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PERSPECTIVE

Micromanaging regeneration
Elly M. Tanaka1,2 and Gilbert Weidinger1,3,4

1Center for Regenerative Therapies, 01307 Dresden, Germany; 2Max Planck Institute for Molecular Cell Biology and
Genetics, 01307 Dresden, Germany; 3Biotechnology Center of the Technical University Dresden, 01307 Dresden, Germany

All adult animals are capable of maintaining their shape
and function by homeostatic replacement of dying cells,
but their ability to regenerate lost or damaged organs and
appendages varies widely. Unfortunately for us humans,
mammals are found at the lower end of the vertebrate
spectrum. We can regrow large parts of the liver and
pancreas, repair limited damage to skeletal muscle and
peripheral nervous system, but pale in comparison with
the amazing capacity of amphibia and fish to repair most
organs, including lens, retina, heart muscle, and CNS,
and to even regrow amputated limbs and fins. After more
than 100 years of research on regenerative phenomena, it
is still a mystery why these lower vertebrates can do
what we can’t. Nevertheless, recent research using mo-
lecular tools has been increasingly successful in uncov-
ering the molecular mechanisms that control regenera-
tion. A study by Yin et al. (2008) in this issue of Genes &
Development now adds microRNAs to the picture. They
show that expression of many microRNAs changes dur-
ing zebrafish tail fin regeneration and that FGF signaling
promotes proliferation of progenitor cells in the fin by
suppressing expression of microRNA-133, which inhib-
its translation of mps1, a kinase required for cell prolif-
eration.

Regenerating adult tissues retain cell plasticity

Zebrafish have become a very successful model for both
regeneration and microRNA biology. Amputation of the
tail fin triggers a particularly robust and efficient regen-
erative process. Within 2 wk, bone, connective tissue,
blood vessels, nerves, epidermis, and pigmentation are
restored and the fin has grown back to its exact pream-
putation length (Poss et al. 2003; Stoick-Cooper et al.
2007a). Fin regeneration shares many characteristics
with limb regeneration in urodele amphibians (sala-
manders and newts), including the formation of a prolif-
erative mass of progenitor cells—the so-called blaste-
ma—that gives rise to all differentiated cell types during
regeneration. In amphibia, it appears that the blastema
forms by both the intriguing capability of differentiated

cells to dedifferentiate into progenitor cells and the ac-
tivation of resident stem cells (Tanaka 2003; Slack 2006).
While the cellular processes underlying blastema forma-
tion in fish are less well understood, it is possible that
dedifferentiation of mesenchymal cells plays a role as
well, since these cells are known to disorganize and mi-
grate toward the wound following amputation, and no
evidence has been found for the existence of long-term
label-retaining stem cells in the uninjured adult fin that
could be the source of blastemal cells (Nechiporuk and
Keating 2002). Thus, one major goal of regeneration re-
search is to identify the molecular mechanisms that
regulate plasticity of adult tissues by converting differ-
entiated or quiescent cells into actively proliferating tis-
sue that undergoes pattern formation and redifferentia-
tion.

Multiple molecular signaling cascades
are implemented during regeneration

Recently, several signaling pathways have been found to
regulate blastema formation in fish and amphibia
(Stoick-Cooper et al. 2007a). Activin/TGF-� signaling is
required very early during zebrafish fin and amphibian
limb regeneration for mesenchymal cell migration and
subsequent blastema formation (Jazwinska et al. 2007;
Lévesque et al. 2007). Likewise, Wnt/�-catenin signaling
is up-regulated early during fin regeneration and, in its
absence, no blastema forms (Stoick-Cooper et al. 2007b),
a function that is also conserved in Xenopus and sala-
mander limb regeneration (Kawakami et al. 2006; Yo-
koyama et al. 2007). In addition, FGF signaling plays im-
portant roles during specification of blastemal cells. In-
hibition of FGF-receptor 1 signaling by pharmacological
compounds blocks blastema formation in zebrafish tail
fins (Poss et al. 2000) and inhibits regeneration of Xeno-
pus limbs (D’Jamoos et al. 1998). Most importantly, FGF
signaling was confirmed to be essential for regeneration
by an unbiased forward genetic screen for mutant ze-
brafish that fail to regenerate their tail fins. One such
mutation was found to encode the FGF ligand fgf20a,
which is up-regulated early during regeneration and is
specifically required for correct wound healing and sub-
sequent blastema formation (Whitehead et al. 2005). Ac-
tivin, Wnt, and FGF signaling are also required later dur-
ing regeneration for proliferation of blastemal cells (Poss
et al. 2000; Jazwinska et al. 2007; Stoick-Cooper et al.
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2007b). Similarly, BMP signaling has been shown to be
essential for blastema proliferation in Xenopus limb and
tail regeneration (Beck et al. 2006). Despite the identifi-
cation of extracellular signals that regulate progenitor
cell formation and function, nothing is known about the
downstream effectors that mediate the action of these
pathways. Now, the study by Yin et al. (2008) shows that
FGF signaling promotes blastema proliferation by inhib-
iting a microRNA that keeps the brakes on cell prolif-
eration.

MicroRNAs (miRNAs) in development, cell
differentiation, and tissue function

miRNAs are short, noncoding RNAs that act as negative
regulators of gene expression (Bartel 2004; Bushati and
Cohen 2007). In animals, most miRNAs bind to imper-
fectly complementary target sites in the 3� untranslated
regions (UTRs) of messenger RNAs and inhibit transla-
tion of the target RNA. Secondarily, this can result in
destabilization of the RNA due to deadenylation. Per-
fectly matching miRNAs can also cause active degrada-
tion of target RNAs, but very few examples of endog-
enous targets of such regulation have been described in
animals. Hundreds of miRNAs have been identified,
with most of them being highly conserved throughout
animal evolution. Based on computational approaches
that screen for miRNA-binding sites in 3�UTR se-
quences, the emerging view is that most miRNAs have
hundreds of target RNAs, and that up to 30% or more of
all animal genes might be targets of miRNA regulation.

Computational and gene expression studies have sug-
gested that genes involved in basic cellular processes
have evolved to evade miRNA regulation, while genes
involved in developmental processes are enriched in
miRNA sites (Farh et al. 2005; Stark et al. 2005; Sood et
al. 2006). The global function of miRNA can be directly
tested in animals that fail to produce miRNA due to
mutations in Dicer, which is essential for miRNA bio-
synthesis. Surprisingly, although zebrafish embryos
lacking both maternally provided and zygotically pro-
duced Dicer display abnormal morphogenesis during
brain, heart, and somite development, they do not show
defects in early patterning or cell differentiation (Giral-
dez et al. 2005). In contrast to these relatively mild phe-
notypes, mouse embryos lacking maternally produced
Dicer do not develop beyond the first cell division (Tang
et al. 2007). However, tissue-specific deletion of Dicer in
mice again indicates a role for miRNAs in morphogen-
esis and cell survival rather than in differentiation and
patterning of the targeted tissues (Bushati and Cohen
2007). Based on such evidence and on the low number of
miRNA mutants identified in forward genetic screens in
Caenorhabditis elegans and Drosophila, it has been sug-
gested that the functions of many miRNAs are rather
subtle (Bushati and Cohen 2007).

Intuitively, it makes sense to assume that dramatic
cell fate decisions and functional switches are regulated
by changes in gene transcription and that an additional
post-transcriptional layer of regulation by miRNAs pri-

marily serves to fine-tune and stabilize expression pro-
files. Indeed, miR-430 is required to balance expression
of the Nodal agonist squint and its antagonist lefty dur-
ing early zebrafish development (Choi et al. 2007). On
the other hand, functional analysis of individual
miRNAs has also identified some whose loss causes dra-
matic phenotypes, since they are involved in develop-
mental decision making. For example, the first miRNAs
identified, lin-4 and lin-7 in C. elegans, are required to
progress from the first to the second larval stage (Lee et
al. 1993; Wightman et al. 1993; Reinhart et al. 2000).
miR-1 and miR-133 are known to play important roles
during muscle differentiation and proliferation. miR-1 is
required for myoblast differentiation, likely because it
targets histone deacetylase 4, a repressor of muscle dif-
ferentiation, while miR-133 promotes myoblast prolif-
eration by repressing serum response factor (Chen et al.
2006). Knockout of one of the two miR-1 genes in mice
results in defects in heart morphogenesis and cardiac cell
cycle, thus confirming a role for miR-1 in muscle devel-
opment in vivo (Zhao et al. 2007).

It is conceivable that the limited number of miRNAs
whose function has been studied so far is biased toward
those that cause dramatic, and thus easily recognizable,
effects. Clearly, more studies are required to determine
whether these miRNAs are an exception or whether ani-
mals use miRNAs more commonly, not just for confer-
ring robustness to cellular decisions, but also for making
choices.

A role of miR-133 in regeneration

Here, the study by Yin et al. (2008) is the first to describe
a function for miRNAs in appendage regeneration, focus-
ing particularly on the role of miR-133 in progenitor cell
proliferation downstream from FGF signaling. In this
case, Yin et al. (2008) study a miRNA that appears to
help maintain the quiescent state of adult fin tissue and
is down-regulated upon induction of regeneration to al-
low progenitor cell proliferation. To date, miR-133 func-
tion has primarily been studied in cardiac and skeletal
cells as well as in dopaminergic neurons (Chen et al.
2006; Care et al. 2007; Kim et al. 2007), while the main
portion of the zebrafish fin contains no muscle nor do-
paminergic neurons. Therefore, this study also repre-
sents a new departure for miR-133 to participate in the
transition from an adult to a regenerative tissue that pri-
marily harbors dermal and skeletal components.

Initially, Yin et al. (2008) obtain an overview of
miRNA regulation during regeneration using microar-
rays and Northern blotting, finding that dozens of miR-
NAs are induced during regeneration, and a smaller
number of miRNAs are down-regulated. Expression of
miRNAs has been reported before in regenerating newt
lens and inner ear (Tsonis et al. 2007), where the evidence
of cellular dedifferentiation and transdifferentiation is
stronger than for the fish fin. In the newt lens, differenti-
ated pigmented epithelial cells from the dorsal iris give rise
to lens fibers (Tsonis and Del Rio-Tsonis 2004). The Tsonis
study (Tsonis and Del Rio-Tsonis 2004) found little over-
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lap between the miRNAs that are up- or down-regulated
in regenerating lens and inner-ear hair cells, except for
members of the let-7 family of miRNAs, which were
down-regulated during the dedifferentiation phase of re-
generation in both tissues. It would be interesting to see
whether these miRNAs are down-regulated in zebrafish
tail fin regeneration as well. In the current study, Yin et
al. (2008) do not describe the miRNA regulation data in
detail, but instead focus on a subset of miRNAs that is
altered after inhibiting FGF signaling during regenera-
tion. In particular, Yin et al. (2008) target their functional
studies to miR-133, which is present at high levels in
uninjured fins, but strongly down-regulated in the blas-
tema-forming phase of fin regeneration and kept at low
levels throughout further regeneration.

Recently, a number of tools to intervene with miRNA
function have been developed. Here, Yin et al. (2008) use
these tools in combination with electroporation into the
fin to up- and down-regulate miR-133 during regenera-
tion. Overexpression of miR-133 duplexes during the
outgrowth phase of fin regeneration, after the blastema
has formed, results in reduced fin growth. This indicates
that miR-133 acts as an inhibitor of regeneration. Indeed,
Yin et al. (2008) find that further reducing the already
low levels of miRNA-133 during regeneration by using
an antisense morpholino oligonucleotide causes slightly
faster regenerate growth. Together, these data indicate
that down-regulation of miR-133 after amputation is re-
quired for efficient regeneration to occur. What then
causes down-regulation of miR-133 expression? Yin et
al. (2008) find that inhibition of FGF signaling by heat-
shock-inducible overexpression of a dominant-negative
FGF receptor during regenerative outgrowth up-regulates
miR-133 expression within a few hours. As described
above, FGF signaling is required for fin regeneration;
thus, if miR-133 is an important negative target of FGF
signaling during regeneration, knockdown of miR-133
might rescue the defects caused by FGF pathway inhibi-
tion. Indeed, Yin et al. (2008) find that electroporation of
the miR-133 morpholino allows FGF-inhibited fins to
grow significantly faster than control morpholino elec-
troporation does. It is interesting that in previous work
Poss and colleagues (Lee et al. 2005) implicated FGF sig-
naling in modulating blastema growth rate along the
proximal–distal axis of the zebrafish fin. When fins are
cut close to the base they grow at an accelerated rate
compared with fins cut close to the tip. This difference
seems to correlate with the expression level of FGF tar-
gets. It would now be important to know whether miR-
133 is also differentially down-regulated in a position-
dependent manner during regeneration in this in vivo
example of growth control.

How does miRNA-133 inhibit regenerative out-
growth? Yin et al. (2008) find that knockdown of miR-
133 partially rescues blastemal cell proliferation after
FGF pathway inhibition. It also rescues expression of
several marker genes that are down-regulated by FGF
inhibition, including the homeobox transcription factor
msxb, which is specifically expressed in blastema cells
and implicated in repression of progenitor cell differen-

tiation (Poss et al. 2003). Thus, miR-133 at least partially
mediates the effects of FGF signaling on proliferation of
blastema cells and maintenance of their identity. The
effects of miR-133 on expression of msxb and the other
tested markers appear to be indirect, since the 3�UTRs of
these genes lack predicted miR-133-binding sites.

Mps1 kinase is an in vivo target of miR-133

Finding miRNA targets is an essential and potentially
difficult dimension of miRNA studies. In this case, pre-
vious mutational analysis of zebrafish regeneration
comes together beautifully with the new findings. Using
bioinformatics, Yin et al. (2008) identify several dozen
potential direct miR-133 target genes, including growth
factors from the BMP and FGF family. The latter finding
might indicate that miR-133 is part of a positive feed-
back loop, since miR-133 expression is down-regulated
by FGF signaling. The potential target genes also include
several cell cycle regulators, among which mps1 re-
ceived the attention of Yin et al. (2008), as they had pre-
viously described its role in blastema proliferation (Poss
et al. 2002a). mps1 is a kinase with a highly conserved
function in the mitotic checkpoint, also called spindle
checkpoint, which assures genetic stability by prevent-
ing sister chromatid separation before all chromosomes
are properly aligned (Fisk et al. 2004). Remarkably, Poss
et al. (2002a) discovered mps1 as essential for fin regen-
eration in the same genetic screen that identified fgf20a.
During zebrafish tail fin regeneration, mps1 expression
is up-regulated in a subpopulation of blastema cells,
which proliferate rapidly during the outgrowth phase of
regeneration (Poss et al. 2002a). Using the temperature-
sensitive mutation in mps1 identified in their genetic
screen, Poss et al. (2002a) showed that the kinase is re-
quired for proliferation of blastema cells and regenera-
tive outgrowth of the fin.

Having found that mps1 RNA contains one potential
target site for miR-133, Yin et al. (2008) test whether
miR-133 can regulate mps1 using sensor assays in ze-
brafish embryos. GFP expression from a RNA construct
containing the mps1 3�UTR can indeed be suppressed by
coinjection of miR-133 duplexes, and the predicted miR-
133-binding site is required for this inhibition. Sensor
RNA abundance did not change in these experiments,
indicating that miR-133 regulates translation, but not
stability of mps1 RNA. Interestingly, however, in regen-
erating fins, mps1 RNA levels are reduced after inhibi-
tion of FGF signaling, and knockdown of miR-133 can
rescue this effect. Whether this discrepancy between the
effects on the artificial sensor RNA in embryos and on
the endogenous gene in fins reflects tissue-specific dif-
ferences in miR-133 function or whether it is due to the
different assays used, remains unresolved. Due to the
difficulties in achieving consistent and nonmosaic deliv-
ery of RNA or DNA molecules by currently available
electroporation protocols, Yin et al. (2008) did not per-
form sensor assays in the regenerating fin. Thus, conclu-
sive evidence that miR-133 regulates mps1 expression via
translational inhibition and/or RNA destabilization in

Tanaka and Weidinger

702 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on March 4, 2009 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


the regenerating fin in vivo has to await the establish-
ment of transgenic fish containing sensor constructs or
the development of antibodies that recognize zebrafish
Mps1 protein.

What is the significance and specificity of miR-133
in regenerative outgrowth?

The work by Yin et al. (2008) raises numerous interest-
ing questions concerning the molecular circuitry that
controls regeneration. First, is miR-133 a direct target of
FGF signaling, or are other signaling pathways involved
in the FGF-dependent promotion of blastema prolifera-
tion through miR-133 and mps1? As mentioned previ-
ously, a number of signaling pathways are required for
blastema growth, including Wnt and BMP. Yin et al.
(2008) do not address whether miR-133 transcription is
directly repressed by FGF signaling during regenerative
outgrowth. In fact, it seems likely that another pathway
could be involved: Other known targets of FGF signal-
ing—namely, mkp3, sef, and spry4—are differently local-
ized in the blastema compared with mps1 (Lee et al.
2005). These FGF target genes localize to the basal epi-
dermis and the distal blastema, whereas mps1 localizes
to the proximal blastema, which is the zone of prolifer-
ating cells (Poss et al. 2002a). Although Yin et al. (2008)
do not describe the expression pattern of miR-133, it
seems fair to assume that it will be present in mps1-
expressing cells upon inhibition of FGF signaling. There-
fore, FGF signaling may have an indirect role in repress-
ing miR-133 expression. There is some evidence that
Wnt/�-catenin signaling acts upstream of FGF signaling
during fin regeneration (Stoick-Cooper et al. 2007b);
thus, it would be interesting to test whether miR-133
also mediates the effects of Wnt signaling on regenera-
tive outgrowth.

Is FGF regulation of mps1 via miR-133 specific for the
regenerating fin or does this interaction also occur in
other tissues and systems? Fin and limb regeneration can
be viewed as a redevelopment of the structure, and it is
known that some molecular regulatory logic and gene
activities are shared between these two processes. FGF
signaling, for example, is essential for both limb and fin
development. It would thus be particularly interesting to
test whether miR-133 functions downstream from FGF
signaling during appendage development and whether it
targets mps1 in this process. So far, expression of miR-
133 during zebrafish embryogenesis has been detected in
the musculature of the body, head, and fins (Wienholds
et al. 2005), but detailed mapping of the expression pat-
tern in the developing fin is required to determine
whether it is down-regulated in proliferative zones as
predicted if it has a similar role as during adult fin re-
generation. Yin et al. (2008) report that the adult ze-
brafish heart expresses high levels of miR-133. Intrigu-
ingly, mps1 is also required for heart regeneration (Poss
et al. 2002b), raising the possibility that miR-133 down-
regulation and subsequent activation of mps1 expression
are also prerequisites for cardiomyocyte expansion dur-
ing zebrafish heart regeneration. In mammals, the heart

does not regenerate, since injury does not activate car-
diomyocyte proliferation but rather results in cardiac hy-
pertrophy (Murry et al. 2006). In mouse, miR-133 was
found to inhibit cardiac hypertrophy, and remarkably,
knockdown of miR-133 by infusion of an antisense oligo
was sufficient to cause sustained hypertrophy (Care et al.
2007). It is therefore possible that miR-133 is required to
suppress cardiomyocyte activation in both the zebrafish
and mammalian heart, but perhaps it regulates different
targets, which might help explain why zebrafish hearts
can regenerate, while mammalian hearts cannot. The
context-specific functions of miR-133 are likely to be an
important consideration for future studies since, for ex-
ample, miR-133 promotes proliferation of mouse skel-
etal myoblasts in culture (Chen et al. 2006), whereas Yin
et al. (2008) show that it inhibits cell proliferation in the
fish fin.

Are miRNAs a means of retaining growth potential
in adult tissue?

Why does regulation of regeneration involve miRNAs? A
rather straightforward explanation would be that regen-
erative processes require rapid and rather large-scale
changes in gene expression patterns. Because miRNAs
typically have many targets, they could preferentially be
used in such situations. It is conceivable that during de-
differentiation, cells up-regulate miRNA expression to
rapidly repress genes associated with the differentiated
phenotype. In support of this idea, Yin et al. (2008) find
that a considerably higher number of miRNAs are up-
regulated during tail fin regeneration than down-regu-
lated. It would be interesting to analyze whether their
targets include differentiation markers. On the other
hand, developmental biology provides examples in
which transcriptional regulation of a single master regu-
latory gene is sufficient to induce formation of a whole
organ, involving transcriptional changes in hundreds of
genes, such as induction of ectopic eyes by pax6 (Halder
et al. 1995). Thus, whether or not the necessity to regu-
late many genes is an explanation for the involvement of
miRNAs is somewhat doubtful. On the other hand, mas-
ter transcriptional regulators that induce regeneration
have not been identified, and perhaps reactivation of
structure development from differentiated tissue, rather
than undifferentiated embryonic cells, is less likely to
involve such regulators.

Are miRNAs merely required to fine-tune gene expres-
sion programs during regeneration, or are they major in-
structive factors? The latter might be true for miR-133.
Yin et al. (2008) show that loss of miR-133 is sufficient to
rescue the cell proliferation defects caused by inhibiting
FGF signaling to a significant extent. This experimental
result might actually underestimate the importance of
miR-133 as an FGF effector because the miR-133 knock-
down was most likely a partial phenotype due to the
generally incomplete gene knockdown by morpholino
electroporation into the fin. Clearly, more studies are
needed to test whether loss of other miRNAs produces
significant phenotypes and whether miRNAs play roles
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in cell dedifferentiation and cell fate decisions during
regeneration.

An interesting speculation is that regulation of gene
expression by post-transcriptional mechanisms might
aid in maintaining the plasticity of regenerating tissues.
Many regenerative processes are known or assumed to
involve dedifferentiation of cells into progenitors that
can give rise to other differentiated cell types. Thus, in
order to maintain such plasticity, tissues that are com-
petent to regenerate might have to avoid mechanisms of
transcriptional regulation that are difficult to erase, such
as chromatin modifications, and instead rely on post-
transcriptional mechanisms of gene regulation. Maybe
fins need to ensure that genes required for regeneration,
such as mps1, are accessible for fast up-regulation in the
event of wounding. One way to assure this might be to
shield these genes from silencing chromatin modifica-
tions, although this increases the risk of detrimental ef-
fects from leaky expression in noninjured tissue. Hence
the need to repress expression of such genes by miRNAs
in the noninjured tissue. An interesting experiment
along these lines would be to assess the consequences of
miR-133 knockdown in nonamputated fins. Considering
that mps1 expression cannot be detected at the RNA
level in nonamputated fins (Poss et al. 2002a), it is worth
determining whether this regulation is due to repression
by miR-133.

Adult zebrafish clearly retain tissue plasticity even un-
der nonregenerative conditions, as they display indeter-
minate growth—becoming larger if they are put in a big-
ger tank. In a separate study, Poss and colleagues (Wills
et al. 2008) utilized the heart model to explore some of
the cellular processes underlying tissue regulation.
When zebrafish are transferred into growth conditions,
cells in various heart compartments begin to proliferate,
which includes the production of new cardiomyocytes.
Using overexpression of the dominant-negative FGF re-
ceptor, Wills et al. (2008) showed that this signaling
pathway is involved in cardiac homeostasis. It would not
be surprising if the FGF/miR-133/mps1 pathway also
acts in this scenario. The miRNAs may well be impor-
tant for repressing proliferation, but maintaining the po-
tential to proliferate and activate embryonic gene pro-
grams in adult tissues, or subsets of cells within mature
tissues, to allow growth and regeneration. It will be fas-
cinating to see whether the mechanisms of tissue ho-
meostasis seen in zebrafish and other indeterminate
growers are common or distinct to the mechanisms
found in every vertebrate.

A specific hypothesis would be to investigate whether
miRNAs represent important points of evolutionary
change that determine different growth control traits
and whether this knowledge can be used to confer more
tissue plasticity to other vertebrate tissues.
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