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Re“evolutionary” Regenerative Medicine
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HE POTENTIAL TO REGENERATE DAMAGED LIMBS AND
hearts seems the subject of science fiction, but newts
and zebrafish do it all the time. What can scientists
learn from these simple creatures? Why have mam-
mals not retained this remarkably useful property in the course
of evolution? Can an evolutionary perspective on the mecha-
nisms used by “lowly” organisms inform the approach to hu-
man tissue regeneration? Could this lead to the generation of
abundant patient-specific differentiated cells for cell therapy,
for elucidating disease mechanisms, for therapeutic drug
screening? Recent studies suggest that this is possible.'”

The newt’s ability to regenerate its heart or an entire limb
after amputation has attracted the attention of scientists for
centuries, with the hope that it might be possible to mimic
this remarkably useful capacity in humans. Pioneering work
with this species has provided many seminal insights.>? Limb
regeneration entails regrowth of a diversity of tissues in their
appropriate positions and proportions. This complex pro-
cess is dependent on innervation and requires the orches-
tration of a dynamic interplay of cells.? Following amputa-
tion of a newt limb, a blastema, or cell aggregate, forms from
which the limb develops. The blastema was long thought
to comprise a cluster of multipotent cells that had to spe-
cialize anew. However, recent elegant lineage tracing stud-
ies have shown that the cells are not multipotent but in-
stead remain dedicated cartilage, bone, neural, and muscle
cells.* A critical step in this process of limb regeneration is
the acquisition of proliferative potency. This is achieved by
reentry into the cell cycle of postmitotic cells that retain their
specified identity. A similar process is also observed in ze-
brafish heart regeneration.’

What if, as in newts, fully specialized, nondividing hu-
man cells could dedifferentiate and be pushed back just one
step to a proliferative state? While retaining their identity
or “sense of self,” these cells could yield precise copies of
themselves capable of regenerating the damaged tissues from
which they arose. A crucial step would likely entail “lifting
the brakes” on cell division, but only transiently, to avoid
uncontrolled proliferation and tumor formation.
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How could dedifferentiation be achieved? Transient in-
hibition of tumor suppressors might play a role. It has been
postulated that during evolution mammals lost regenera-
tive potential as a trade-off for cancer protection. The tu-
mor suppressor Rb, encoded by the retinoblastoma gene, is
known as the eukaryotic “gatekeeper” of the cell cycle G1-S
transition. Inactivation of Rb mediates newt regeneration.’
In contrast, loss of Rb does not lead to mammalian cell de-
differentiation (eg, primary skeletal muscle cells).'®

What might the additional mammalian brake on cell cycle
reentry be? Cancer biologists had previously defined a criti-
cal function for the alternative reading frame protein (ARF;
also known as p19ARF in mice and p14ARF in humans), a
product of the mammalian ink4a tumor suppressor locus.
AREF enforces cell cycle arrest and prevents tumorigenesis
when Rb is inactivated (either by signaling or by muta-
tion). In human cancers, ARF is frequently inactivated.” Even
mature differentiated cells can become transformed when
ARF is inactivated, if exposed to aberrant growth factor sig-
nals.® In evolution, ARF has no homologues in regenera-
tive vertebrates (in contrast with the other product of the
ink4a locus, pl6). Indeed, ARF has not been identified in
organisms lower on the evolutionary tree than chickens.’
Thus, ARF was postulated to be the culprit. Remarkably,
on transfection of inhibitory RNAs to both Rb and ARF, pri-
mary muscle cell nuclei initiated DNA synthesis. Thus, the
double knockdown of these 2 tumor suppressors over-
came the block to cell cycle reentry.!

A critical remaining question was whether cells that re-
entered the cell cycle could complete mitosis and prolifer-
ate following treatment with inhibitory RNAs targeting Rb
and ARF. This was examined by testing differentiated mono-
nuclear muscle cells, known as myocytes, that will not re-
enter the cell cycle regardless of the barrage of growth fac-
tors to which they are exposed.! To show definitively that a
postmitotic cell could initiate division, a means of follow-
ing single cells was essential. Using live cell laser capture
catapulting, single myocytes were circumscribed and cut out
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using a laser, which was then refocused to produce the en-
ergy to catapult the single cell on its tiny cut membrane into
a capsule from which the captured cell was removed and
plated in culture. Untreated individual myocytes survived
and crawled off the membranes but never divided. In con-
trast, myocytes treated with inhibitory RNAs, to tran-
siently reduce Rb and ARF, proliferated and gave rise to colo-
nies. The clones obtained from the temporary “double
knockdown” retained their identity and were functional. The
cells reexpressed Rb and ARF, and differentiated in cul-
ture. Moreover, if introduced into a damaged muscle of a
mouse limb, the cells repaired the damage. These findings
suggest that “terminally differentiated” mammalian cells can
be dedifferentiated to a proliferative state without becom-
ing tumorigenic and can retain their identity.!

Why consider inducing regeneration of tissues by cell de-
differentiation? Currently, regeneration of most mammalian
tissues is extremely limited. Some tissues harbor adult stem
cells, and in some even this regenerative source seems ab-
sent. In the first case, regeneration is fueled by a very small
population of adult stem cells, quiescent precursors that are
stimulated to divide when needed for damage repair. In the
second case, such as the heart, stem cells apparently do not
exist. As a substitute, pluripotent embryonic stem cells or the
remarkable induced pluripotent stem cells have been in-
voked as sources from which to generate cell types of inter-
est.!” Challenges include directing embryonic or induced plu-
ripotent stem cells toward a single desired highly specialized
cell fate and integrating those cells into the tissue following
transplantation.'® Dedifferentiation of cells from the dam-
aged tissue could serve as a potent alternative. The cells would
be plentiful, know their identity, have the desired tissue prop-
erties, and be located exactly where needed.

One major application of dedifferentiation is the regenera-
tion of diverse human tissues. For instance, the induction of
proliferation of healthy cardiomyocytes in the vicinity of
infarcted myocardial tissue could potentially yield cells of the
appropriate identity, resulting in cardiac regeneration rather
than fibrosis. Could this be achieved by transiently suppress-
ing Rb and ARF? A major attraction of this regenerative
approach is that it mimics a process that nature already uses
inregenerative species. Therefore, itis known to work. A poten-
tial caveat is that nature presumably had good reason to restrict
proliferative promiscuity. Clearly, controlled dedifferentia-
tion and only temporary loss of tumor suppression is critical.

Another major application of dedifferentiation is the po-
tential to model human diseases and screen for drugs using
cells derived by suppressing Rb and ARF. Possibly, in ad-
dition to muscle, cell types such as dopaminergic neurons,
pancreatic islet cells, and cardiomyocytes could be prolif-
erated. If these cells are obtained from human tissues by bi-
opsy or at autopsy, they may closely replicate the disease
phenotype in vitro. A major advantage would be that the
cells have a specified identity, are only taken one step back
to proliferate, and therefore should closely mimic their dis-
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ease states of origin. Such cells should allow the regulatory
networks underlying Parkinson disease, Alzheimer dis-
ease, diabetes, and heart disease, among others, to be dis-
cerned. The replication of a neuron of a defined nature may
prove easier in some cases than deducing how to direct a
pluripotent cell (derived from a patient’s fibroblasts by in-
duced pluripotent stem [iPS] cell technology) to adopt a par-
ticular desired specialized neuronal phenotype. It is pos-
sible that cells derived by dedifferentiation, as described
herein, will complement pluripotent embryonic stem cells,
iPS cells, and adult tissue—specific stem cells as sources for
cell therapies, for creating in vitro disease models, and for
discovering new therapeutic agents.

In conclusion, the re“evolutionary” approach to regen-
erative medicine, the transient dual knockdown of tumor
suppressors, ARF and Rb, addresses one critical obstacle to
translating the potent regenerative capabilities of newts to
mammals. The adaptation of a mechanism that nature has
previously designed and successfully exploited is highly ap-
pealing. Dedifferentiation may provide insights into hu-
man disease, lead to drug discovery, and a means for regen-
erating tissues. Perhaps newts can give humans, as well as
themselves, a hand.
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