can be repurposed upon injury to initiate
morphogenesis; however, many differences exist between regeneration and embryogenesis. Recent
studies of regenerating tissues in laboratory model organisms such as acoel worms, frogs, fish, and
mice have revealed that chromatin structure, dedicated enhancers and transcriptional networks are
regulated in a context-specific manner to control key gene expression programs. A deeper
mechanistic understanding of the gene regulatory networks of regeneration pathways might
ultimately enable their targeted reactivation to treat human injuries and degenerative diseases. In
this Review, we consider regeneration of body parts across a range of tissues and species to
explore common themes and potentially exploitable elements.

ToC blurb

The capacity to regenerate tissue varies across different species and tissue types. The poor
regenerative capacity of organs such as the heart and nervous system contribute to the etiology of a
number of serious diseases such as heart failure and Alzheimer’s disease, respectively. In this
Review, Goldman and Poss discuss how genetic programs of regeneration are regulated, and how
these control mechanisms might be adapted to treat human disease

Introduction

Regeneration is the replacement of tissue in homeostasis or following trauma. Across the

animal kingdom, there is remarkable diversity in the capacity for tissue regeneration. Many
non-mammalian vertebrates — in particular, teleost fish and urodele amphibians such as the

axolotl — possess a generally elevated regenerative potential and can regenerate whole
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limbs, large pieces of heart, or even a fully transected spinal cord!. Some invertebrate
animals, such as Hydra and planarians, are so effective at regeneration that entire organisms
can regenerate from tiny body fragments?. In mammalian species, including humans, some
tissues have high regenerative potential throughout life, including skeletal muscle, liver,
intestinal epithelium, skin, and blood, up to a certain threshold of damage or loss?™.
However, several organ systems, including the brain, spinal cord, heart, and joints, possess
minimal regenerative capacity. In humans, this lack of regenerative ability contributes to the
etiology of debilitating diseases such as heart failure and neurodegeneration; therefore,
understanding the mechanisms and diverse phenotypes of regeneration may lead to novel
treatments for these diseases.

Organs and appendages are complex tissue structures composed of sometimes hundreds of
cell populations and subpopulations. Successful regeneration therefore requires programs of
repatterning [G] to rebuild complex tissue structures from unique primordia. Some tissues
like blood, skeletal muscle, and hair follicles of skin utilize a specialized stem cell to
regenerate new cells, typically affiliated with a niche that maintains quiescence until
homeostatic or injury-based division and differentiation. Other cell types like the heart
muscle cells of adult zebrafish or neonatal mice, hepatocytes, and the endothelial cells that
line blood vessels, self-duplicate after injury. Thus, the genetic control mechanisms involved
in regeneration will differ for each cell type within an organ and for its corresponding mode
of regeneration (Fig. 1).

Over the past 10-15 years, new techniques for purifying and transplanting cells, and the
ability to permanently label and map the fate of cells in situ have led to a number of critical
breakthroughs in regeneration research. Recent work has defined the cellular sources of
regenerating tissues, showing that distinct stem cell and non-stem cell populations are
involved in regeneration in a tissue-specific and context-specific manner®-10, Further work
has elucidated molecular mechanisms for regeneration that are adapted from, or distinct
from, pathways used in the initial construction of the corresponding embryonic tissue.
Molecular ‘triggers’ and ‘brakes’ for normal regeneration are primary targets for
manipulation, with the ultimate purpose of initiating new tissue growth in human organs
with poor innate regenerative capacity. A major challenge in defining the molecular
machinery behind regenerative events has been the lack of tools for conditionally
manipulating specific genes in a tissue-specific manner in adult organisms. In recent years,
new tools such as CRISPR that enable targeted genome editing have emerged to allow the
manipulation of regeneration pathways in virtually every model system. A growing number
of research groups are investigating regeneration and elucidating the crucial functions of
essential molecular players, thus revealing elegant new concepts and mechanisms of
regeneration. However, it is likely that the current mechanistic models for the regeneration
of most tissues are incomplete.

In this Review, we discuss what is known regarding the molecular mechanisms controlling
gene expression programs of regeneration. We consider the regeneration of body parts across
a range of tissues and species, as these varied contexts and underlying mechanisms offer
unique insights into the regeneration process (model organisms commonly used to study
regeneration are outlined in Box 1). Concepts and mechanisms identified from experiments
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in key supporting tissues, such as vascular cells or cultured stem cells, are reviewed
extensively elsewhere311-13 We discuss the DNA regulatory elements that interact with
dynamic genes and the chromatin regulators and transcription factors (TFs) that instruct
gene expression. We also explore novel gene regulatory mechanisms of regeneration, and
conclude by considering future advances needed for clinical applications.

Expression programs of regeneration

Hundreds to thousands of genes change expression levels as tissues transition from an
uninjured structure to various stages of regeneration. These rapid changes orchestrate injury
responses such as inflammation and wound healing, followed by morphogenetic events such
as source cell division and patterning [G]. As regeneration completes, these programs
largely return to a pre-injury state.

Regeneration deploys genes that function in embryogenesis.

A dominant feature across regeneration is the activation of genes that are critical during
embryogenesis and typically drive proliferative, migratory or morphogenetic functions. The
activation of embryogenesis genes has been described for most regeneration models,
including for heart and retinal regeneration in zebrafish8-14.15 (with cell sources of
cardiomyocytes and Muller glial cells, respectively) and for mandibular (resident stem cells)
and liver regeneration (hepatocytes) in mammals!®. Moreover, gene expression programs in
regeneration can share features with those seen in embryogenesis. As an example, adult
cardiomyocytes involved in regeneration in zebrafish take on a gene expression profile akin
to an embryonic cardiomyocyte, with a higher degree of glycolytic gene expression and
glucose uptake, and with a lower expression of mitochondrial genes, than cardiomyocytes
distant from a site of active regeneration (Fig. 2a)1’. It should be noted that those
conclusions may be skewed toward the most highly expressed transcripts — those involved
with metabolism — and do necessarily represent the entirety of the RNA-seq profile.

In contrast, only a few genes have been implicated solely in regeneration to date. One such
gene is the salamander-specific factor Prod118-21, A reason why there are few regeneration-
specific genes may be because adult regenerative events occurring after reproductive stages
are not likely to be subject to natural selection pressures as strongly as those influencing
ontogenetic [G] development.

Regeneration programmes have unique signatures.

Adult tissues are of a different scale and complexity than their embryonic primordia or early
patterned form (Fig. 1), and homeostatic or injury-induced regeneration of tissues such as
skeletal muscle, olfactory neurons or blood rely on adult stem cell populations not present in
the embryo. Massive, rapid, genome-wide changes in gene expression from the basal gene
expression program of an adult structure are required for an injured tissue to re-initiate
growth and repatterning. Although genes employed for embryonic development are often
repurposed for regeneration, evidence indicates that the underlying genetic programmes are
nevertheless distinct.
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Methods to collect and interpret changes in gene expression are rapidly evolving and
increasing in their power to define regeneration programs. Recently, lineage tracing
experiments were elegantly combined with single-cell RNA sequencing (SCRNA-Seq) to
assess the molecular trajectories of cell subpopulations in different regeneration contexts. In
axolotl salamander limbs, which form a proliferative blastema [G] after amputation that
acquires the pattern of the limb, connective tissue cells from heterogenous cell types
dedifferentiate [G] into a homogeneous population of progenitors, with expression profiles
resembling that of connective tissue cells of the early limb bud?2. scRNA-Seq identified a
gene expression signature for regeneration that was distinct from, and activated prior to, the
emergence of the limb bud profile?2. It is likely that this signature and the genes that it
influences are necessary for forming an embryonic-like precursor (Fig. 2b). Regeneration-
specific gene programs based on the assessment of gene expression profiles at multiple
stages of regeneration were also reported in studies of tail regeneration in frog tadpoles?3,
sea star limb regeneration24, and in digit tip regeneration in mice2>. This finding indicates
that, although embryonic programs are often employed during regeneration, cells appear to
transition through regeneration-specific stages.

Regeneration programs reflect features of other tissues and contexts.

A number of features differ among tissues and are expected to influence regeneration
programs, including the inflammatory environment, distinct tissue tensions, and differences
in vascularization, innervation, and exposure to circulating metabolites and hormones.
Whereas one cell type might revert toward programs representative of embryonic
development, the regeneration programs in other cell types may more closely resemble
pathways found in diseased or in altogether distinct tissues. For example, TFs such as
Homeobox protein Nkx-2.5, GATA4, HAND2, and T-box protein 5 (TBX5) that direct the
specification and differentiation of early cardiac progenitors in the heart26 are induced in
and/or can modulate heart muscle regeneration in zebrafish?”:28, yet these or similar factors
are induced in or are important for hypertrophy of muscle cells after cardiac injury in adult
mammals?9:30, Moreover, activation of early developmental programs is a hallmark of
cancer3!, Thus, although repurposing established gene expression programs to build new
tissue in the adult is a feature of regeneration, it appears to be just one piece of the puzzle
(Fig. 2c). These reused programs must be regulated in a context-specific manner and then
integrated with specialized gene expression signatures and morphogenetic programs that are
specific to adult cell types to enable regeneration.

DNA regulatory elements in regeneration

Regeneration programs are the combined output of the activity of DNA regulatory elements,
TFs and chromatin regulators. Profiling of chromatin marks indicative of active gene
regulation have revealed that changes in enhancer activity occur at thousands of sequence
regions during regeneration. Thus, there is likely to be a huge number of active and
potentially important regulatory sequences with differential activity during regeneration.
Enhancer discovery [G] assays rely both on sufficiency and necessity experiments each with
their caveats32. For example, a particular enhancer may function only with a select group of
promoters, limiting ectopic reporter validation. Functional redundancy among several
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enhancers linked to a single gene can mask any in vivo role of a regulatory element upon
genetic deletion33:34,

Enhancer elements dedicated to tissue regeneration.

It was recently demonstrated that gene expression during tissue regeneration is controlled by
enhancers in a context-dependent manner3®. By mapping dynamic histone modifications
using chromatin immunoprecipitation sequencing (ChlIP-seq) on samples from regenerating
zebrafish hearts, a transcriptional enhancer that directs gene expression during regeneration,
but that has no detectable activity in developing embryos or uninjured adults, was identified
upstream of the gene encoding Leptin b (/epb)3®.

A handful of studies have validated individual enhancers as preferential for or specific to
regeneration using in vivo tests in transgenic animals. Investigations of such tissue
regeneration enhancer elements (TREES) in zebrafish heart regeneration3>-37 have identified
TREEs that direct gene expression only after injury and maintain expression for weeks
during ongoing regeneration (Fig. 3). Other TREESs have been identified in studies of
Drosophila melanogasterimaginal disc regeneration3® and many more have been inferred
from profiles of the dynamic accessibility of chromatin during regeneration of worms, frogs
and plants3%-41, Recent loss-of-function experiments in mice revealed that separate intronic
regulatory elements were required respectively for the expression of the haematopoietic
transcription factors SAMD14 and GATAZ2 in red blood cell regeneration during
anemia®243, To our knowledge, only one enhancer that is both necessary and sufficient for a
regeneration event has been described. The BVR-B element that drives wing/ess expression
after injury to the imaginal disc is preferentially repressed during adulthood through
repressive chromatin regulation, which is discussed in a forthcoming section#4.

Inputs and implications of TREES.

There are many possible influences on and components of regeneration in complex tissues,
such as mechanical tension, inflammation, interactions with the extracellular matrix (ECM)
and growth factors, cell dedifferentiation, cell division, and tissue patterning, each of which
is likely controlled by distinct TFs. These influences and components vary between tissue
types, and therefore different tissues presumably engage different core TFs. Different
enhancers appear to have different activation kinetics and stimuli, with some, for example,
responsive only in certain tissue types, or with different responses to injury and cell
proliferation3® (Fig. 3a). For instance, the /ept-linked enhancer in zebrafish is responsive to
fin or heart injury through the activity of different adjacent sequences3®. An enhancer linked
to runx1 is also responsive to fin and heart injury and in addition can direct expression in the
presence of a cardiomyocyte mitogen3® (Fig. 3b). We speculate that differences in
regenerative capacity among species is somehow linked to differences in the catalog or
placement of TREESs near key genes. The use of transgenic techniques through which
enhancer elements are transferred between species could interrogate this idea. Other future
studies must identify more regeneration-responsive enhancers, validate their role in
regeneration contexts, and uncover their common features, including the TFs that interact
with them.
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Transcription factors in regeneration

Over 30 years ago, Weintraub and colleagues demonstrated that cell identities can be
controlled by a single TF; they converted tissue culture fibroblasts into myoblasts by
introducing MYOD1. Since then, studies have shown the TFs OCT4, SOX2 and KLF4 can
act together to revert differentiated cell types into a pluripotent state?6. Although the
literature does not suggest that regeneration is likely to be driven by a central transcription
factor or control node acting as a ‘master regulator’, recent studies have revealed TFs that
act early in regeneration greatly influence gene expression and regenerative capacity through
interaction with c/s regulatory elements.

Gene regulatory networks in the response of flatworms to injury.

Many planarian flatworms and acoels can regenerate their entire head and tail. These
organisms maintain mass under homeostatic conditions and regenerate upon injury, in
planarians from the activity of somatic pluripotent stem cells called neoblasts’#’. Using
assay for transposase-accessible chromatin using sequencing [G] (ATAC-seq) to profile
chromatin accessibility, a recent study identified thousands of sequences in the acoel
Hofstenia miamia that display increased accessibility during regeneration. These loci were
highly enriched for a DNA sequence motif recognized by the transcription factor Egr3®.
Knockdown of egrexpression by RNA interference (RNAi) dampened chromatin
accessibility and transcriptional activity near several genes known to be induced during
regeneration and consequently blocked head or tail regeneration. A similar effect was
observed for egr RNAI in the planarian species Schimidtea mediterranea and might extend to
deuterostomes such as sea stars*®, in which egrexpression is sharply induced during
regeneration. Evidence suggests that Egr likely acts as a pioneer factor4® [G] in response to
wounding, as the emerging regenerative program is dependent on its activity to recruit other
key transcriptional regulators such as Runt-13°. While the loss-of-function data suggest a
master regulator of wound-induced genes based on these properties, gain-of-function studies
to examine the ability of Egr to affect gene expression and morphogenesis at a ground state
in the absence of injury are needed to support these findings. In mammals, TFs with master
regulator properties might be found in certain tissue-specific adult stem cells>°. For example,
induced overexpression of either Hoxc4, Hoxcé, or Hoxc8 genes can ectopically regenerate
hair follicles in the mouse®. Whereas the discovery of master regulators of regeneration
may provide shortcuts to therapeutic applications, they will almost certainly be tissue-
specific and context-specific.

Pluripotency TFs in regenerating neural tissue.

TFs can modulate the regenerative capacity of neurons in vertebrates. Zebrafish can
regenerate damaged retinae through the proliferation and differentiation of Muller glia cells
into photoreceptors and retina-associate neurons such as bipolar and amacrine cells®2:53,
Oryzias latipes, or the medaka, a teleost fish distantly related to the Zebrafish, seems to
possess a more limited capacity to regenerate structures such as the retina and heart>*, as
retinal Miiller glia only produce photoreceptors upon injury and not associated neurons®®.
Recently it was discovered that medaka have lower levels of sox2expression than zebrafish.
sox2encodes SoxZ, a TF important in the identity and activity of neural progenitor cell
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populations. Experimentally increasing SoxZ levels in medaka Miller glia cells using
inducible transgenes, to approximate Sox2 levels in zebrafish Muller glia, restored retinal
cell types such as retinal ganglion cells and amacrine cells in addition to photoreceptors in
medaka®®. Other studies identified a requirement for SOX2 during the regeneration of mouse
olfactory neurons®®, which are slowly renewed by a stem cell population located in the
olfactory epithelium. KLF4, a binding partner of SOX2, is also required for the regeneration
of murine retinal ganglion neurons®’. SOX2 and KLF4 are part of a small group of TFs that
can revert differentiated cells into a pluripotent state®. SOX2 function during the
development of the nervous system can also inhibit neural cell production by maintaining a
plastic precursor state®®. Thus, it appears that SOX2 is a master regulator of neural precursor
cells, which assists regeneration by maintaining a plastic state or reverting cells to a more
developmentally potent cell depending on the context. It will be important to determine what
regulates the transcription of SOX2 expression itself in these cells and whether the pioneer
activities of SOX2 and KLF44° mediate partial reprogramming [G] of chromatin during
regeneration, analogous to that observed during the reprogramming of somatic cells to
induced pluripotent stem cells.

TFs that control cardiac regenerative capacity.

TFs can limit regeneration programs, for example by governing terminal differentiation
states. This fact is evident from recent studies of cardiac regeneration, which is measurable
in early neonatal mammals but minimal in late neonates and adults®%60, For example, a
negative correlation between thyroid hormone levels and the capacity for heart regeneration
was reported in both miceb! and frogs®2. Furthermore, conditional inhibition of the TF
thyroid hormone receptor a (THRA) in heart muscle increased the percentage of diploid and
mononucleate adult cardiomyocytes, a phenotype associated with a more robust regenerative
response to myocardial infarction3 (Box 2). The authors of these studies speculated that
regulation of thyroid hormone levels and signaling is a potential target of natural selection,
affecting the DNA content and regenerative capacity of cardiomyocytes6l. Other TFs such as
the homeobox protein Meis1 have been reported to limit proliferation of heart muscle cells
through repression of cell-cycle regulator p2164. The TF Yes-associated protein (YAP) is a
potent activator of cell division and growth, modulated through multiple branches of
regulation but primarily controlled by Hippo kinase signaling, which restricts YAP from
entering the nucleus®®. Recent studies have pointed to the negative control of YAP by the
Hippo pathway as a key constraint on heart regeneration-69. Nuclear YAP is normally
depleted in cardiomyocytes during postnatal development, but a mutant YAP that retains
high nuclear levels has the potential to drive cardiomyocyte proliferation, even in adult
mice’0. Thus, signaling cascades that ultimately affect TF function can inhibit the heart’s
ability to regenerate in response to injury.

Regeneration and chromatin remodelling

For TFs to bind regulatory elements and activate the gene expression programs of
regeneration, they must be able to bind to open, accessible chromatin. Several major families
of chromatin regulatory complexes, such as Polycomb Group proteins (PcG) and ATP-
dependent chromatin remodelers, are well-studied for their roles in modulating genome
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accessibility during cell fate transitions’>:72, In each case, nucleosomes directly impact gene
expression as a response to modification of their histone components and/or three-
dimensional structure’3. Regenerative programs involve both gene activation and gene
silencing36:74, and each can be achieved through a variety of chromatin regulatory
mechanisms’®.

Differences between embryogenesis and regeneration.

Chromatin regulatory events during regeneration are unlikely to replicate analogous events
during initial embryonic development, even if the gene expression outcomes are the same.
As embryogenesis proceeds, cell genomes are progressively condensed in a tailored manner
that promotes or restricts distinct cell identities’®77. The chromatin regulation necessary to
produce cardiac precursors from early mesoderm cells is likely to be distinct from chromatin
changes that are associated with dedifferentiation of a mature cardiomyocyte to a more
proliferative state® 7879, For example, the p300/CBP transactivation complex acetylates
histone H3 at lysine 27 (H3K27Ac)80, which reflects an open chromatin state more
amenable to transcriptional gene activation. This activity is well-studied in early embryonic
events; for example, in the formation of the cardiac fields in mice, where p300/CBP directly
interacts with and facilitates the transcriptional activity of the critical cardiogenic TFs Gata4
and Hand281. Using a histone variant to map open chromatin during zebrafish heart
regeneration showed most loci were not linked to H3K27Ac modifications6. Thus, the
p300/CBP-mediated pathway of chromatin activation, which is critical during embryonic
heart development, might only play a minor role in preparing the genome during
regeneration. Other marks and pathways stimulating open chromatin observed in other
regenerative contexts are potentially more critical6:41.75,

Reversing the repressive effects of chromatin.

In several organisms, the ability to regenerate is confined to specific developmental stages8?;
for instance, D. melanogaster larvae can regenerate damaged wing discs, whereas adult
wings have no regenerative capacity®3. Repressive chromatin marks narrow the
developmental window of regenerative capacity in imaginal wing discs. The trimethylation
of lysine 27 on histone H3 (H3K27me3), a highly repressive chromatin modification
associated with chromatin compaction8, increases at sequences near the wingless gene over
time, an effect that limits wingless signaling and restricts regeneration. Similarly, the cardiac
regenerative response of neonatal mice® is restricted by a reduction in the accessibility of
chromatin by H3K27me3 around genes associated with cell proliferation8®. Chromatin
packaging has been shown in many species and developmental contexts to control cell
proliferation more generally, such as regulation of the INK4a/ARF tumor-suppressor gene
locus®8 by the Polycomb complex protein BMI-1, or by phosphorylation of the chromatin
remodeling complex Swi/Snf, a process that precedes mitosis®’. Recent studies indicate that
chromatin also regulates regeneration by controlling the expression of proliferation-
associated genes®5:88,

Repressive chromatin marks are strategically removed to permit gene activation during
regeneration. During regeneration of Xenopus laevis kidneys, the histone demethylase arid3a
is recruited to an enhancer to remove the repressive H3K9me3 mark and allow binding of
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Ihx1, a TF that promotes kidney development?©. Similarly, chromatin silencing must be
reversed during the regeneration of utricle-supporting cells in the cochlea to activate the
expression of genes that are required for the development of inner ear hair cells in mouse
embryos8. This phenomenon is observed extensively across kingdoms, including in plants,
where removal of H3K4me2 by the histone demethylase LDL3 in Arabidopsis thaliana
allows for activation of genes required for callus formation in regenerating shoots*!. It is not
clear whether the removal of repressive chromatin marks is a genome-wide feature of cell
lineage changes or whether removal only occurs at key regulatory nodes. However, the
ability of a cell to reverse repressive chromatin marks is likely to be a key component that
determines regenerative capacity.

Modulation of Polycomb activity influences regeneration.

PcGs were originally described as stable repressors of gene expression that can maintain the
silent state by compacting chromatin after TFs disengage from their binding sites’1:73, The
ability of PcGs to control differentiation states by toggling the expression of critical
developmental TFs has led to the suggestion that they may represent a master, repressive
controller of regeneration®9-92, Under this model, inhibition of PcG might de-repress the
expression of developmentally potent TFs that in turn trigger large programs of gene
expression. A signature of PcG silencing is the H3K27me3 modification4, which is erased
from enhancers that direct expression during regeneration38:93 (Fig. 4a). Pharmacological
inhibition of EZH2, the PcG enzyme responsible for the H3K27me3 mark, caused a modest
but measurable increase in regeneration of mouse olfactory neurons after transgenic ablation
by an undescribed mechanism%4. However, we are not aware of studies showing that direct
manipulation of PcG repression alone can confer regenerative capacity to tissues.

PcG function can also be inhibited through indirect methods (Fig. 4a). The Uhrf1 gene
encodes a protein with multiple functional domains, which recruits DNA methyltransferase
DNMT1 to hypomethylated DNA. Reducing DNA methylation by depleting Uhrfl from
mouse hepatocytes was expected to de-repress expression of transposons genome-wide, as
DNA methylation is known to be the primary mechanism to silence transcription of
transposons®. Instead, transposons were silenced by PcG proteins, which were redistributed
from their usual targets to transposons, likely as a mechanism to protect genome integrity.
Interestingly, this indirect mode of PcG inhibition, where PcG proteins are sequestered by
transposons, led to increased expression levels of cell cycle genes, rather than developmental
TFs, promoting regeneration of hepatocytes in the livers of Uhrfl mutants. Thus, inhibition
of Polycomb silencing proteins may be important in regeneration as well as initial
development.

PcGs can also promote regeneration directly in some models (Fig. 4a). Recently, it was
reported that expression of the embryonic variant of Ezh, Ezh2, was upregulated during
zebrafish heart regeneration at the expense of the adult counterpart Ezh174. During
regeneration, there was a concomitant increase of the H3K27me3 mark at genes encoding
sarcomeric proteins, coinciding with dedifferentiation of cardiomyocytes. Overexpression of
a mutant histone (H3.3K27M) known to inhibit the methylation activity of Polycomb
Repressive Complex PRC2 impaired heart regeneration in zebrafish’4. Although inhibiting
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Polycomb activity to release gene repression may be a commaon theme in regeneration, in the
zebrafish heart, PRC2 activity itself reduces the expression of lineage-specific genes and
promotes dedifferentiation. Similarly, the mouse orthologue of the £2A2 gene is upregulated
during regeneration of the pancreas in mice%:97, where it regulates the proliferation of
insulin-producing cells. In contrast, £zA2was found to be dispensable as part of the cardiac
regenerative response of neonatal mice®; however, the alternative catalytic subunit of PRC2,
Ezh1, was implicated unexpectedly as a transcriptional activator of cardiac growth genes®.
Interpreting Polycomb function is notoriously complicated; methods to control PcG activity
in specific cell types and with fine temporal precision may be necessary to optimize its
impact on regeneration for every given context.

Other chromatin regulatory pathways.

The gene £GRI, involved in whole-body regeneration of the acoel worm, has been well-
characterized as an immediate-early gene [G] (IEG). These genes can be activated in
minutes by TFs already present in the cell, avoiding the need for translation®%190, The
chromatin around such genes is perpetually accessible and heavily acetylated, leaving the
gene poised for activation®®. Upon initiation of a stimulus — such as a signaling pathway or a
steroid hormone - expression of IEGs is rapidly induced. This initial signaling cascade often
leads to expression of secondary response genes that are regulated by the protein products of
IEGs, such as EGRI. It is unclear if other regeneration-related genes are IEGs. Perpetually
“open” regions of chromatin associated with regeneration are likely to be overlooked using
current methods for chromatin analysis, as their accessibility would be similar in samples
from uninjured and regenerating tissue.

Swi/Snf, a counterpart and antagonist of PcG that exposes DNA around nucleosomes, has
been reported in some contexts to preferentially function upstream of pro-regeneration
genes. ARID1A, an integral component of Swi/Snf, is required for liver regeneration and the
formation of injury-induced progenitor-like cells01.102 \without ARID1A, chromatin
accessibility is reduced at genes key to establishing hepatic progenitor cells in embryos,
suggesting that the Swi/Snf complex poises these genes for activation during
regeneration102, A screen in patients with liver cirrhosis identified mutations in several
genes that were clonally expanded in diseased liversi93, including AR/D1A and the gene
KMTZ2D, which encodes a protein homolog of the D. melanogaster PcG antagonist
Trithorax-related and is part of the Mixed-lineage leukemia (MLL) complex1%4. These
mutations improved the regenerative response to liver injury in mice when heterozygous, but
other studies have shown that they are deleterious when homozygous®*101. How the dosage
of gene-activating complexes such as MLL contribute to regeneration is unclear, but these
findings suggest that in addition to activating pro-regenerative genes, Swi/Snf and MLL may
regulate antagonistic pathways in parallel, and the outcome is therefore based on the
concentration of gene products (Fig. 4b). Swi/Snf may do more during regeneration than
remodel nucleosomes; studies in human cells have shown ARID1A can sequester the Hippo
pathway factors YAP and TAZ, preventing them from binding and activating TEAD-1, the
key TF that trans-activates Hippo pathway target genesl® (Fig. 4b). Hippo signaling has
been implicated in several settings of regeneration, including following autotomy [G] in
lizards and in the intestine, heart, liver, and skin of mammals®9:195_ Under high mechanical
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stress, a potential feature of regeneration106.107 actin inhibits the interaction between
YAP/TAZ and ARID1A, allowing YAP/TAZ to bind to TEAD-1, which in turn mediates
Hippo pathway gene activation1%8, Chromatin remodeling of YAP targets during liver
regeneration suggests that Swi/Snf may also have a dual role in activating this crucial
pathway, connecting chromatin regulation with perturbations of the cytoskeleton!02 (Fig.
4c). Over-expression of constitutively-active YAP in mouse hearts resulted in changes in
chromatin accessibility that coincided with increased cardiomyocyte proliferation’0. It will
be interesting to note for the future if this is a consequence of an altered interaction of
Swi/Snf factors with the mutated YAP protein.

Emerging modes of gene regulation

Novel pathways for regulating gene expression are consistently being discovered, opening
up new paradigms of what may constitute a regeneration ‘trigger’ or a ‘brake’. Recent
literature describes the role of new classes of regulatory molecules such as long non-coding
RNASs (IncRNAs), as well as new mechanisms by which signaling pathways can be
integrated to control transcriptional events and the processes that may underlie forms of
regeneration.

Membrane proteins signal in the nucleus.

Other signaling pathways involved in regeneration are typically directed by secreted or
membrane-bound ligands with key roles in embryonic tissue patterning3-109110, These
signals can act on context-specific enhancer elements engaged by downstream TFs, or they
may act in non-traditional ways to control transcription. For instance, it was recently
reported that in mouse livers the insulin receptor — traditionally considered a standard
receptor tyrosine kinase — translocates to the nucleus and binds to RNA polymerase 11 (Pol
I1) at insulin-responsive genes!®. Insulin-like growth factor signaling has been implicated in
promoting the regeneration of heart, skeletal muscle, liver, and nerves in various ways, and it
is possible that the ability to directly regulate transcription is part of its function during these
events112-116,

Non-coding RNASs regulate regeneration genes.

The regulation of gene expression by IncRNAs is a well-known gene regulatory
paradigm?1’. IncRNAs can induce cis-regulated expression of linked genes through relaxing
chromatin at enhancers and promoters as they are transcribed!’. Additionally, IncRNAs can
recruit chromatin remodeling factors to the genome and can form complexes with proteins
that promote transcription. Recently, it was reported that INcRNAs expressed within the
coding region of each gene of the protocadherin gene cluster in humans and mouse are
required for DNA demethylation at the linked promoter as a mechanism to regulate
stochastic expression of individual genes?18,

Several recent studies have described roles for IncRNAs in regeneration. The long
noncoding RNA Falcor fine-tunes expression of the adjacent FoxaZ gene by an unknown
mechanism in adult mice, an interaction that maintains lung epithelial homeostasis and
promotes regeneration!19. FOXAZ2 is a pioneer factor required for development of endoderm
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and maintenance of secretory cell identity in the lung epithelium. Similarly, knockout of
Silc1 IncRNA delays sciatic nerve regeneration in mice through cis-upregulation of the
Sox11 gene, which encodes a key TF that regulates the specification and identity of cortico-
spinal neurons during development!20 and lies over 200 kilobases away from Sifc121. In
regenerating chicken feathers, several IncRNAs modulate regeneration in a negative
feedback loop in frans with WNT signaling122,

IncRNAs may also restrict regeneration programs. In mice, expression of an IncRNA called
cardiomyocyte proliferation regulator or CPR increases into adulthood, when it recruits the
DNA methyltransferase DNMT3A to promoter sequences of MCM388, a gene encoding a
DNA helicase that is required for DNA replication. This regulatory mechanism contributes
to one of several ‘transcriptional brakes’ on regeneration mentioned previously, including
YAP sequestration108 and MEIS1-based control of cell cycle inhibitors®4.

Trauma byproducts that regulate gene expression.

Stress, in the form of tissue tension or the release of cellular contents that change the local
environment, is one of the first signals cells experience before activating regeneration.
Recent studies have found that stress responses can directly integrate with global
transcription programs123.124_|n the heart, abnormal excitation—contraction coupling, a
result of increased demands during injury, leads to cleavage of the cardiomyocyte structural
protein junctophilin-2 (JP-2). A cleaved fragment of the N-terminus of JP-2 called JP2NT
translocates to the nucleus to compete with the key cardiogenic TF MEF2 at its binding
sites, which can reprogram transcription and protect against pathologic hypertrophy23. In
another example, stress within the gut as a result of aging, infection, or injury stimulates
regeneration of adult stem cells®0. Transgenic ablation of midgut intestinal stem cells in D.
melanogaster caused the release of reactive oxygen species from apoptotic cells at the
ablated site, which stimulated stressed enterocytes?® to release the Unpaired cytokines;
Upd, Upd2 and Upd3. These cytokines promoted the proliferation of intestinal stem cells by
stimulating the JAK-STAT pathway and subsequent tissue regeneration. Recently, a
Drosophila TF named Ets21C was found to function downstream of this stress-mediated
feed forward loop and, interestingly, it regulates different cohorts of genes in enterocytes and
intestinal stem cells!27. It is likely there are other, as yet unknown novel signaling systems
that can promote regeneration in stressed tissue.

Extreme injury regulates differentiation states.

Massive injuries can revert cells directly or indirectly to a stem-like state, where they can
adopt alternative fates in a mechanism called adaptive cellular reprogramming28. Prominent
examples of this are conversion of a-endocrine cells to B-cells in the mouse pancreas after
genetic ablation of most of the pancreatic p-cell population!2?, and also in mice, the repair
of severed axons by Schwann cells!30. Cell conversion events of this sort suggest marked
chromatin reprogramming, similar to that found during the generation of induced pluripotent
cells3L, A recent study compared healing after jawbone fracture to mandibular distraction
osteogenesis, in which the bones are separated by a gap and require new bone growth to
close the wound?®. During jaw distraction [G], resident tissue stem cells showed evidence of
reversion to a neural crest cell (NCC)-like state, with extensive genome-wide
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reprogramming, including expression of transposons mirroring early NCC signatures. In D.
melanogaster, a protein called Taranis prevents maladaptive ectopic switching of cell fates
during wing imaginal disc regeneration32, Vertebrate Taranis orthologues have not been
identified; however, recent work implied that the conserved transcriptional co-repressor
CtBP1 has a similar function to Taranis33,

It is possible that adaptive cellular reprogramming in regenerating tissue might involve TF
complexes undergoing phase transitions. Many non-membrane-bound cell components are
compartmentalized based on their physical properties, a concept known as phase separation.
Phase separation can be visualized by the idea of oil and water. Differences in
hydrophobicity drive the separation of these liquids; in the case of proteins in cells, protein—
protein or protein—nucleic acid interactions may dictate the separation or transition between
different phases34. Silent genes and active genes may represent different phases, as active
genes may associate with a number of transcription factors, co-activators and Pol |1, leading
to the formation of multi-molecular nuclear condensates that are phase-separated from the
karyolymph [G]. Transition between silent-gene and active-gene liquid phases is therefore
governed by a collection of TFs, chromatin marks, and RNA135, Pluripotent cells such as
embryonic stem cells have few nuclear condensates, suggesting that adaptive cellular
reprogramming is likely to be concurrent with a general loss of nuclear condensates and a
transition to a more homogenous phase (Fig. 5). In this model, upon massive injury,
signaling cascades are likely to impact the number and distribution of epitopes for binding,
thus regulating the fluidity of chromatin states and, possibly, genome plasticity. For
example, following injury, phosphorylation events, including on histones tails themselves,
may perturb the binding of histone covalent modifications on adjacent residues to the
network of proteins forming the aggregate90.136.137 Thys, the binding reactions supporting
condensates in differentiated cells are dismantled within the nucleus and the genome is reset
into a more plastic state. A recent study reported that regulation by YAP can
compartmentalize TEAD-1, open chromatin regions, and loci encoding proliferation factors
into hubs of active transcription through phase transitions!38. It will be interesting to see
how our emerging understanding of the regulation of phase transitions will uncover new
paradigms regarding dedifferentiation, reprogramming and gene regulation during
regeneration.

Future perspectives

Advances in understanding regenerative biology are occurring through critical technology
improvements such as scRNA-seq, CRISPR and high-throughput sequencing. Further
advances are changing our ability to detect, visualize and manipulate gene expression, with
possible therapeutic applications.

Novel technologies.

Novel methods are emerging to visualize gene expression during morphogenetic change and
in three dimensions. Spatial information regarding gene expression domains can be recreated
using Tomo-seq, which involves high-throughput sequencing of serial tissue sections13°,
Newer techniques make use of a SCRNA-seq variant called Slide-seq to get near single-cell
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resolution40. In Slide-seq, rather than isolating single cells together with an individually
barcoded bead, the beads are arranged in an ordered lattice that is overlaid with tissue
sections. Subsequent sequencing of tissue associated with each bead can then be correlated
with three-dimensional space. A second method, called sequential fluorescence in situ
hybridization (seqFISH+), makes use of barcoding and serial fluorescent in situ
hybridizations in tissue that remains intact!41. All of these technologies are unlikely to
detect poorly expressed transcripts, similar to standard scRNA-seq, as hybridization of rare
transcripts can also be challenging. In the future, it would be interesting to adapt these
techniques to visualize gene expression changes in a tissue as it is regenerating. The greatest
boost for all of these technologies will be the ever-expanding capabilities of high-throughput
sequencing, which may improve sequencing depth to the point that rare transcripts can be
identified.

To understand the chromatin dynamics that underlie programmatic changes, there is an
unmet need to identify the earliest-acting TFs and genomic loci. This challenging goal might
be achieved by using proximity labeling, where a tag appended to a critical TF can mark
associating proteins and enable their purification142. Transcriptional enhancer elements have
been identified that direct gene expression during regeneration; however, further in vivo
profiling is needed to identify enhancer elements that act as locus control regions. Continued
evolution of CRISPR activation (CRISPRa) and CRISPR interference (CRISPRI) techniques
that employ sequence-specific targeting of transcription control proteins for activation and
inhibition, respectively, will help dissect the functions of regulatory sequences43.144,
Methods to assess chromatin state at single-cell level should also expand the identification of
active regulatory elements and concepts in rare and transitioning cell types45-147_ This
should apply to enhancers as well as silencer elements, which are more challenging to
discover but could be of critical importance to elucidate regenerative mechanisms.

Looking beyond transcription.

Tissue regeneration is expected to be regulated at the levels of translation and post-
translation. Beyond transcription, processes such as mRNA transport, degradation, or
translation may provide more precise means of control without an intervening transcriptional
event. Proteome and ribosome foot-printing technologies are opening the door to studies of
protein levels that will give a more complete picture of gene expression48. Innovations in
proximity labeling and mass spectrometry will help to further describe important signaling
interactions that underlie regeneration42,

Regenerative medicine.

Rapid, large-scale changes in chromatin structure and gene expression are integral to success
during innate regeneration, and therapeutics to induce regenerative capacity in the tissue will
likely need to induce notable chromatin remodeling events. Critically, there must be inherent
controls to ensure the epigenome transitions from a growth landscape toward one of
patterning and completion of regeneration, for example, to avoid the risk of tissue
overgrowth or cancer. Gene therapy as a method to virally deliver therapeutic proteins in
humans is nearing its full potential149.150, Advances in gene therapy vectors - to evade the
human immune system, to carry heavier cargoes, and to target potent cargoes to affected
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tissues — are moving forward in step with our understanding of regeneration
pathways151-155 These therapies will be especially useful when stem cell transplantation is
impractical or ineffective.

Conclusions

Dynamic changes in gene expression are a central and defining component of regeneration,
enabling cells to respond to injury, toggle between differentiation states, and carry out tissue
growth and patterning. There have been many informative and valuable insights into tissue
regeneration from the investigation of model species, and broadly available techniques for
genome-wide profiling and molecular genetics have helped turn attention toward gene
regulatory mechanisms. Cell-by-cell assessment of gene expression programs has generated
overviews of how features of the embryonic state can be revisited during regeneration.
Dedicated enhancer elements for regeneration are being revealed and represent anchoring
points for identification of DNA-protein complexes that turn on gene expression. It will also
be important to understand how activity at these control regions is tempered as regenerative
events conclude. Advances in ways to interpret and potentially manipulate chromatin states
will help to interpret and potentially exploit regenerative pathways for clinical use.

Acknowledgments

We thank Nutishia Lee for contributions to the artwork in this review. We thank A. Burghes, B. Blaser and C.
Lepper for discussions, and J. Kang, V. Cigliola, and M. Mokalled for comments on the manuscript. We apologize
to colleagues in the field if the depth of the discussion of their work was limited as a result of space constraints.
J.A.G. acknowledges funding from the American Heart Association (AHA)(17SDG33660922) and Ohio State
University. K.D.P. acknowledges funding from the National Institutes of Health, AHA, and Fondation Leducq.

GLOSSARY

Repatterning
the recapitulation of previous arrangements of cell types during regrowth

Patterning
the developmental process by which cells acquire their identities, depending on their relative
spatial positions within the embryo

Ontogenetic
relating to the developmental history of an organism from fertilization to adulthood

Blastema

a mass of proliferative cells that forms at the salamander limb stump after amputation,
ultimately giving rise to the new limb structures. Additional regeneration contexts in other
species and tissues similarly invoke a blastema

Enhancer Discovery

enhancers are classically validated using assays where the test region is removed from its
normal location and engineered into a heterologous context using reporters. Measures of
endogenous enhancer activity have centered on scanning the accessibility of their chromatin,
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but CRISPR technology has made loss-of-function experiments feasible in virtually all lab
model systems, enabling new definitions of enhancers based on function in vivo

Dedifferentiate
a process where cells lose their lineage-restricted characteristics and may adopt a more
developmentally primitive status

Assay for transposase-accessible chromatin using sequencing
(ATAC-seq) an in vitro assay for chromatin accessibility that measures the ability of a
transposase to access the underlying DNA

Pioneer factor
a transcription factor that directly binds nucleosomes and can therefore initiate gene
regulation from a previously silenced state

Reprogramming
the process of conversion from a committed cell type to a different cell type

Immediate-early gene
(IEG) a gene that is activated rapidly because it does not require the need of an intervening
transcription event to produce already-poised activating factors

Autotomy
regulated removal of a body part as a defense mechanism, for example a lizard losing its tail
to escape a predator

Jaw distraction
a surgical method for lengthening the jaw by cutting bone and resetting more distally

Karyolymph
the contents of the nucleus including chromatin, nuclear fluid and particulate condensates
such as the nucleolus

Sequencing depth
the number of high-throughput sequencing reads per given sample indicative of the
abundance of a transcript or chromatin feature

Karyokinesis
the division of nuclei after mitosis to compartmentalize the two daughter genomes

Endoreplication
an incomplete form of mitosis where the genome is replicated but the daughter cells never
physically separate, leading to polyploidy

Polyploid
a state where cells have an increasing number of paired chromosomes beyond the normal 2N
(eg. 4N, 8N, etc.).
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Box 1:
Model organisms for regeneration

Many animal model systems are employed to study tissue regeneration, each with
advantages and disadvantages!®3. Certain planarian flatworms can regenerate all anterior
and posterior structures from a tissue fragment, based on populations of stem cells called
neoblasts. This is a robust model for interrogating stem cell involvement in regeneration
and can accomodate loss-of-function experiments by RNA.I. Stable transgenesis for
planarians has been challenging to develop, but its arrival will enable researchers to
visualize cell populations in live animals and perform gain-of-function studies. Hyadra
exhibit whole-body regeneration and offer similar advantages as planarians, albeit with
less tissue complexity and with transgenesis techniques available. Drosophila researchers
have any and all molecular genetic tools at their disposal, although the number of tissues
with high regenerative capacity is lower than other invertebrate models.

Among vertebrates, anuran models like Xenopus laevis and Xenopus tropicalis enable
visual and manipulatable studies of limb, tail, or spinal cord regeneration in tadpoles.
Gene editing and transgenesis are available, though generation times in these models are
several months long (~12 months in X. /aevis and ~4 months in X tropicalis). An
interesting advantage of these models is the ability to study and manipulate the
progressive loss of regenerative capacity during development — comparable to what
happens in mammals. Zebrafish, a popular teleost fish model, can regenerate a whole host
of adult tissues, including fins and scales, as well as those with therapeutic relevance such
as the spinal cord, pancreatic p-cells, heart, kidney, liver, retinae and brain. With the
advent of CRISPR, few genetic tools remain untapped for zebrafish, although the
generation time of ~3 months is no shorter than that of mice. Salamanders are also highly
regenerative. Newts and axolotls regenerate many of the same critical tissues as zebrafish
and possess the spectacular ability to regenerate limbs. Genome sequences for certain
salamander species are now available. Axolotls have the shortest generation times (12
months or less) and are most amenable to transgenesis and gene editing techniques.
Finally, while limitations in mammalian regenerative capacity can challenge the ability to
study innate regeneration in several key adult tissues, mice, like humans, are able to
regenerate a large array of tissues, particularly young, healthy individuals. The
diminution of regenerative capacity in tissues like the heart, skeletal muscle, and blood
with development or aging provides new opportunities for comparison and intervention.
The powerful toolset available in mice enables practically any question to be asked.
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Box 2.
Single-cell RNA sequencing in regeneration

Batch analysis of gene expression changes in whole tissues has been useful for
identifying gene expression changes during regeneration. However, the responses of key
cells such as adult stem cells, which can represent a tiny percentage of whole tissue (for
example, <5% of skeletal muscle!?, and ~.004% of hematopoietic tissuel®®) can be
masked using this approach. Cell sorting may not be effective for isolating stem cells if
only a small subset of the sorted cells within a particular tissue type are actively
participating in regeneration. Transgenic methods for isolating regenerating cells are
promising; a fluorescent reporter under the control of a promoter or enhancer that is
activated during regeneration can be used either to mark regenerating tissue for
fluorescence-activated cell sorting (FACS) or to direct expression of an affinity-tagged,
regeneration-associated factor usable for profiling36. However, it is unclear if isolating
cells using these known promoters and enhancers will produce a physiologically-relevant
cell subpopulation.

Single-cell RNA sequencing (sScRNA-Seq) can sample the gene expression signature of
thousands of single cells or nuclei within a complex tissue and is therefore able to
identify rare cell types and infer molecular trajectories and potential developmental
transitions from a timecourse sampled from regenerating tissue. Recent SCRNA-Seq
studies have found potentially new cell types required for regeneration, for example
Pdgfra-expressing endoneurial mesenchymal cells during the regeneration of amputated
mouse sciatic nerves and digit tips®°. Contributions of these Pdgfra-positive cells to
regenerated nerves, skin and bone were validated using both lineage-tracing and
transplantation, and the new tissue was reported to be derived from neural crest cells that
persist after development. The molecular basis for the regenerative capacity of these cells
has not been clarified; however their emergence required tissue innervation — a general
theme in complex tissue regeneration160.161 Comparisons of sScRNA-Seq datasets
between early-stage tadpoles that successfully regenerate their tails and later-stage,
regeneration-defective tadpoles identified unique gene expression programs23; based on
subsequent transgenic ablation experiments, an epithelial cell type called regenerating-
organizing-cells (ROC) was described that is required for regenerationl62. Other notable
studies have characterized diverse populations of regenerating stem cells from
planarians®3 and hydral64 as well as in the mammalian gut6°,

A major drawback of ScCRNA-Seq is that sequencing depth [G] for a given cell is limited
to accommodate the data from thousands of individual cells. This results in a bias against
detection of poorly expressed genes that are not abundant enough to compete for more
limited reads, including many if not most genes that encode TFs and other gene
regulatory proteins.
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Box 3:
Polyploidy and regeneration

Cell division requires sequential steps of karyokinesis [G] and cytokinesis. In some
mammalian tissues, endoreplication [G] and binucleation — a polyploid [G] state — is
more common than successful division. Like the cardiomyocytes of the mammalian
heart, a high percentage of hepatocytes in the liver are polyploid, with a high frequency
of binucleation. The liver can heal through hypertrophic growth or through division of
existing diploid cells; still, there is evidence that some binucleated hepatocytes are able to
divide in response to injury. A recent study using multi-color, Brainbow-based lineage
tracing of mouse hepatocytes was able to distinguish between single-colour diploid cells
and multi-coloured polyploid cells, and found that polyploid cells, even those above 4N,
are able to proliferatel86. In most cases, cell-division was reductive, and daughter cells
became diploid. Instances of proliferation of polyploid cells themselves were also
observed. Interestingly, many of the diploid cells quickly returned to polyploidy after a
round of endoreplication, which suggests a mechanism to prepare for further rounds of
proliferation166.

The binucleation status of cardiomyocytes has been inversely correlated with the ability
of cardiomyocytes to divide®3167 For example, in zebrafish, elegant genetic
manipulations to induce cardiomyocyte binucleation are able to disrupt heart
regeneration!6’. Why binucleation might be more of an impediment to division for the
key cells of the heart rather than the liver may reflect in part these cells’ differences in
structure and function. A transgene expressing mutated YAP in the mouse heart appears
to cause cardiomyocyte hyperplasia even in the adult mammalian state, suggesting a
dominant polyploid organ can still be converted to a regenerative phenotype by strong
developmental rewiring’?. Moreover, polyploidy is being described as a natural
regenerative response in a growing number of tissues in addition to the liver, including
intestinal tissue in fruitflies!®8 and epicardial tissue in zebrafish16, and it has long been
know that skeletal muscle regeneration is achieved by fusion of mononucleated
myoblasts with other myoblasts and existing myofibers®.
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Figure 1. A comparison between patterning in embryogenesis and regeneration events.
A. Growth of forelimb buds in the larval newt begins with an early bud stage before skeletal

elements form, indicating a simple developmental primordium that grows and becomes
patterned as the entire organism grows. Amputation stimulates the formation of a
primordium called a blastema from remaining cells, which similar to a limb bud, grows and
is patterned into mature skeletal elements, connective tissue, glands, nerves, skeletal muscle
and epidermis. B. During zebrafish embryogenesis, mesoderm-derived cells destined to form
the cardiac atrium and ventricle are arranged in a ring or cone pattern, prior to patterning
into chambers and acquiring contractile activity. An adult zebrafish ventricle is comprised of
multiple types of innervated and vascularized heart muscle surrounded by an outer layer of
epicardial cells and coated internally by a layer of endocardial cells. After resection of the
ventricular apex, spared cardiomyocytes divide and non-muscle tissues are re-established.
Injury is indicated by a lightning bolt icon.
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Figure 2. Relationship between genetic programs of regeneration and embryogenesis
A. Heart regeneration in zebrafish is characterized by a return to certain embryonic gene

expression programs!’. Cardiomyocyte maturation from the embryo to the adult results in a
switch from glycolytic metabolism to mitochondrial respiration (OXPHQOS). During
regeneration of cardiomyocytes, cells revert to a more glycolytic state through upregulating
the expression of glycolytic genes B. Time series showing the biphasic gene expression
response during regeneration of axolotl limbs after amputation?2. Gene expression levels in
sorted connective tissue cells indicate a distinct gene profile in early regenerates that is
specific to blastemal generation (dark blue). A separate signature similar to that of
embryonic limb buds is expressed in later regenerates (light blue). C. A model integrating
gene expression programs relevant to regeneration, visualized for cardiac muscle cells.
Embryonic gene programs utilize cascades of tissue-specific or tissue-preferred transcription
factors, establishing tissue-specific functions. Regeneration involves defining injury signals,
programs for de-differentiation of adult cell functions to approximate a less mature state, and
employment of a tissue-specific gene regulatory network. Gene expression programs can
also be co-opted from other tissue types or disease contexts. Transcription factors help
establish and stabilize each state.
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Figure 3. Discovering DNA regulatory elementsinvolved in regeneration
A. Tissue regeneration enhancer element (TREE) discovery typically begins with

identification of a sequence region enriched for active or open chromatin marks in
regenerating samples versus uninjured samples. Test DNA regions (blue) are subcloned
upstream of a minimal promoter (gray) directing a reporter gene, such as GFP. In this
example shown for a regenerating heart, stable transgenic lines only express GFP during
regeneration. In vivo validation experiments delete the test region from the genome using
CRISPR techniques and determine resulting changes in gene expression or regenerative
events. B. TREEs validated in reporter experiments are activated in a context-specific
manner. An enhancer might direct expression during embryonic or regenerative
development. Enhancer activity can be induced by injury or by tissue creation, which can be
discerned by testing expression in the presence of a mitogenic trigger such as Nrg1.
Enhancers might direct expression in multiple regeneration contexts, for example
regenerating fins, retinae, and heart, or instead might be tissue-specific. GFP reporter
expression in represented in green.
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Figure 4. Chromatin dynamicsin regeneration.

A. The role of Polycomb regulation in regeneration. Polycomb signaling can silence pro-
regenerative enhancers, restricting regeneration, as shown here for the BRV-B enhancer of
the wingless gene during imaginal disc regeneration in Drosophila. Polycomb silencing is
sometimes inhibited in order to activate pro-regeneration genes, such as cell-cycle genes, in
the case of regeneration of liver or olfactory neurons. Polycomb has different functions
during heart regeneration depending on the model organism; in adult zebrafish, Polycomb
silences highly expressed muscle structural genes that encode central components of the
sarcomere such as titin and the myosin heavy and light chains (cm/c1, ttna, ttnb, vmhcl).
Alternatively, in neonatal mice, Polycomb subunit Ezh1 acts as a transcriptional activator for
genes involved in tissue morphogenesis, muscle structure and metabolism such as Bmp7,
Irx2and Tnnil.

B. Heterozygosity of Aridlapromotes liver regeneration. Some possible mechanisms
include exchange of Aridla subunits with Arid1b or Arid107 (1), a decrease in Hippo
signaling via YAP/TAZ (2), or the fine tuning of gene expression to restrict antagonistic
pathways (not pictured).

C. ATP-dependent chromatin remodeling complex Swi/Snf promotes regeneration after
mechanical stress. In the uninjured setting, the ARID1A subunit of Swi/Snf sequesters
YAP/TAZ and prevents it from binding its co-factor, TEAD-1. Swi/Snf remodels chromatin
to poise pro-regeneration genes for activation in the liver. Upon mechanical stress, actin
binds to ARID1A and releases YAP/TAZ, which can then associate with its active cofactor
TEAD-1 and activate regeneration. Swi/Snf itself may then also further remodel
chromatin02,
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Figure 5. Phase transitions and injury-induced regeneration programs.
A. A model by which major phase transitions in chromatin might underlie sharp phenotypic

changes during adaptive cell reprogramming. In differentiated cells, networks of
transcription factors (brown), nucleosomes (blue), chromatin proteins (green), RNA
(orange), and covalent modifications (not picture) coalesce into compartments of active and
repressed genes. During regeneration, numerous signaling pathways are activated to help
dismantle such aggregates, for example phosphorylation events (red) that inhibit binding
reactions. Thus, nuclei are reset to an embryonic-like state where the genome organization is
loosened, allowing for changes in cell differentiation and proliferative capacity. Chromatin
binding proteins that recognize covalent modifications on histone tails, such as methylations
of H3K9 and H3K?27, are integral components of binding interactions that constitute a
membrane-less organelle. Phosphorylation of Ser residues adjacent to the methylated Lys
disrupts binding of these proteins to chromatin and could lead to phase transitions where
previously structured repressed domains are released, leading to an opening of the genome.
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