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Elixir of Life
Thwarting Aging With Regenerative Reprogramming

Ergin Beyret,* Paloma Martinez Redondo,* Aida Platero Luengo,* Juan Carlos Izpisua Belmonte

Abstract: All living beings undergo systemic physiological decline after ontogeny, characterized as aging. Modern

medicine has increased the life expectancy, yet this has created an aged society that has more predisposition to
degenerative disorders. Therefore, novel interventions that aim to extend the healthspan in parallel to the life span
are needed. Regeneration ability of living beings maintains their biological integrity and thus is the major leverage
against aging. However, mammalian regeneration capacity is low and further declines during aging. Therefore,
modalities that reinforce regeneration can antagonize aging. Recent advances in the field of regenerative medicine
have shown that aging is not an irreversible process. Conversion of somatic cells to embryonic-like pluripotent
cells demonstrated that the differentiated state and age of a cell is not fixed. Identification of the pluripotency-
inducing factors subsequently ignited the idea that cellular features can be reprogrammed by defined factors
that specify the desired outcome. The last decade consequently has witnessed a plethora of studies that modify
cellular features including the hallmarks of aging in addition to cellular function and identity in a variety of cell
types in vitro. Recently, some of these reprogramming strategies have been directly used in animal models in
pursuit of rejuvenation and cell replacement. Here, we review these in vivo reprogramming efforts and discuss
their potential use to extend the longevity by complementing or augmenting the regenerative capacity. (Circ Res.
2018;122:128-141. DOI: 10.1161/CIRCRESAHA.117.311866.)
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Human life expectancy has increased >2-fold in the de-
veloped world during the past 2 centuries, resulting in
a dramatic increase in elderly population.! Advanced age is
associated with physiological declines that ultimately lead to
incapacitation of the individual and increased predisposition
to diseases.> Among these, cardiovascular diseases are the
leading cause of death worldwide. At first glance, aging could
be interpreted as a regulation of life span emerged during the
evolution of metazoans from protozoans.>* In fact, longevity
is used as the primary criteria in many biological models of
aging, and, thus, numerous studies have shown extension of
life span on modification of specific conserved pathways.>”’
However, such quantitative enhancement could be considered
to have a lower priority over qualitative enhancement for the
human life. Therefore, alleviating the immediate consequence
of aging, the physiological deterioration, is the foremost goal
of aging-oriented studies in humans. In this regard, healthy
life expectancy, termed healthspan, can be defined as the
length of time an individual is physiologically competent and
able to maintain homeostasis in response to external stress but
is not necessarily equated with life span.®®

The fact that our healthspan is not keeping pace with
the increasing life expectancy results in more years spent in
physiological deficiency. Thus, there is a high socioeconomic,

medical and scientific interest to find strategies that confer op-
timal physiology, thereby extending healthspan.'® However,
our understanding of the biology of aging with a view toward
improvement of physiological competency is still limited;
thus, to extend the healthspan, we still need to decipher and
counteract the cellular triggers of aging. At the cellular level,
aging can be considered as the malfunctioning of molecular
mechanisms through time, causing aberrations such as epi-
genetic dysregulation, telomere attrition, and elevated lev-
els of reactive oxygen species and toxic protein aggregates.
Among these, epigenetic changes have been widely explored
in the past decade." Studies on a range of models spanning
from yeast to humans have shown various epigenetic changes
during aging,' such as formation of senescence-associated
heterochromatin foci'?; reduction in the bulk levels of the
core histones; and incorporation of noncanonical histones'
in addition to the changes in the post-translational histone
modifications, DNA methylation pattern, and noncoding
RNA profile.!1*15 Altogether, these molecular aberrations
hamper cellular functions, which in turn manifest as systemic
physiological decline that we observe as aging at the organis-
mal level.” The physiological declines eventually result in the
death of the organism once they fall below a certain threshold
that sustains its life. Therefore, aging is nothing other than
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molecular aberrations that occur at the cellular level, which
in turn perturb the composition of a biological unit or how it
functions.

Aging-associated molecular aberrations are fundamental-
ly the effect of entropy that universally acts on all matter, liv-
ing and nonliving. Subject to entropy, all matter tends toward
disorder. Nevertheless, living beings are equipped with a vital
feature that separates them from nonliving matter, the ability
to actively maintain an organized state. Regeneration refers
to re-establishment of the functional units lost to deteriora-
tion or injury and thus constitutes the major leverage of liv-
ing beings against the degenerative effect of entropy. Yet, all
living beings ultimately lose the tug of war with entropy. The
biological order gradually deteriorates in this struggle, mani-
fested as aging, and eventually collapses, characterized as
death. Hence, aging is characterized by systemic chronic de-
generation. Furthermore, regeneration capacity declines with
age, leaving the organism further vulnerable.'® Biological
units that do not have a significant regeneration capacity are
the most vulnerable to the effect of entropy. Given that the
integrity of the biological units is what determines one’s age,
interventions that counteract the damages on the biological
order are expected to enhance the healthspan and longevity.

Induced pluripotent stem cells (iPSCs) launched the gold-
en era of regenerative medicine because of their capacity to
generate any cell type within the body.'”!® This discovery ce-
mented on the concept that cellular identity is merely a state
and can be modified by inductive factors that support the state
of the desired cell type. Subsequent identification of a vari-
ety of such factors that modify cellular identity allowed di-
rect conversion of cells to another differentiated state without
reaching to pluripotency. Although the use of this technology
was first directed to in vitro generation of cells for transplanta-
tion, its application directly in vivo has been recently explored
for regenerative purposes.'>?’ Here, we will review the recent
advances in the field of cellular reprogramming and discuss
how they can be used to enhance the healthspan and longevity
by complementing or augmenting the regenerative capacity.

Epigenetics and Reprogramming
The role of epigenetics in aging has recently become a central
theme. Numerous studies have demonstrated that the epigen-
etic profile of a cell changes during aging.'>*-> For instance,
elucidation of age-related changes in the DNA methylation
pattern have led to the term DNA methylation clock to be
used as an accurate predictor of age at the molecular level 6%
Changes in chromatin structure are also correlated with aging-
related phenotypes in diverse species ranging from the yeast
to humans.' In fact, the role of epigenetic modifications in
regulation of life span was demonstrated in the yeast long
time ago because of the role of class III histone deacetylases,
sirtuins, in ribosomal DNA silencing.” Pursuing this line of
thought, can we improve the healthspan by resetting the old

Extending Longevity by In Vivo Reprogramming 129

epigenome to a younger state so that the cells regain their
young phenotype?

The function of each cell type in the body is epigenetically
programmed during its ontogeny. Nuclear transfer experi-
ments in the frog in the mid 20th century showed for the first
time that this program can be reset by the cytoplasmic factors
present in the ovum and nullified the dogma that states cellular
specification is irreversible.***' 2006 was highlighted with the
discovery of these factors that convert murine and human so-
matic cells to an iPSC state.!”'® Upon long-term combinatorial
effect of 4 transcription factors (OCT4, KLF4, SOX2, and c-
Myc; also known as 4F), any type of somatic cells dedifferen-
tiates and acquires an iPSC state similar to that of mammalian
embryonic stem cells.”? These studies showed that mimicking
the transcriptional circuitry of the ovum in the somatic cells
was sufficient to confer pluripotency and set the substantial
evidence that cellular identity can be modified by mimicking
the transcriptional circuitry of the desired cell type (Figure 1).

During development, the plasticity of cells gradually de-
clines in parallel to their specification, and this decline is ac-
companied by a gradual increase in the compaction of their
chromatin. Conversely, the chromatin structure reopens dur-
ing 4F-induced reprogramming to the iPSC state.* The inter-
play between transcriptional factors and epigenetic modifiers
eventually induces pluripotency through major epigenetic re-
modeling®** that involves 2 major transcriptional waves.*>
The first wave is characterized by upregulation of genes in-
volved in proliferation, and downregulation of those involved
in cell adhesion and differentiation, whereas the second wave
is characterized by upregulation of core pluripotency factors
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Figure 1. Cellular reprogramming. A cell can be induced

to transdifferentiate into another type or to dedifferentiate

into a progenitor state by inductive factors. Dedifferentiation

by 4F (OCT4, KLF4, SOX2, and c-Myc) induces epigenetic
rejuvenation unlike transdifferentiation. The risk of teratoma
formation hampers any strategy that involves dedifferentiation
to the induced pluripotent stem cell (iPSC) state in vivo.
However, temporal modulation of 4F expression can be used to
induce epigenetic rejuvenation without identity change or with
dedifferentiation into plastic states.
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such as endogenous OCT4 and SOX2. Association of OCT4
with the H3K36me2 demethylases, KDM2A and KDM2B,
activates OCT4 target genes during the first wave by decreas-
ing H3K36me2 levels at their promoters.’’ Likewise, the inter-
actions of OCT4, SOX2, and KLF4 with the core member of
the Trithorax complex, WDRS, and the H3K27 demethylase,
UTX, activates the endogenous core pluripotency network
during the second wave.*** Therefore, the components of 4F
facilitate epigenetic remodeling by coordinating epigenetic
modifiers during both transcriptional waves. Given this power
of 4F in modulating the epigenetic topography, could it be
possible to use them to reset the old epigenome?

Indeed, reprogramming somatic cells to iPSCs not only
reverses their developmental clock?®**2 but also reverses their
aging clock,** evidenced by the disappearance of the cellular
hallmarks of aging (Figure 1). For instance, senescent human
cells, or those derived from centenarian individuals, reset their
telomere size, gene expression profiles, oxidative stress levels,
and mitochondrial metabolism during this process to the lev-
els indistinguishable from human embryonic stem cells.* The
resulting iPSCs are able to redifferentiate into fully rejuvenat-
ed cells. For instance, while neurons directly reprogrammed
from old fibroblasts retain their aged molecular profile, those
derived through iPSC formation exhibit a rejuvenated pheno-
type.* These observations show that cellular identity and age
are not irreversible end points but merely plastic cellular states
dictated by the epigenetic code at a given time, and this code
can be reprogrammed. However, the reprogramming to iPSCs
and redifferentiation require multiple cell divisions and con-
version of cellular identity through multiple states of neoplas-
tic potential such as teratoma formation by iPSCs. Therefore,
because organisms materialize from the harmonious interac-
tions of biological units, it was doubtful whether this technol-
ogy could be actually applied in vivo.

Remarkably, we have recently observed that transient
expression of 4F is sufficient to reset the cell’s aging clock
without loss of its identity or cellular divisions, indicating that
rejuvenation of the cell occurs much early during its conver-
sion to iPSCs (Figure 1). Moreover, we have observed that
ubiquitous induction of 4F extends the life expectancy of a
mouse model of accelerated aging (Hutchinson—Gilford pro-
geria syndrome) in correlation with an increase in the epigen-
etic marks associated with youth, whereas a decrease in those
associated with old age.*’ For this study, we used cycles of 4F
expression that comprised 2 days of expression followed by 5
days of rest. This regime did not affect the expression of the fi-
broblast marker THY-1 (thymus cell antigen 1) or induced the
pluripotency marker NANOG in vitro, indicating that dedif-
ferentiation did not occur. Nevertheless, we observed evidenc-
es that the epigenetic profile was reprogrammed to the state of
a young cell. For instance, transient expression of 4F restored
the levels of H3K9me3 and H4K20me3, which decrease and
increase, respectively, during physiological aging*®* and in
the progeria.>® This epigenetic reprogramming was followed
by areduction in DNA damage based on 53BP1 and histone v-
H2AX levels. The decrease in these DNA damage markers did
not occur in the presence of a H3K9 methyltransferase inhibi-
tor, indicating that the epigenetic changes are necessary for the
4F-induced protection or repair of DNA. Interestingly, these

results are supported by a more recent publication that con-
firms the upregulation of H3K9me3 levels during the first 48
hours of 4F-induced reprogramming.’! They also showed an
increase of histone deacetylase 1 binding at 48 hours of induc-
tion, linked to H3K9 methylation, and did not observe signifi-
cant upregulation of DNA damage-related genes during this
period. Although it is currently elusive whether this approach
can extend the life span of physiologically aged individuals,
we confirmed these conclusions on late passage wild-type hu-
man and murine cells, modeling physiological aging in vitro.
Altogether, the key concept raised by this work is that aging
is a manifestation of progressive epigenetic dysregulation that
can be reset by transient in vivo reprogramming induced by 4F
expression. It should also be mentioned that works by others
suggested metabolic dysfunction and telomere shortening as
the drivers of aging. For instance, deletion of Pim kinases in
the mouse causes premature cardiac aging in correlation with
perturbed mitochondrial biogenesis and function.’ Notably,
forced expression of Pim 1 kinase in primary human cardiac
progenitors removes the cellular hallmarks of aging in vitro.>
Likewise, overexpression of telomerase reverse transcriptase
rejuvenates murine mesenchymal stromal cells. Moreover,
upon transplantation into an ischemic hindlimb model, the re-
juvenated cells contributed to the tissue regeneration more ef-
ficiently than the mock control.> Interestingly, perturbation of
epigenetic regulators correlates with telomere dysregulation,
and telomere attrition is known to compromise metabolism
and mitochondrial function through the activation of p53.%
Therefore, the role of epigenetic, metabolic, and telomere dys-
regulation in aging may not be necessarily mutually exclusive.

In addition to epigenetic rejuvenation, reprogramming
strategies can be potentially used directly in vivo to replace
the cells that deteriorate or perish during aging, thereby ex-
tending the life span (Figure 2). Thus, unlike epigenetic reju-
venation, this strategy is based on converting a resident cell of
a tissue to another cell type.

Cell Replacement by In Vivo Reprogramming
Classically, regenerative medicine relied on transplantation
for cell replacement therapies to alleviate physiological dys-
functions that derive from the deterioration or death of a cell
population.”” This approach has been successfully transitioned
to the clinics for hematopoietic disorders.”® However, it has
not yielded satisfactory results in other cases to be consid-
ered as a generalized clinical procedure partly because of im-
munoincompatibility issues.”” Because iPSCs can give rise to
any cell type within the body, discovery of this technology
incited the concept of in vitro generation of functional, reju-
venated cells for autologous replacement therapies. However,
transplantation of iPSC-derived cells faces safety and func-
tionality concerns. For instance, cells derived from iPSCs
frequently display heterogeneity and immature functionality,
making them unsuitable for transplantation. Moreover, in vi-
tro manipulation of cells bears the risk of contamination and
accumulation of mutations. Additionally, there are inherent
technical barriers to the transplantation procedure itself, such
as the invasiveness of the procedure, and delivery and reten-
tion of the graft. Therefore, clinical application of this in vitro
technology has been challenging.”
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Figure 2. Regenerative reprogramming approaches. In vivo induction of transdifferentiation can be used to repopulate the cells

lost during aging as an alternative to transplantation, complementing the intrinsic regenerative capacity. For instance, neurons lost to
neurodegenerative diseases can be replaced by transdifferentiating resident glia or astrocytes; cardiac fibroblasts can be the cell source
for induced cardiomyocytes; a, ductal, and acinar cells can be used for 3 cells. Alternatively, transient 4F (OCT4, KLF4, SOX2, and
c-Myc) expression can be used to rejuvenate cells. This in turn can decelerate degeneration of biological units that have low regeneration
capacity (eg, aorta) or augment regeneration capacity by counteracting stem cell exhaustion (eg, muscle) or by enhancing the plasticity of
organs that intrinsically undergo cell conversions during regeneration (eg, transdifferentiation in the pancreas and dedifferentiation in the

kidney). MuSC indicates muscle stem cell.

An alternative to cell transplantation is in vivo reprogram-
ming of resident cells of a tissue to generate functional cells
(Figure 2). From a clinical point of view, reprogramming to
a pluripotent state has the risk of tumorigenesis. However,
cells can be induced to transdifferentiate without travers-
ing a pluripotent state.®® During this process, it is generally
accepted that the cell directly switches its identity without
dedifferentiation or cellular proliferation upon introduction
of the inductive factors. The conversion is more efficient be-
tween cells that are developmentally closer®®> but can also
occur between developmentally distant cells, demonstrating
the possibility to cross developmental barriers.®*** One of the
first observations of transdifferentiation was made by Davis
et al in 1987,% who showed in vitro that mouse embryonic
fibroblasts transform into myoblasts upon forced expression
of MyoD (myogenic differentiation 1), a master regulator of
skeletal muscle. Since then, various observations of transdif-
ferentiation have been reported.®' For instance, neurons,®66-7
hepatocytes,® hematopoietic cells,®** skeletal muscle cells,*
and endothelial cells” have been induced directly from oth-
er differentiated cells such as fibroblasts. Although most of
these studies were performed in vitro, some have transitioned
to in vivo in animal models (Table). In this section, we will

highlight some of these examples of in vivo transdifferentia-
tion, as a strategy to repair damaged tissue.

B Cells

Diabetes mellitus is one of the major aging-associated ail-
ments. Over 25% of the Americans >65 years experience
it, and the prevalence is estimated to double in the next 20
years partly because of the aging population.”’ Diabetes mel-
litus is characterized by the loss or dysfunction of the insulin-
producing cells, [ cells, of the pancreatic islets. Therefore,
strategies to generate [3 cells have been highly explored in the
field of regenerative medicine including in vivo reprogram-
ming.”” Compared with the pharmacological alternatives, this
strategy has the advantage of establishing a physiological set-
ting, whereby insulin secretion and glucose homeostasis are
intrinsically harmonized. Therefore, it is not surprising that
the first case of in vivo transdifferentiation was the conversion
of pancreatic exocrine cells, acinar cells, into 3 cells.” In this
work, Zhou et al used adenoviral vectors to express 3 3-cell
specifiers Neurog3, Pdx1, and MafA in adult mouse pancreas.
The induced 3 cells closely resembled primary {3 cells and
produced insulin. Moreover, they were able to ameliorate
hyperglycemia in a diabetic mouse model. Subsequently,
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Table. In Vivo Transdifferentiation Cases

Cell Source Induced Cell Environment Inductive Factors Functional Outcome References

Acinar cell {3 cell Pancreatic acinus +Ngn3/Pdx1/MafA | Amelioration of diabetes Zhou et al™
mellitus

Acinar cell p cell Pancreatic acinus +EGF/CNTF Amelioration of diabetes Baeyens et al”’
mellitus

a-cell B cell Pancreatic islet +Pax4 Reversal of diabetes Al-Hasani et al™
mellitus

a-cell f cell Pancreatic islet —Arx Reversal of diabetes Courtney et al®

Ductal cell B, o, d cells Pancreatic duct —Fbw7 Glucose-responsive Sancho et al”®

insulin release

Enteroendocrine progenitor f cell Instestine crypt —Foxo1 Amelioration of diabetes Talchai et al®

Enteroendocrine progenitor f cell Instestine crypt +Ngn3/Pdx1/MafA Amelioration of diabetes Chen et al®

Cardiac fibroblast Cardiomyocytes Cardiac muscle +Gata4/MEF2/TBX5 | Amelioration of ischemic Qian et al®”

injury
Cardiac fibroblast Cardiomyocytes Cardiac muscle +Gata4/MEF2/TBX5/ | Amelioration of ischemic Song et al®
Hand?2 injury

Cardiac fibroblast Cardiomyocytes Cardiac muscle +miR 1, 133, 208 ND Jayawardena et al®

Astrocytes NeuN+ neurons Striatum +Brn2/Ascl1/Myt1l ND Torper et al*”

Astrocytes DCX+ neurons Striatum +S0x2 Excitability Niu et al*

NG2 glia DCX/NeuN+ neurons Injured cortex +S0x2 Excitability Heinrich et al'®

Astrocytes Neuroblast Injured spinal cord +S0x2 ND Su et al*®

Astrocytes Glutamatergic neurons Cortex/Alzheimer +NeuroD1 Excitability Guo et al'®

disease
NG2 glia GABAergic/ glutamatergic Cortex/Alzheimer +NeuroD1 ND Guo et al'®
neurons disease
Astrocytes DA neurons SN/Parkinson disease +NeuroD1/Ascl1/ Excitability, improvement Rivetti di Val Cervo
Lmx1A/miR 218 of motor behavior etal'™

All of the studies were performed in vivo in the mouse. DA indicates dopaminergic neurons; DCX, doublecortin; ND, not determined; NeuN, neuronal specific nuclear

marker; and SN, substantia nigra.

transdifferentiation of other type of non-f3 cells into {3 cells
has followed. For instance, Al-Hasani et al™ and Courtney
et al” converted a cells, the glucagon-secreting cells of the
islets, into 3 cells in the adult mice by expressing Pax4 or
inactivating Arx, the lineage specifiers of 3 and a cells, re-
spectively. Additionally, pancreatic ductal cells have been
converted into o, 3, and O cells (somatostatin producers) in the
adult mouse by inactivating Fbw7, the substrate recognition
component of SCF-type E3 ubiquitin ligase.” This inactiva-
tion turns on the endocrine program by stabilizing Neurog3,
which is required for the establishment of the endocrine faith
during the development. Interestingly, a recent study showed
conversion of acinar cells into functional 3 cells by transient
cytokine exposure without any genetic intervention.”” In this
study, the authors used epidermal growth factor in combina-
tion with ciliary neurotrophic factor in an adult chronic hyper-
glycemia mouse model. The de novo generated {3 cells were
epigenetically reprogrammed through a process that involved
reactivation of Neurog3. This strategy is especially important
for clinical translation because it does not involve the use of
transgenes.

Given that 3 cells per se are the physiological units for
blood glucose homeostasis, and a small number of them is

sufficient, extrapancreatic regions that are more accessible to
manipulation than the pancreas have also been probed as a
source to induce f3 cells. For instance, hepatocytes and epithe-
lial cells of the intestine and gall bladder have been converted
to 3 cells in vivo.”** These cells share a close developmental
origin with 8 cells. For example, enteroendocrine progeni-
tors that reside in intestinal crypt epithelium already express
Neurog3.%! Inactivation of the transcription factor Foxol in
these cells induced expression of 3-cell markers including in-
sulin, suggesting that Foxol prevents the acquisition of 3-cell
features in the gut.32 However, the induced 3 cells still retained
some of the intestinal properties; thus, the transdifferentiation
process seem to have occurred partially. Nevertheless, a more
recent study showed formation of functional 3 cell islets from
the intestinal enteroendocrine progenitors in vivo by forced
expression of the transcription factors Pdx1, MafA (and
Neurog3).%

Cardiomyocytes

Cardiomyocytes are the functional cellular units of the heart.
Despite the vital role of the heart in sustaining the life of an
organism, adult mammalian cardiomyocytes are not prolifer-
ative, and, thus, the cardiac muscle is vulnerable to injuries.
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Although putative cardiac stem cell population has been re-
ported, their significance is elusive given that the turnover
rate of cardiomyocytes is low in adult mammals.* Therefore,
injuries, such as ischemia, lead to myocardial infarction
characterized by irreplaceable death of cardiomyocytes and
degeneration of the cardiac tissue. In fact, ischemic heart
disease is the primary cause of death worldwide according
to the January 2017 report of World Health Organization.
Instead of regeneration, the degenerated tissue is replaced by
the formation of a fibrotic, scar tissue whose function is to
seal the injury and prevent further damage to the remaining
tissue.® However, scar tissue does not perform the physi-
ological function such as rhythmic contraction and further-
more restricts the function of the remaining functional tissue.
Therefore, possibility of converting the scar tissue into the
functional tissue by the reprogramming technologies has been
widely pursued.

Direct conversion of cardiac fibroblasts into cardiomyo-
cyte-like cells was achieved first in vitro® and later in vivo®’
by Srivastava’s group through forced expression of cardiac
lineage specifiers. By expressing Gata4, Mef2, and Tbx5
(GMT), Ieda et al®*® first showed <20% conversion of cardiac
fibroblasts into o-MHC (myosin heavy chain)—positive cells.
The generated cardiomyocyte-like cells expressed cardiomyo-
cyte-specific markers and exhibited similar gene expression
and epigenetic profiles as primary cardiomyocytes while purg-
ing the corresponding fibroblast molecular profiles. However,
only a small percentage of the reprogrammed fibroblasts
exhibited contraction after spontaneous maturation in vitro.
Nevertheless, cells transplanted the day after transduction into
an infarcted murine heart efficiently differentiated into cardio-
myocytes pointing to the stimulatory role of the physiological
environment on the reprogramming, possibly because of the
presence of lineage-specific signals in the microenvironment.
Therefore, it is tempting to speculate that reprogramming in
vivo may even be more efficient than in vitro. Indeed, expres-
sion of GMT directly in the infarcted mouse converted the
resident fibroblasts into functional cardiomyocytes.®” The in-
duced cardiomyocytes displayed normal sarcomere assembly
and a gene expression profile similar to primary cardiomyo-
cytes, produced action potentials, and responded to electrical
stimuli with contraction. Notably, the reprogrammed cells
exhibited electrical coupling, indicating that they success-
fully integrated into the tissue. Time course analyses showed
that partially reprogrammed induced cardiomyocytes matured
through time. Importantly, the animals that underwent cardiac
reprogramming displayed reduced cardiac dysfunction <3
months post-injury. Altogether, these results not only indicate
that cells can be reprogrammed in vivo but also the native en-
vironment can augment this process and stimulate the tissue
integration of the de novo formed cells.

Following these observations, various modifications of
the GMT cocktail has been developed to further increase the
efficiency of the reprogramming. These strategies included
addition or modification of the lineage-specific transcription
factors,®# optimizing the culture conditions,”® or supple-
menting with small-molecule compounds®*' and miRNAs”
involved in cardiac specification. For instance, Song et al®
found that addition of the cardiac transcription factor, Hand2,
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to the GMT cocktail (GHMT) increased the efficiency of the
reprogramming in vitro and in vivo. Jayawardena et al*® dem-
onstrated that in situ administration of miRNAs 1, 133, 208,
and 499 into ischemic murine myocardium was sufficient to
reprogram cardiac fibroblasts into cardiomyocytes. This is
encouraging for clinical translation because miRNAs can be
more readily delivered by nonintegrating transient strategies
relative to transcription factors because of their small size,
making them apt candidates for therapeutic purposes.

Neurons

Neurological dysfunctions comprise a wide range of disorders
that cause major disabilities with high impact on the health-
span and constitute a growing burden in the aging society.
For instance, Alzheimer disease is among the top 10 causes
of death worldwide (World Health Organization, January
2017). Fetal cell transplantation trials have yielded extremely
variable and unsatisfactory results in the patients with neu-
rodegenerative diseases, calling for alternative strategies to
repopulate the neurons lost in these conditions.”>** Given that
the complex nature of the central nervous system hampers in-
vasive procedures, therapeutic strategies based on in vivo ap-
proaches are greatly desirable.

In vivo transdifferentiation of brain-resident non-neuro-
nal cells into neurons has been reported by several groups.
For instance, pericytes and glia cells, such as astrocytes and
NG?2 glia have been successfully converted into neurons.”
Unlike neurons, these cells are proliferative under certain
conditions, and, thus, they can be replaced by homeostatic
proliferation when spent for the conversion.”® For instance,
forced expression of Brn2, Ascll, and Mytll in parenchy-
mal astrocytes in the striatum converted them into neurons
identified by the neuronal specific nuclear marker, NeuN."”
Subsequent studies have shown that even single transcrip-
tion factors can be sufficient to direct glia into the neuronal
fate. For instance, forced expression of Sox2 alone, a neuro-
ectodermal lineage specifier, transformed striatal astrocytes
into the proliferative doublecortin-positive neuroblast-like
cells.”® However, these neuroblasts were not able to differ-
entiate without an ectopic stimulus that direct their neuronal
differentiation. Similar observations were reported in the
spinal cord” and cerebral cortex,'® where Sox2 was used to
induce neuron-like cells from reactive astrocytes and NG2
glia, respectively. This is significant because these neuro-
logical sites display less plasticity than the striatum and,
thus, they are more vulnerable to damage. In particular, the
majority of the neurological disorders involve the cerebral
cortex. Therefore, there is a major interest in identifying re-
generative strategies that target these regions. Interestingly,
the Sox2-induced neuronal conversion in the cerebral cortex
required the presence of a local injury,'® supporting the idea
that tissue damage and the associated inflammatory respons-
es provide signals that boost cellular reprogramming.'®!
Hence, unlike in vitro where the conditions are defined, in
vivo cellular reprogramming occurs within the complex en-
vironment of the intact tissue that may necessitate condition-
ing, or reprogramming, of the physiological niche as well.
Although the studies outlined above are proof-of-concept
studies performed in the mouse, primary pericytes isolated
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from human cerebral cortex have also been converted to neu-
rons in vitro by Sox2 and Mashl (a neuronal specifier).!®
The converted cells fire action potentials and constitute synap-
tic targets for other neurons, reinforcing the possibility of the
use of pericytes as the cell source in the clinics.

Additionally, Guo et al'® found that the transcription fac-
tor NeuroD1 alone was sufficient to reprogram reactive astro-
cytes and NG2 glia into functional neurons in a mouse model
of Alzheimer disease. In this study, the astrocytes specifi-
cally gave rise to glutamatergic neurons, whereas NG2 cells
transformed into glutamatergic and GABAergic neurons,
pointing to the importance of the origin of the cell source.
However, one of the most difficult challenges in the repro-
gramming field is the generation of specific neuronal types
perished because of neurodegenerative diseases, such as the
dopaminergic neurons lost in Parkinson disease. Recently,
these neurons have also been induced in situ from striatal
astrocytes.'™ Importantly, the induced dopaminergic neurons
spontaneously matured and improved the motor symptoms in
a mouse model of Parkinson disease. Moreover, the authors
demonstrated that the same strategy has been successful in
the conversion of human astrocytes into induced dopaminer-
gic neurons in vitro, offering the potential therapeutic use of
this technology in vivo.

Altogether, in vivo transdifferentiation strategies are ther-
apeutic approaches that aim to undo the age-related degenera-
tion and thus complement the intrinsic regeneration capacity.
Additionally, reprogramming can potentially be used to aug-
ment the intrinsic regenerative capacity of the individuals
(Figure 2).

Reprogramming the Regenerative Capacity
The importance of regenerative capacity can be appreciated
by the fact that regenerative failures cause tissue integrity
to decline, which is essentially the histological manifesta-
tion of aging.'®'"” Likewise, aging is associated with a de-
cline in the regeneration capacity.'®!%1% Therefore, the key
for enhanced longevity may be enhancement of regenera-
tion capacity. Although all living beings have the regenera-
tion ability, their capacity ranges broadly.!® In mammals,
regeneration ability is largely limited to the tissue level,
and higher order biological units do not regenerate.''! For
instance, the hematopoietic cells and mesenchyme of the
connective tissue, epithelial and muscular part of the organs,
and certain nervous tissue of the central nervous system can
repopulate when lost. However, the organs, being made up of
multiple tissue types and giving rise to the even more com-
plex biological systems, only undergo repair upon injury to
impede further functional loss and at most to compensate
for the loss.!'? On the contrary, many phylogenetically lower
animals, such as planaria, hydractinia, and lower vertebrates
are endowed with extensive regeneration capacity, reforming
organs, biological systems, or even entire organisms after in-
jury. One explanation to the phylogenetic differences in re-
generation is that regeneration capacity has declined during
the mammalian evolution. This is exemplified by appendage
regeneration.'”® For instance, fish''* and salamanders''> can
fully regenerate their appendages upon amputation through-
out their lives, whereas froglets form a mere cartilaginous

protrusion called spike lacking the digits.!'® In contrast, rep-
tiles, birds, and mammals do not form any part of the limb
amputated beyond the nail bed.""”"'"” Therefore, reintroduc-
tion of the lost regenerative mechanisms to mammals may
confer them with enhanced regenerative capacity observed in
the phylogenetically lower animals. What makes these organ-
isms different than mammals?

Planaria and hydractinia contain totipotent/pluripotent
stem cells distributed throughout the body. These high-capac-
ity stem cells migrate to the injury site and give rise to the
entire missing segments, thereby re-establishing the biologi-
cal order.""?! In amphibians and fish, differentiated cells near
the injury dedifferentiate into a mix of lineage-specific pro-
genitors or multipotential stem cells to form a multipotential
mesenchymal tissue called blastema.'?>'? This injury-induced
plastic tissue regenerates the missing patterned structure
by coordinately giving rise to all the tissues therein such as
muscle, cartilage, bone, and tendons during appendage regen-
eration via a process called epimorphosis.!**!* In mammals,
pluripotent stem cells and blastemas are not normally found
beyond embryogenesis or re-emerge upon injury. They largely
depend on stem/progenitor cells with restricted capacity for
regeneration. These specialized cells give rise to the differen-
tiated cells of only their corresponding tissue.!* For instance,
hematopoietic stem cells (HSCs) maintain the turnover of the
hematopoietic tissue during homeostasis and upon acute blood
loss, whereas the intestinal stem cells generate the gut epithe-
lium. This is accomplished by the asymmetrical division of
the stem cell, which leads to one daughter cell committing to
differentiation while the other remaining as the stem cell to
maintain the stem cell pool.””” The committed cell undergoes
sequential divisions that lead to the hierarchical formation of
the progenitor cells of the lineage, which eventually form the
cell types that constitute the corresponding tissue. Although
injury-induced dedifferentiation has been observed in the epi-
thelium of multiple organs, the redifferentiation capacity is
restricted to form only the epithelial tissue of the organ.'?1%
Thus, extensive regeneration capacity correlates with occur-
rence of highly plastic cellular states that are missing in adult
mammals, and the key to the superior regeneration might be
the presence of a plastic cell type and the ability to induce
such plasticity.

Conversion of differentiated cells to iPSCs suggests that
plastic states can be now induced in mammals by 4F. Indeed,
the evidence indicates that 4F induces dedifferentiation of ma-
ture cells sequentially through time leading to stepwise forma-
tion of progenitors. This gradual dedifferentiation is coupled
with progressive gain in redifferentiation potential before the
pluripotency state is reached. For instance, conversion of fi-
broblasts, a mesoderm derivative, into iPSCs occurs within 3
to 4 weeks in vitro,"*! and during this process, the somatic
features are lost first, which is followed by the reactivation
of the developmental patterns (eg, mesendoderm markers)
before the epiblast-like pluripotency features emerge.’>!13213
Interrupting this process after 8 days converts fibroblasts to an
intermediate, mesoderm-like state without reaching pluripo-
tency.'**13 Likewise, 4F expression in vivo causes the forma-
tion of tissue-specific developmental progenitors in multiple
organs before iPSCs emerge.'*?
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Interestingly, 4F or related pluripotency factors are natu-
rally expressed in some of the organisms that show high re-
generation capacity, either in the resident plastic cells that
mediate the regeneration or upon dedifferentiation into such
state during the regeneration."**'*® Given that 4F induces epi-
genetic changes at the molecular level that convert cellular
characteristics to a more plastic state, the outcome at the tis-
sue level might be enhancement of regeneration, which even-
tually leads to deceleration of aging at the organismal level.
If this is the case, this will imply that regeneration capacity
and longevity can be reprogrammable by inducing the cellular
plasticity through epigenetic reprogramming. Indeed, we have
observed that the ability of 4F to reprogram the epigenome
correlates with histological improvements in multiple organs
in the progeria mice such as the skin, stomach, spleen, and
kidneys in parallel to deceleration of aging. Notably, aging-
related cardiovascular failure, also the leading cause of death
in the progeria,'® is partially rescued as evidenced by an in-
crease in the number of nuclei in the medial layer of the aortic
arch (Figure 3A versus 3B). These observations suggest that
4F expression improves tissue homeostasis by suppressing
degeneration or improving regeneration. However, given that
progeria is a systemic disease associated with symptoms of
aging rather than a model for natural aging, one can argue that
the observed histological improvements may be an indirect
effect of 4F expression on a diseased mouse (Figure 3). As
such, any improvement in the physiology of a biological unit
within the organism may affect the physiology of the other
units. For instance, 4F-induced cardiovascular improvement
can restore the systemic balance, thereby invoking a global
physiological improvement in the body and thus extending the
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Figure 3. Inverse correlation between tissue integrity

and age. Intermittent expression of 4F (OCT4, KLF4, SOX2,

and c-Myc) on the progeria background from 8 wk onward
increases the median life span from 18 to 24 wk. Healthier tissue
morphology is observed under the 4F regimen at 13 wk (A),
which is considered to be aged for the progeria background mice
(B). The improvements on the life span and tissue integrity can
have 2 explanations: the 4F regimen improves tissue integrity
(green arrow) by enhancing regeneration and thereby attenuates
aging. Alternatively, it extends the life span (purple arrow) by
affecting other aspects of aging such as senescence-associated
inflammatory responses, metabolism, neuroendocrinological
rhythm, protein homeostasis, free radicals, and DNA damage and
thereby attenuates tissue deterioration.
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life expectancy of the progeria mice. Therefore, although it is
still elusive whether 4F can extend the life span of wild-type
mice, we have tested its effect on the recovery of aged wild-
type mice from acute injuries.”” We have observed that 4F
treatment correlated with better histological response in the
pancreas and muscle at a rate similar to the young suggesting
that their regenerative capacity has been rejuvenated. Notably,
the muscle injury experiments were based on local activation,
suggesting that the effect of 4F is direct.

How can the reprogramming effect of 4F at the cellular
level materialize as enhanced regeneration at the tissue level?
Because stem cells are the major drivers of the tissue integ-
rity, 4F might be counteracting the exhaustion of the stem cell
pool that occurs during aging.'" Aging-associated stem cell
exhaustion can be because of a decrease in stem cell num-
ber, and, thus, repopulating the stem cell pool may in turn
rejuvenate the tissue. For instance, muscle stem cells'*! and
neural stem cells'* decrease in number during aging in cor-
relation with a decline in muscular and cognitive functions,
respectively. Intriguingly, forced expression of 4F increases
the number of muscle stem cells, although the physiological
outcome of this expansion is elusive.?’ Similar to the quantita-
tive decline, the exhaustion of the stem cell pool might derive
from a decline in the stem cell potential,'* and reverting this
potential to the young state may in turn elicit tissue rejuvena-
tion. For instance, old bone marrow contains more cycling,
activated HSCs, which display functional defects such as in-
efficiency in homing to the hematopoietic niche'* and my-
eloid-bias at the expense of the lymphoid lineage.!*'%” The
decline in the lymphoid potential of the HSC pool is one of the
reasons underlying the immunodeficiency observed in the el-
derly. These aging-associated phenotypes are correlated with
various epigenetic changes in HSCs. For instance, the promot-
ers of key transcription factors involved in the hematopoietic
lineage specification and targeted by the histone methyltrans-
ferase PRC2 are hypermethylated during aging in parallel to
the development of the myelolymphoid imbalance.'*®!* In
correlation, perturbation of the regulators of DNA methyla-
tion such as DNMTs (DNA methyltransferases)'* and Tet2
(Ten-eleven translocation-2)!5"132 in the mouse causes my-
eloid bias, and these enzymes are differentially expressed
between young and old HSCs.?'* Likewise, muscle stem
cells lose their reversible quiescence during aging in paral-
lel to the decline in muscle regeneration.'> This phenotype
is in part because of the progressive loss of bivalent histone
3 domains (H3K4me3 and H3K27me3) in the promoters of
stem cell maintenance genes.'>* Interestingly, forced expres-
sion of the epigenetics-associated enzymes, Sirtuins 3 and 7,
in aged HSCs re-equilibrates their myelolymphoid potential,
leading to a rebalanced hematopoietic tissue composition as
in the young.!>>15¢ In addition, repletion of the Sirtuin cofac-
tor NAD+ improves the function of muscle stem cells, neural
stem cells, and melanocyte stem cells in the old mice in paral-
lel to physiological improvements and extension of the life
span.’” These observations suggest that aging-associated epi-
genetic dysregulation of the stem cells impedes tissue homeo-
stasis. Thus, 4F may exert a regenerative effect by resetting
the epigenetic clock of the stem cells. Additionally, certain
mammalian tissues have been recently shown to regenerate


http://circres.ahajournals.org/

8T0Z ‘9 Afenuer uo 159nb6 Ag /B10'sfeuno feye'sa.olio//:dny woly pepeojumoq

136 Circulation Research January 5, 2018

through cell fate conversions after an acute injury. For in-
stance, renal epithelium recovers from minor acute injuries
through dedifferentiation, proliferation, and redifferentiation
to repopulate the nephrons; however, nephrons lost to injury
do not reform.*15815 Upon extreme damage to pancreatic
B cells, a'® and & cells'" give rise to (3 cells in the mouse.
Similarly, parenchymal astrocytes in the striatum of the brain
spontaneously acquire neural stem cell-like characteristics af-
ter a stroke'® or stab wound.'®* Augmenting such cell fate con-
versions that naturally occurs in mammals by 4F expression
may enhance the regenerative capacity of the corresponding
tissue, thereby extending the longevity.

It should also be noted that factors other than 4F have
also been inquired for their regenerative potential. The major
strategy behind these factors is to repopulate the tissue by
inducing proliferation of the resident differentiated cells. For
instance, Hippo pathway controls organ size by regulating
cell proliferation and apoptosis, and it is involved in the re-
generation of the fly eye disc'® and zebrafish fin.'®> Moreover,
its modulation can promote mammalian cardiac regeneration
by inducing the resident cardiomyocytes to reenter mitosis. '
Likewise, we have identified a microRNA-regulated pro-
gram that naturally induces dedifferentiation of the zebraf-
ish cardiomyocytes during cardiac regeneration and shown
that its forced activation in the infarct murine heart induces
the regeneration through cardiomyocyte dedifferentiation.'®’
A similar phylogenetic comparison has shown that urodele
amphibian limb regeneration is mediated by a homeodomain
protein, Msx1 (Msh homeobox 1). This myogenic transcrip-
tion factor is not only expressed in the limb bud during the de-
velopment but also activated during the limb regeneration'®®
where it seems to be necessary for the dedifferentiation of
the myofibers.'® Hence, urodele amphibians reactivate their
developmental program upon limb amputation. Expression of
Msx1 is limited to the limb development in mammals,'” but
its forced expression in murine myotubes also induces their
dedifferentiation.'” Altogether, these examples highlight the
significance of studying phylogenetically lower organisms
that have high regeneration capacity.

Future Prospects
Although the past 3 decades have shown tremendous insight
into the nature of a cell and how it can be manipulated in vi-
tro, translation of the findings to in vivo reprogramming is
still at its dawn. There are around 200 cell types in the human
body,'” and we have experimented to induce only a handful of
them. There are multiple barriers that need to be overcome to
translate the transdifferentiation studies into the clinics. First,
the cell source that will be targeted for reprogramming to the
desired cell type must be identified wisely as it will lose its
function. The cells of connective tissue, such as fibroblasts,
seem to be the best candidates. They are numerous and com-
mon in every organ, and their role is supportive for the essen-
tial physiology of the organ. Fibroblasts are proliferative and,
thus, can replenish their population lost for the reprogram-
ming. Their contractile form, myofibroblasts, are essentially
what causes formation of the nonfunctional and maladaptive
scar tissue when they are not eliminated after repairing an in-
jury.'” Second, effective functionality of induced cells is still a

concern despite the microenvironment within the tissue seems
to promote functional maturation of the induced cells relative
to in vitro reprogramming.'”* As we have seen, each study adds
on the previous one, and in vitro platform still proves to be the
best setting to pinpoint the factors to start with. Therefore, it
is only a matter of time and more screening that will provide
the optimum cocktail of factors necessary for each cell type.
Third, integration of the induced cell into the tissue function
is challenging, especially in a diseased setting where the tis-
sue composition has already been disrupted because of the
default maladaptive repair that causes accumulation of the
scar tissue. Reconstructive approaches supplementing the in
vivo reprogramming may be pursued in such circumstances.
For instance, the diseased area can be removed surgically or
conditioned by matrix metalloproteinases, allowing the re-
programmed cells to populate over the excised area. Such re-
constructive approaches have proven successful to make the
targeted area more receptive in cell transplantation studies'”>~'"?
and thus can likewise promote the tissue integration of the in
situ induced cells. Additionally, a biodegradable scaffold that
mimics the natural extracellular matrix can be transplanted into
the excised area.'” The scaffold is expected to degrade as the
reprogrammed cells lay their natural extracellular matrix.

The studies reviewed here, especially those pertaining to
in situ induced cells in an injury setting, demonstrate the po-
tential of in vivo reprogramming to enhance the healthspan,
and in turn, the lifespan of humans. Yet, bench-to-bedside
translation has the set-back of species-specific differences.
This was clearly illustrated during the turn of the century by
gene therapy trials, the holy grail of the time. Despite the
promising data in the preclinical studies that involved mice
and even nonhuman primates, the clinical trial resulted fatal
for the patient and the much explored gene therapy field be-
cause of the different reaction the human patients elicited to
the procedure relative to the animal models.'””!¥ Could it be
possible that the preclinical studies are merely the steps of
the regenerative medicine field to its doomsday in the clinics?
This is especially important given that almost all the repro-
gramming events involve genetic interventions. The technical
barrier of delivering the inductive factors will eventually be
overcome with the advancements in the fields of gene ther-
apy'®182 and nanoengineering.'®® Additionally, cell-intrinsic
differences may also exist between different species. This
is well illustrated by the induction of cardiomyocytes from
fibroblasts. Although GHMT induces cardiomyocytes with
functional properties from murine fibroblasts,* this com-
bination was ineffective on human fibroblasts and required
additional factors and further modification.'**'®” Therefore,
inductive factors might differ between the animal models
and humans. Confirmation or optimization on human cells
or organoids or in humanized animal models may bridge the
preclinical studies to the clinical trials. On the other hand,
the reprogramming power of 4F or its derivatives seem to be
universal because they have been shown to be effective on
the cells of frogs,'® fish,' birds,'s*'° flies,'® and a range of
mammals."!> Therefore, induction of a plastic cellular state
by transient expression of 4F or analogous inductive factors
can be a universal approach among all the species for in vivo
reprogramming of every cell type.
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Cellular plasticity is a double-edged sword. Although
high plasticity correlates with high regeneration capacity, it
also brings a higher chance of tumorigenesis. For instance,
overdue maintenance of pluripotent cells beyond gestation
causes teratomas in mammals.'®® Transplantation of pluripo-
tent cells or their in vivo induction by long-term expression
of 4F"* also causes teratoma formation in the mouse, indi-
cating that uncontrolled expression of reprogramming fac-
tors can be catastrophic. Nevertheless, temporal control of
4F expression may refine the induced plasticity and restrict
the risk of tumorigenesis. Thereby, the somatic cell gains the
plasticity of its developmental precursor, and the potential of
this plasticity is proportional to the degree of induction. For
instance, although longer than 8 days of in vivo 4F expression
induces teratoma formation, 4 to 7 days of expression causes
tissue-specific dysplasias,'* and 2 days of induction is suf-
ficient for the epigenetic rejuvenation without any neoplasm
formation.”” Additionally, lineage specifiers can be applied in
situ as driver factors to direct redifferentiation of the induced
progenitors.

It is still elusive how the molecular profile of a cell, includ-
ing the epigenetic landscape, is affected during in vivo repro-
gramming. Elucidation of the molecular roadmap of in vivo
4F-induced reprogramming in the mouse can enhance our un-
derstanding of the possibilities and risk factors of using this
technology toward regenerative medicine. For instance, com-
parison of the molecular dynamics of different cell types, such
as the derivatives of different germ layers, undergoing repro-
gramming can indicate the molecular mechanisms underlying
in vivo reprogramming irrespective of the cell type and what
gene circuitries might be stimulating or antagonizing it. Such
molecular signature can be used to predict the outcome of in
vivo reprogramming of other cell types and to identify mark-
ers and the timing for the intermediate plastic states en route
to the pluripotent state. It can also help identify any associated
risk of oncogene activation. Identification of the molecular
pathways and their dynamics during in vivo reprogramming
will ultimately allow us to control these circuitries for safer,
more robust, and efficient in vivo reprogramming strategies.

Although the therapeutic effect of 4F on the progeria mice
and acute injuries discussed here is remarkable, we have not
seen the best of it yet. We do not know yet whether 4F or
similar reprogramming factors can extend the life span of
wild-type animals. Likewise, we do not know the mechanistic
details of 4F-induced histological improvements in pancreatic
and muscular injury models or whether 4F can be effective
in injury settings other than pancreas and muscle. The next
few years are bound to see the effect of 4F on the life span
of wild-type models and on the injury settings that involve
regeneration mechanisms mediated by stem cells or cell fate
conversions. Given the recent progress in identifying chemi-
cals that can boost'” or even replace'*®!'”” 4F in vitro, we en-
visage that findings related to 4F will also eventually lead
to safe chemical-based therapeutic strategies in regenerative
medicine that will shift the focus from invasive replacement
therapies to regeneration-oriented self-healing. Thereby, win-
ning the tug of war with entropy offers significant clinical im-
plications in alleviating the need for organ transplantation and
thus will have a direct impact on the aging society.

Extending Longevity by In Vivo Reprogramming 137

Sources of Funding

E. Beyret was supported in part by Catharina Foundation. P.M.
Redondo was partially supported by Fundacion Alfonso Martin
Escudero. A.P. Luengo was partially supported by the Hewitt
Foundation. Work in the laboratory of J.C.I. Belmonte is supported
by the G. Harold and Leila Y. Mathers Charitable Foundation, The
Moxie Foundation, The Leona M. and Harry B. Helmsley Charitable
Trust, CIRM-CESCG, National Institutes of Health (R21 AG055938),
Universidad Catdlica San Antonio de Murcia, The Progeria Research
Foundation, and the Glenn Foundation.

Disclosures
None.

References

1. Christensen K, Doblhammer G, Rau R, Vaupel JW. Ageing popula-
tions: the challenges ahead. Lancet. 2009;374:1196-1208. doi: 10.1016/
S0140-6736(09)61460-4.

2. Boss GR, Seegmiller JE. Age-related physiological changes and their
clinical significance. West J Med. 1981;135:434-440.

3. Ackermann M, Stearns SC, Jenal U. Senescence in a bacterium with
asymmetric division. Science. 2003;300:1920. doi: 10.1126/science.
1083532.

4. Stewart EJ, Madden R, Paul G, Taddei F. Aging and death in an organ-
ism that reproduces by morphologically symmetric division. PLoS Biol.
2005;3:e45. doi: 10.1371/journal.pbio.0030045.

5. Wood JG, Rogina B, Lavu S, Howitz K, Helfand SL, Tatar M, Sinclair D.
Sirtuin activators mimic caloric restriction and delay ageing in metazoans.
Nature. 2004;430:686—689. doi: 10.1038/nature02789.

6. Lin K, Hsin H, Libina N, Kenyon C. Regulation of the Caenorhabditis el-
egans longevity protein DAF-16 by insulin/IGF-1 and germline signaling.
Nat Genet. 2001;28:139-145. doi: 10.1038/88850.

7. Kwon YY, Lee SK, Lee CK. Caloric restriction-induced extension of
chronological lifespan requires intact respiration in budding yeast. Mol
Cells. 2017;40:307-313. doi: 10.14348/molcells.2017.2279.

8. Melov S. Geroscience approaches to increase healthspan and slow aging.
FI1000Res;5.

9. Hansen M, Kennedy BK. Does longer lifespan mean longer healthspan?
Trends Cell Biol. 2016;26:565-568. doi: 10.1016/j.tcb.2016.05.002.

10. Crimmins EM. Lifespan and healthspan: past, present, and promise.
Gerontologist. 2015;55:901-911. doi: 10.1093/geront/gnv130.

11. Booth LN, Brunet A. The aging epigenome. Mol Cell. 2016;62:728-744.
doi: 10.1016/j.molcel.2016.05.013.

12. Kreiling JA, Tamamori-Adachi M, Sexton AN, Jeyapalan JC, Munoz-
Najar U, Peterson AL, Manivannan J, Rogers ES, Pchelintsev NA,
Adams PD, Sedivy JM. Age-associated increase in heterochromatic
marks in murine and primate tissues. Aging Cell. 2011;10:292-304. doi:
10.1111/j.1474-9726.2010.00666.x.

13. Feser J, Tyler J. Chromatin structure as a mediator of aging. FEBS Lett.
2011;585:2041-2048. doi: 10.1016/j.febslet.2010.11.016.

14. Kim J, Kim KM, Noh JH, Yoon JH, Abdelmohsen K, Gorospe M.
Long noncoding RNAs in diseases of aging. Biochim Biophys Acta.
2016;1859:209-221. doi: 10.1016/j.bbagrm.2015.06.013.

15. Inukai S, de Lencastre A, Turner M, Slack F. Novel microRNAs dif-
ferentially expressed during aging in the mouse brain. PLoS One.
2012;7:40028. doi: 10.1371/journal.pone.0040028.

16. Sousounis K, Baddour JA, Tsonis PA. Aging and regeneration in
vertebrates. Curr Top Dev Biol. 2014;108:217-246. doi: 10.1016/
B978-0-12-391498-9.00008-5.

17. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell.
2006;126:663-676. doi: 10.1016/j.cell.2006.07.024.

18. Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K,
Yamanaka S. Induction of pluripotent stem cells from adult human
fibroblasts by defined factors. Cell. 2007;131:861-872. doi: 10.1016/j.
cell.2007.11.019.

19. Robbins RD, Prasain N, Maier BF, Yoder MC, Mirmira RG. Inducible
pluripotent stem cells: not quite ready for prime time? Curr Opin Organ
Transplant. 2010;15:61-67. doi: 10.1097/MOT.0b013e3283337196.

20. Gourronc FA, Klingelhutz AJ. Therapeutic opportunities: telomere main-
tenance in inducible pluripotent stem cells. Mutat Res. 2012;730:98-105.
doi: 10.1016/j.mrfmmm.2011.05.008.


http://circres.ahajournals.org/

8T0Z ‘9 Afenuer uo 159nb6 Ag /B10'sfeuno feye'sa.olio//:dny woly pepeojumoq

138 Circulation Research

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

January 5, 2018

Beerman I, Bock C, Garrison BS, Smith ZD, Gu H, Meissner A, Rossi
DJ. Proliferation-dependent alterations of the DNA methylation landscape
underlie hematopoietic stem cell aging. Cell Stem Cell. 2013;12:413-425.
doi: 10.1016/j.stem.2013.01.017.

Fraga MF, Ballestar E, Paz MF, et al. Epigenetic differences arise dur-
ing the lifetime of monozygotic twins. Proc Natl Acad Sci USA.
2005;102:10604—10609. doi: 10.1073/pnas.0500398102.

Heyn H, Li N, Ferreira HJ, et al. Distinct DNA methylomes of newborns
and centenarians. Proc Natl Acad Sci USA. 2012;109:10522-10527. doi:
10.1073/pnas.1120658109.

Horvath S. DNA methylation age of human tissues and cell types. Genome
Biol. 2013;14:R115. doi: 10.1186/gb-2013-14-10-r115.

Sun D, Luo M, Jeong M, et al. Epigenomic profiling of young and aged
HSCs reveals concerted changes during aging that reinforce self-renewal.
Cell Stem Cell. 2014;14:673-688. doi: 10.1016/j.stem.2014.03.002.
Petkovich DA, Podolskiy DI, Lobanov AV, Lee SG, Miller RA, Gladyshev
VN. Using DNA methylation profiling to evaluate biological age and lon-
gevity interventions. Cell Metab. 2017;25:954-960.e6. doi: 10.1016/j.
cmet.2017.03.016.

Stubbs TM, Bonder MJ, Stark AK, Krueger F, von Meyenn F, Stegle O,
Reik W; BI Ageing Clock Team. Multi-tissue DNA methylation age predic-
tor in mouse. Genome Biol. 2017;18:68. doi: 10.1186/s13059-017-1203-5.
Thompson MJ, vonHoldt B, Horvath S, Pellegrini M. An epigenetic aging
clock for dogs and wolves. Aging (Albany NY). 2017;9:1055-1068. doi:
10.18632/aging.101211.

Kennedy BK, Gotta M, Sinclair DA, Mills K, McNabb DS, Murthy M,
Pak SM, Laroche T, Gasser SM, Guarente L. Redistribution of silencing
proteins from telomeres to the nucleolus is associated with extension of
life span in S. cerevisiae. Cell. 1997;89:381-391.

GURDON JB, ELSDALE TR, FISCHBERG M. Sexually mature individ-
uals of Xenopus laevis from the transplantation of single somatic nuclei.
Nature. 1958;182:64-65.

Gurdon JB, Laskey RA, Reeves OR. The developmental capacity of nu-
clei transplanted from keratinized skin cells of adult frogs. J Embryol Exp
Morphol. 1975;34:93-112.

Choi J, Lee S, Mallard W, Clement K, Tagliazucchi GM, Lim H, Choi
Y, Ferrari F, Tsankov AM, Pop R, Lee G, Rinn JL, Meissner A, Park
PJ, Hochedlinger K. A comparison of genetically matched cell lines
reveals the equivalence of human iPSCs and ESCs. Nat Biotechnol.
2015;33:1173-1181. doi: 10.1038/nbt.3388.

Gaspar-Maia A, Alajem A, Meshorer E, Ramalho-Santos M. Open
chromatin in pluripotency and reprogramming. Nat Rev Mol Cell Biol.
2011;12:36-47. doi: 10.1038/nrm3036.

Apostolou E, Hochedlinger K. Chromatin dynamics during cellular repro-
gramming. Nature. 2013;502:462-471. doi: 10.1038/nature12749.

Polo JM, Anderssen E, Walsh RM, et al. A molecular roadmap of repro-
gramming somatic cells into iPS cells. Cell. 2012;151:1617-1632. doi:
10.1016/j.cell.2012.11.039.

Buganim Y, Faddah DA, Cheng AW, Itskovich E, Markoulaki S, Ganz
K, Klemm SL, van Oudenaarden A, Jaenisch R. Single-cell expres-
sion analyses during cellular reprogramming reveal an early stochastic
and a late hierarchic phase. Cell. 2012;150:1209-1222. doi: 10.1016/j.
cell.2012.08.023.

Liang G, He J, Zhang Y. Kdm2b promotes induced pluripotent stem cell
generation by facilitating gene activation early in reprogramming. Nat
Cell Biol. 2012;14:457-466. doi: 10.1038/ncb2483.

AngYS, Tsai SY, Lee DF, Monk J, Su J, Ratnakumar K, Ding J, Ge Y, Darr
H, Chang B, Wang J, Rendl M, Bernstein E, Schaniel C, Lemischka IR.
Wdr5 mediates self-renewal and reprogramming via the embryonic stem
cell core transcriptional network. Cell. 2011;145:183-197. doi: 10.1016/j.
cell.2011.03.003.

Mansour AA, Gafni O, Weinberger L, et al. The H3K27 demethylase
Utx regulates somatic and germ cell epigenetic reprogramming. Nature.
2012;488:409-413. doi: 10.1038/nature11272.

Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KH. Viable
offspring derived from fetal and adult mammalian cells. Nature.
1997;385:810-813. doi: 10.1038/385810a0.

Gurdon JB. Adult frogs derived from the nuclei of single somatic cells.
Dev Biol. 1962;4:256-273.

Kou Z, Kang L, Yuan Y, Tao Y, Zhang Y, Wu T, He J, Wang J, Liu Z, Gao
S. Mice cloned from induced pluripotent stem cells (iPSCs). Biol Reprod.
2010;83:238-243. doi: 10.1095/biolreprod.110.084731.

Lapasset L, Milhavet O, Prieur A, Besnard E, Babled A, Ait-Hamou N,
Leschik J, Pellestor F, Ramirez JM, De Vos J, Lehmann S, Lemaitre JM.
Rejuvenating senescent and centenarian human cells by reprogramming

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

through the pluripotent state. Genes Dev. 2011;25:2248-2253. doi:
10.1101/gad.173922.111.

Mahmoudi S, Brunet A. Aging and reprogramming: a two-way street.
Curr Opin Cell Biol. 2012;24:744-756. doi: 10.1016/j.ceb.2012.10.004.
Rando TA, Chang HY. Aging, rejuvenation, and epigenetic reprogram-
ming: resetting the aging clock. Cell. 2012;148:46-57. doi: 10.1016/j.
cell.2012.01.003.

Mertens J, Paquola AC, Ku M, et al. Directly reprogrammed human neu-
rons retain aging-associated transcriptomic signatures and reveal age-re-
lated nucleocytoplasmic defects. Cell Stem Cell. 2015;17:705-718. doi:
10.1016/j.stem.2015.09.001.

Ocampo A, Reddy P, Martinez-Redondo P, et al. In vivo amelioration of
age-associated hallmarks by partial reprogramming. Cell. 2016;167:1719—
1733.e12. doi: 10.1016/j.cell.2016.11.052.

Sarg B, Koutzamani E, Helliger W, Rundquist I, Lindner HH. Postsynthetic tri-
methylation of histone H4 at lysine 20 in mammalian tissues is associated with
aging. J Biol Chem. 2002;277:39195-39201. doi: 10.1074/jbc.M205166200.
Djeghloul D, Kuranda K, Kuzniak I, Barbieri D, Naguibneva I, Choisy C,
Bories JC, Dosquet C, Pla M, Vanneaux V, Socié G, Porteu F, Garrick D,
Goodhardt M. Age-associated decrease of the histone methyltransferase
SUV39H1 in HSC perturbs heterochromatin and B lymphoid differentiation.
Stem Cell Reports. 2016;6:970-984. doi: 10.1016/j.stemcr.2016.05.007.
Shumaker DK, Dechat T, Kohlmaier A, Adam SA, Bozovsky MR,
Erdos MR, Eriksson M, Goldman AE, Khuon S, Collins FS, Jenuwein
T, Goldman RD. Mutant nuclear lamin A leads to progressive altera-
tions of epigenetic control in premature aging. Proc Natl Acad Sci USA.
2006;103:8703-8708. doi: 10.1073/pnas.0602569103.

Chronis C, Fiziev P, Papp B, Butz S, Bonora G, Sabri S, Ernst J, Plath K.
Cooperative binding of transcription factors orchestrates reprogramming.
Cell. 2017;168:442-459.¢20. doi: 10.1016/j.cell.2016.12.016.

Din S, Konstandin MH, Johnson B, Emathinger J, Volkers M, Toko H,
Collins B, Ormachea L, Samse K, Kubli DA, De La Torre A, Kraft AS,
Gustafsson AB, Kelly DP, Sussman MA. Metabolic dysfunction consis-
tent with premature aging results from deletion of Pim kinases. Circ Res.
2014;115:376-387. doi: 10.1161/CIRCRESAHA.115.304441.

Mohsin S, Khan M, Nguyen J, Alkatib M, Siddiqi S, Hariharan N, Wallach
K, Monsanto M, Gude N, Dembitsky W, Sussman MA. Rejuvenation of hu-
man cardiac progenitor cells with Pim-1 kinase. Circ Res.2013;113:1169—
1179. doi: 10.1161/CIRCRESAHA.113.302302.

Madonna R, Taylor DA, Geng YJ, De Caterina R, Shelat H, Perin EC,
Willerson JT. Transplantation of mesenchymal cells rejuvenated by the
overexpression of telomerase and myocardin promotes revasculariza-
tion and tissue repair in a murine model of hindlimb ischemia. Circ Res.
2013;113:902-914. doi: 10.1161/CIRCRESAHA.113.301690.

Blasco MA. The epigenetic regulation of mammalian telomeres. Nat Rev
Genet. 2007;8:299-309. doi: 10.1038/nrg2047.

Sahin E, Colla S, Liesa M, et al. Telomere dysfunction induces metabolic
and mitochondrial compromise. Nature. 2011;470:359-365. doi: 10.1038/
nature09787.

Trounson A, McDonald C. Stem cell therapies in clinical trials: prog-
ress and challenges. Cell Stem Cell. 2015;17:11-22. doi: 10.1016/j.
stem.2015.06.007.

Bryder D, Rossi DJ, Weissman IL. Hematopoietic stem cells: the para-
digmatic tissue-specific stem cell. Am J Pathol. 2006;169:338-346. doi:
10.2353/ajpath.2006.060312.

Trounson A, DeWitt ND. Pluripotent stem cells progressing to the clinic.
Nat Rev Mol Cell Biol. 2016;17:194-200. doi: 10.1038/nrm.2016.10.
Sancho-Martinez I, Baek SH, Izpisua Belmonte JC. Lineage conver-
sion methodologies meet the reprogramming toolbox. Nat Cell Biol.
2012;14:892-899. doi: 10.1038/ncb2567.

Graf T, Enver T. Forcing cells to change lineages. Nature. 2009;462:587—
594. doi: 10.1038/nature08533.

Lis R, Karrasch CC, Poulos MG, et al. Conversion of adult endothelium to
immunocompetent haematopoietic stem cells. Nature. 2017;545:439-445.
doi: 10.1038/nature22326.

Sekiya S, Suzuki A. Direct conversion of mouse fibroblasts to hepatocyte-
like cells by defined factors. Nature. 2011;475:390-393. doi: 10.1038/
nature10263.

Vierbuchen T, Ostermeier A, Pang ZP, Kokubu Y, Siidhof TC, Wernig M.
Direct conversion of fibroblasts to functional neurons by defined factors.
Nature. 2010;463:1035-1041. doi: 10.1038/nature08797.

Davis RL, Weintraub H, Lassar AB. Expression of a single transfected
c¢DNA converts fibroblasts to myoblasts. Cell. 1987;51:987-1000.

Son EY, Ichida JK, Wainger BJ, Toma JS, Rafuse VF, Woolf CJ,
Eggan K. Conversion of mouse and human fibroblasts into functional


http://circres.ahajournals.org/

8T0Z ‘9 Afenuer uo 159nb6 Ag /B10'sfeuno feye'sa.olio//:dny woly pepeojumoq

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Beyret et al

spinal motor neurons. Cell Stem Cell. 2011;9:205-218. doi: 10.1016/j.
stem.2011.07.014.

Caiazzo M, Dell’Anno MT, Dvoretskova E, et al. Direct generation of
functional dopaminergic neurons from mouse and human fibroblasts.
Nature. 2011;476:224-227. doi: 10.1038/nature10284.

Huang P, He Z, Ji S, Sun H, Xiang D, Liu C, Hu Y, Wang X, Hui L.
Induction of functional hepatocyte-like cells from mouse fibroblasts by
defined factors. Nature. 2011;475:386-389. doi: 10.1038/nature10116.
Batta K, Florkowska M, Kouskoff V, Lacaud G. Direct reprogram-
ming of murine fibroblasts to hematopoietic progenitor cells. Cell Rep.
2014;9:1871-1884. doi: 10.1016/j.celrep.2014.11.002.

Han JK, Chang SH, Cho HJ, Choi SB, Ahn HS, Lee J, Jeong H, Youn SW, Lee
HJ, Kwon YW, Cho HJ, Oh BH, Oettgen P, Park YB, Kim HS. Direct conver-
sion of adult skin fibroblasts to endothelial cells by defined factors. Circulation.
2014;130:1168-1178. doi: 10.1161/CIRCULATIONAHA.113.007727.
Boyle JP, Thompson TJ, Gregg EW, Barker LE, Williamson DF. Projection
of the year 2050 burden of diabetes in the US adult population: dynamic
modeling of incidence, mortality, and prediabetes prevalence. Popul
Health Metr. 2010;8:29. doi: 10.1186/1478-7954-8-29.

Wei R, Hong T. Lineage reprogramming: a promising road for pancre-
atic 3 cell regeneration. Trends Endocrinol Metab. 2016;27:163-176. doi:
10.1016/j.tem.2016.01.002.

Zhou Q, Brown J, Kanarek A, Rajagopal J, Melton DA. In vivo re-
programming of adult pancreatic exocrine cells to beta-cells. Nature.
2008;455:627-632. doi: 10.1038/nature07314.

Al-Hasani K, Pfeifer A, Courtney M, et al. Adult duct-lining cells can re-
program into B-like cells able to counter repeated cycles of toxin-induced
diabetes. Dev Cell. 2013;26:86-100. doi: 10.1016/j.devcel.2013.05.018.
Courtney M, Gjernes E, Druelle N, et al. The inactivation of Arx in pancre-
atic a-cells triggers their neogenesis and conversion into functional (3-like
cells. PLoS Genet. 2013;9:1003934. doi: 10.1371/journal.pgen.1003934.
Sancho R, Gruber R, Gu G, Behrens A. Loss of Fbw7 reprograms adult
pancreatic ductal cells into o, O, and 3 cells. Cell Stem Cell. 2014;15:139—
153. doi: 10.1016/j.stem.2014.06.019.

Baeyens L, Lemper M, Leuckx G, et al. Transient cytokine treatment in-
duces acinar cell reprogramming and regenerates functional beta cell mass
in diabetic mice. Nat Biotechnol. 2014;32:76-83. doi: 10.1038/nbt.2747.
Zaret KS, Grompe M. Generation and regeneration of cells of the liver and
pancreas. Science. 2008;322:1490-1494. doi: 10.1126/science.1161431.
Nagaya M, Katsuta H, Kaneto H, Bonner-Weir S, Weir GC. Adult mouse
intrahepatic biliary epithelial cells induced in vitro to become insulin-pro-
ducing cells. J Endocrinol. 2009;201:37-47. doi: 10.1677/JOE-08-0482.
Hickey RD, Galivo F, Schug J, Brehm MA, Haft A, Wang Y, Benedetti
E, Gu G, Magnuson MA, Shultz LD, Lagasse E, Greiner DL, Kaestner
KH, Grompe M. Generation of islet-like cells from mouse gall bladder
by direct ex vivo reprogramming. Stem Cell Res. 2013;11:503-515. doi:
10.1016/j.scr.2013.02.005.

Schonhoff SE, Giel-Moloney M, Leiter AB. Neurogenin 3-expressing
progenitor cells in the gastrointestinal tract differentiate into both endo-
crine and non-endocrine cell types. Dev Biol. 2004;270:443-454. doi:
10.1016/j.ydbio.2004.03.013.

Talchai C, Xuan S, Kitamura T, DePinho RA, Accili D. Generation of
functional insulin-producing cells in the gut by Foxol ablation. Nat Genet.
2012;44:406-12, S1. doi: 10.1038/ng.2215.

Chen Y], Finkbeiner SR, Weinblatt D, Emmett MJ, Tameire F, Yousefi M,
Yang C, Maehr R, Zhou Q, Shemer R, DorY, Li C, Spence JR, Stanger BZ.
De novo formation of insulin-producing “neo-f cell islets” from intestinal
crypts. Cell Rep. 2014;6:1046-1058. doi: 10.1016/j.celrep.2014.02.013.
Garbern JC, Lee RT. Cardiac stem cell therapy and the promise of heart regen-
eration. Cell Stem Cell. 2013;12:689-698. doi: 10.1016/j.stem.2013.05.008.
Boudoulas KD, Hatzopoulos AK. Cardiac repair and regeneration:
the Rubik’s cube of cell therapy for heart disease. Dis Model Mech.
2009;2:344-358. doi: 10.1242/dmm.000240.

Ieda M, Fu JD, Delgado-Olguin P, Vedantham V, Hayashi Y, Bruneau BG,
Srivastava D. Direct reprogramming of fibroblasts into functional car-
diomyocytes by defined factors. Cell. 2010;142:375-386. doi: 10.1016/j.
cell.2010.07.002.

Qian L, Huang Y, Spencer CI, Foley A, Vedantham V, Liu L, Conway SJ, Fu
JD, Srivastava D. In vivo reprogramming of murine cardiac fibroblasts into in-
duced cardiomyocytes. Nature. 2012;485:593-598. doi: 10.1038/nature11044.
Addis RC, Ifkovits JL, Pinto F, Kellam LD, Esteso P, Rentschler S,
Christoforou N, Epstein JA, Gearhart JD. Optimization of direct fibroblast
reprogramming to cardiomyocytes using calcium activity as a functional
measure of success. J Mol Cell Cardiol. 2013;60:97-106. doi: 10.1016/j.
yjmce.2013.04.004.

Extending Longevity by In Vivo Reprogramming

89.

90.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

139

Song K, NamYJ, Luo X, Qi X, Tan W, Huang GN, Acharya A, Smith CL,
Tallquist MD, Neilson EG, Hill JA, Bassel-Duby R, Olson EN. Heart re-
pair by reprogramming non-myocytes with cardiac transcription factors.
Nature. 2012;485:599-604. doi: 10.1038/naturel1139.

Jayawardena TM, Egemnazarov B, Finch EA, Zhang L, Payne JA,
Pandya K, Zhang Z, Rosenberg P, Mirotsou M, Dzau VJ. MicroRNA-
mediated in vitro and in vivo direct reprogramming of cardiac fibro-
blasts to cardiomyocytes. Circ Res. 2012;110:1465-1473. doi: 10.1161/
CIRCRESAHA.112.269035.

. Ifkovits JL, Addis RC, Epstein JA, Gearhart JD. Inhibition of TGFf sig-

naling increases direct conversion of fibroblasts to induced cardiomyo-
cytes. PLoS One. 2014;9:e89678. doi: 10.1371/journal.pone.0089678.
Bjorklund A, Lindvall O. Replacing dopamine neurons in Parkinson’s
disease: how did it happen? J Parkinsons Dis. 2017;7:S23-S33. doi:
10.3233/JPD-179002.

Ishii T, Eto K. Fetal stem cell transplantation: past, present, and future.
World J Stem Cells. 2014;6:404—420. doi: 10.4252/wjsc.v6.i4.404.
Abbott A. Fetal-cell revival for Parkinson’s. Nature. 2014;510:195-196.
doi: 10.1038/510195a.

Li H, Chen G. In vivo reprogramming for CNS repair: regenerating
neurons from endogenous glial cells. Neuron. 2016;91:728-738. doi:
10.1016/j.neuron.2016.08.004.

Robel S, Berninger B, Gtz M. The stem cell potential of glia: lessons
from reactive gliosis. Nat Rev Neurosci. 2011;12:88-104. doi: 10.1038/
nrn2978.

Torper O, Pfisterer U, Wolf DA, Pereira M, Lau S, Jakobsson J, Bjorklund
A, Grealish S, Parmar M. Generation of induced neurons via direct con-
version in vivo. Proc Natl Acad Sci USA. 2013;110:7038-7043. doi:
10.1073/pnas.1303829110.

Niu W, Zang T, Zou Y, Fang S, Smith DK, Bachoo R, Zhang CL. In vivo
reprogramming of astrocytes to neuroblasts in the adult brain. Nat Cell
Biol. 2013;15:1164—-1175. doi: 10.1038/ncb2843.

Su Z, Niu W, Liu ML, Zou'Y, Zhang CL. In vivo conversion of astrocytes
to neurons in the injured adult spinal cord. Nat Commun. 2014;5:3338.
doi: 10.1038/ncomms4338.

Heinrich C, Bergami M, Gascon S, Lepier A, Vigano F, Dimou L, Sutor
B, Berninger B, G6tz M. Sox2-mediated conversion of NG2 glia into
induced neurons in the injured adult cerebral cortex. Stem Cell Reports.
2014;3:1000-1014. doi: 10.1016/j.stemcr.2014.10.007.

Mosteiro L, Pantoja C, Alcazar N, Marion RM, Chondronasiou D,
Rovira M, Fernandez-Marcos PJ, Munoz-Martin M, Blanco-Aparicio C,
Pastor J, Gomez-Lopez G, De Martino A, Blasco MA, Abad M, Serrano
M. Tissue damage and senescence provide critical signals for cellular
reprogramming in vivo. Science;354.

Karow M, Sanchez R, Schichor C, Masserdotti G, Ortega F, Heinrich
C, Gascon S, Khan MA, Lie DC, Dellavalle A, Cossu G, Goldbrunner
R, Gotz M, Berninger B. Reprogramming of pericyte-derived cells
of the adult human brain into induced neuronal cells. Cell Stem Cell.
2012;11:471-476. doi: 10.1016/j.stem.2012.07.007.

Guo Z, Zhang L, Wu Z, Chen Y, Wang F, Chen G. In vivo direct repro-
gramming of reactive glial cells into functional neurons after brain injury
and in an Alzheimer’s disease model. Cell Stem Cell. 2014;14:188-202.
doi: 10.1016/j.stem.2013.12.001.

Rivetti di Val Cervo P, Romanov RA, Spigolon G, Masini D, Martin-
Montanez E, Toledo EM, La Manno G, Feyder M, Pifl C, Ng YH,
Sanchez SP, Linnarsson S, Wernig M, Harkany T, Fisone G, Arenas E.
Induction of functional dopamine neurons from human astrocytes in vi-
tro and mouse astrocytes in a Parkinson’s disease model. Nat Biotechnol.
2017;35:444-452.

Blau HM, Cosgrove BD, Ho AT. The central role of muscle stem cells
in regenerative failure with aging. Nat Med. 2015;21:854-862. doi:
10.1038/nm.3918.

Navarro S, Driscoll B. Regeneration of the aging lung: a mini-review.
Gerontology. 2017;63:270-280. doi: 10.1159/000451081.

Lukjanenko L, Jung MJ, Hegde N, et al. Loss of fibronectin from the
aged stem cell niche affects the regenerative capacity of skeletal muscle
in mice. Nat Med. 2016;22:897-905. doi: 10.1038/nm.4126.

Grounds MD. Age-associated changes in the response of skeletal muscle
cells to exercise and regeneration. Ann NY Acad Sci. 1998;854:78-91.
Geoffroy CG, Hilton BJ, Tetzlaff W, Zheng B. Evidence for an age-
dependent decline in axon regeneration in the adult mammalian
central nervous system. Cell Rep. 2016;15:238-246. doi: 10.1016/j.
celrep.2016.03.028.

Tsonis PA. Regeneration in vertebrates. Dev Biol. 2000;221:273-284.
doi: 10.1006/dbio.2000.9667.


http://circres.ahajournals.org/

8T0Z ‘9 Afenuer uo 159nb6 Ag /B10'sfeuno feye'sa.olio//:dny woly pepeojumoq

140

111.
112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

123.

124.

125.

126.

127.

128.

129.

130.

132.

133.

Circulation Research January 5, 2018

Carlson BM. Some principles of regeneration in mammalian systems.
Anat Rec B New Anat. 2005;287:4—13. doi: 10.1002/ar.b.20079.

Fausto N, Campbell JS, Riehle KJ. Liver regeneration. Hepatology.
2006;43:545-S53. doi: 10.1002/hep.20969.

Han M, Yang X, Taylor G, Burdsal CA, Anderson RA, Muneoka K. Limb
regeneration in higher vertebrates: developing a roadmap. Anat Rec B
New Anat. 2005;287:14-24. doi: 10.1002/ar.b.20082.

Yoshinari N, Kawakami A. Mature and juvenile tissue models of regen-
eration in small fish species. Biol Bull. 2011;221:62-78. doi: 10.1086/
BBLv221n1p62.

Young HE, Bailey CF, Dalley BK. Gross morphological analysis of
limb regeneration in postmetamorphic adult Ambystoma. Anat Rec.
1983;2006:295-306. doi: 10.1002/ar.1092060308.

Endo T, Tamura K, Ide H. Analysis of gene expressions during Xenopus
forelimb regeneration. Dev Biol. 2000;220:296-306. doi: 10.1006/
dbio.2000.9641.

Seifert AW, Monaghan JR, Smith MD, Pasch B, Stier AC, Michonneau
F, Maden M. The influence of fundamental traits on mechanisms control-
ling appendage regeneration. Biol Rev Camb Philos Soc. 2012;87:330-
345. doi: 10.1111/5.1469-185X.2011.00199.x.

McKim LH. Regeneration of the distal phalanx. Can Med Assoc J.
1932;26:549-550.

Simkin J, Han M, Yu L, Yan M, Muneoka K. The mouse digit tip: from
wound healing to regeneration. Methods Mol Biol. 2013;1037:419-435.
doi: 10.1007/978-1-62703-505-7_24.

Baguiia J. The planarian neoblast: the rambling history of its origin and
some current black boxes. Int J Dev Biol. 2012;56:19-37. doi: 10.1387/
ijdb.113463jb.

Miiller WA, Teo R, Frank U. Totipotent migratory stem cells in a hydroid.
Dev Biol. 2004;275:215-224. doi: 10.1016/j.ydbio.2004.08.006.
Tweedell KS. The urodele limb regeneration blastema: the cell potential.
ScientificWorldJournal. 2010;10:954-971. doi: 10.1100/tsw.2010.115.
Morrison JI, Lo6f S, He P, Simon A. Salamander limb regeneration in-
volves the activation of a multipotent skeletal muscle satellite cell popu-
lation. J Cell Biol. 2006;172:433-440. doi: 10.1083/jcb.200509011.
Gemberling M, Bailey TJ, Hyde DR, Poss KD. The zebrafish as a model
for complex tissue regeneration. Trends Genet. 2013;29:611-620. doi:
10.1016/j.tig.2013.07.003.

Straube WL, Tanaka EM. Reversibility of the differentiated state:
regeneration in amphibians. Artif Organs. 2006;30:743-755. doi:
10.1111/j.1525-1594.2006.00296.x.

Lazzeri E, Anna P, Ballerini L, Laura L. Adult stem cells in tissue homeo-
stasis and disease. In: Current Frontiers and Perspectives in Cell Biology.
Stevo Najman, Ed; InTech. doi: 10.5772/33941. https://www.intechopen.
com/books/current-frontiers-and-perspectives-in-cell-biology/adult-
stem-cells-in-tissue-homeostasis-and-disease. 2012.

Berika M, Elgayyar ME, El-Hashash AH. Asymmetric cell division of
stem cells in the lung and other systems. Front Cell Dev Biol. 2014;2:33.
doi: 10.3389/fcell.2014.00033.

van Es JH, Sato T, van de Wetering M, Lyubimova A, Yee Nee AN,
Gregorieff A, Sasaki N, Zeinstra L, van den Born M, Korving J, Martens
ACM, Barker N, van Oudenaarden A, Clevers H. DIl1+ secretory pro-
genitor cells revert to stem cells upon crypt damage. Nat Cell Biol.
2012;14:1099-1104. doi: 10.1038/ncb2581.

Tata PR, Mou H, Pardo-Saganta A, Zhao R, Prabhu M, Law BM,
Vinarsky V, Cho JL, Breton S, Sahay A, Medoff BD, Rajagopal J.
Dedifferentiation of committed epithelial cells into stem cells in vivo.
Nature. 2013;503:218-223. doi: 10.1038/nature12777.

Bonventre JV. Dedifferentiation and proliferation of surviving epithelial
cells in acute renal failure. J Am Soc Nephrol. 2003;14(suppl 1):S55-S61.

. Aasen T, Raya A, Barrero MJ, Garreta E, Consiglio A, Gonzalez F,

Vassena R, Bili¢ J, Pekarik V, Tiscornia G, Edel M, Boué S, Izpisda
Belmonte JC. Efficient and rapid generation of induced pluripotent stem
cells from human keratinocytes. Nat Biotechnol. 2008;26:1276—1284.
doi: 10.1038/nbt.1503.

Ohnishi K, Semi K, Yamamoto T, Shimizu M, Tanaka A, Mitsunaga
K, Okita K, Osafune K, Arioka Y, Maeda T, Soejima H, Moriwaki H,
Yamanaka S, Woltjen K, Yamada Y. Premature termination of reprogram-
ming in vivo leads to cancer development through altered epigenetic
regulation. Cell. 2014;156:663-677. doi: 10.1016/j.cell.2014.01.005.
Takahashi K, Tanabe K, Ohnuki M, Narita M, Sasaki A, Yamamoto M,
Nakamura M, Sutou K, Osafune K, Yamanaka S. Induction of pluripo-
tency in human somatic cells via a transient state resembling primitive
streak-like mesendoderm. Nat Commun. 2014;5:3678. doi: 10.1038/
ncomms4678.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Kurian L, Sancho-Martinez I, Nivet E, et al. Conversion of human fibro-
blasts to angioblast-like progenitor cells. Nat Methods. 2013;10:77-83.
doi: 10.1038/nmeth.2255.

Efe JA, Hilcove S, Kim J, Zhou H, Ouyang K, Wang G, Chen J, Ding S.
Conversion of mouse fibroblasts into cardiomyocytes using a direct repro-
gramming strategy. Nat Cell Biol. 2011;13:215-222. doi: 10.1038/ncb2164.
Perry KJ, Thomas AG, Henry JJ. Expression of pluripotency factors in
larval epithelia of the frog Xenopus: evidence for the presence of cor-
nea epithelial stem cells. Dev Biol. 2013;374:281-294. doi: 10.1016/j.
ydbio.2012.12.005.

Maki N, Suetsugu-Maki R, Tarui H, Agata K, Del Rio-Tsonis K, Tsonis
PA. Expression of stem cell pluripotency factors during regeneration in
newts. Dev Dyn. 2009;238:1613-1616. doi: 10.1002/dvdy.21959.

Onal P, Griin D, Adamidi C, Rybak A, Solana J, Mastrobuoni G, Wang Y,
Rahn HP, Chen W, Kempa S, Ziebold U, Rajewsky N. Gene expression of
pluripotency determinants is conserved between mammalian and planarian
stem cells. EMBO J. 2012;31:2755-2769. doi: 10.1038/emboj.2012.110.
Hennekam RC. Hutchinson-Gilford progeria syndrome: review of the
phenotype. Am J Med Genet A. 2006;140:2603-2624. doi: 10.1002/
ajmg.a.31346.

Kamminga LM, van Os R, Ausema A, Noach EJ, Weersing E, Dontje
B, Vellenga E, de Haan G. Impaired hematopoietic stem cell function-
ing after serial transplantation and during normal aging. Stem Cells.
2005;23:82-92. doi: 10.1634/stemcells.2004-0066.

Day K, Shefer G, Shearer A, Yablonka-Reuveni Z. The depletion of
skeletal muscle satellite cells with age is concomitant with reduced
capacity of single progenitors to produce reserve progeny. Dev Biol.
2010;340:330-343. doi: 10.1016/j.ydbio.2010.01.006.

Encinas JM, Michurina TV, Peunova N, Park JH, Tordo J, Peterson DA,
Fishell G, Koulakov A, Enikolopov G. Division-coupled astrocytic differen-
tiation and age-related depletion of neural stem cells in the adult hippocam-
pus. Cell Stem Cell. 2011;8:566-579. doi: 10.1016/j.stem.2011.03.010.
Sharpless NE, DePinho RA. How stem cells age and why this makes us grow
old. Nat Rev Mol Cell Biol. 2007;8:703-713. doi: 10.1038/nrm2241.
Morrison SJ, Wandycz AM, Akashi K, Globerson A, Weissman IL. The
aging of hematopoietic stem cells. Nat Med. 1996;2:1011-1016.

Cho RH, Sieburg HB, Muller-Sieburg CE. A new mechanism for the
aging of hematopoietic stem cells: aging changes the clonal composi-
tion of the stem cell compartment but not individual stem cells. Blood.
2008;111:5553-5561. doi: 10.1182/blood-2007-11-123547.

Dykstra B, Olthof S, Schreuder J, Ritsema M, de Haan G. Clonal analysis
reveals multiple functional defects of aged murine hematopoietic stem
cells. J Exp Med. 2011;208:2691-2703. doi: 10.1084/jem.20111490.
Rundberg Nilsson A, Soneji S, Adolfsson S, Bryder D, Pronk CJ. Human
and murine hematopoietic stem cell aging is associated with functional
impairments and intrinsic megakaryocytic/erythroid bias. PLoS One.
2016;11:e0158369. doi: 10.1371/journal.pone.0158369.

Beerman I, Rossi DJ. Epigenetic regulation of hematopoietic stem cell ag-
ing. Exp Cell Res. 2014;329:192-199. doi: 10.1016/j.yexcr.2014.09.013.
Xie H, Xu J, Hsu JH, Nguyen M, Fujiwara Y, Peng C, Orkin SH.
Polycomb repressive complex 2 regulates normal hematopoietic stem
cell function in a developmental-stage-specific manner. Cell Stem Cell.
2014;14:68-80. doi: 10.1016/j.stem.2013.10.001.

Broske AM, Vockentanz L, Kharazi S, Huska MR, Mancini E, Scheller
M, Kuhl C, Enns A, Prinz M, Jaenisch R, Nerlov C, Leutz A, Andrade-
Navarro MA, Jacobsen SE, Rosenbauer F. DNA methylation protects he-
matopoietic stem cell multipotency from myeloerythroid restriction. Nat
Genet. 2009;41:1207-1215. doi: 10.1038/ng.463.

Li Z, Cai X, Cai CL, Wang J, Zhang W, Petersen BE, Yang FC, Xu
M. Deletion of Tet2 in mice leads to dysregulated hematopoietic stem
cells and subsequent development of myeloid malignancies. Blood.
2011;118:4509-4518. doi: 10.1182/blood-2010-12-325241.
Moran-Crusio K, Reavie L, Shih A, et al. Tet2 loss leads to increased he-
matopoietic stem cell self-renewal and myeloid transformation. Cancer
Cell. 2011;20:11-24. doi: 10.1016/j.ccr.2011.06.001.

Sousa-Victor P, Gutarra S, Garcfa-Prat L, Rodriguez-Ubreva J, Ortet L,
Ruiz-Bonilla V, Jardi M, Ballestar E, Gonzélez S, Serrano AL, Perdiguero E,
Muiioz-Cénoves P. Geriatric muscle stem cells switch reversible quiescence
into senescence. Nature. 2014;506:316-321. doi: 10.1038/nature13013.
Woodhouse S, Pugazhendhi D, Brien P, Pell JM. Ezh2 maintains a key
phase of muscle satellite cell expansion but does not regulate terminal
differentiation. J Cell Sci. 2013;126:565-579. doi: 10.1242/jcs.114843.
Brown K, Xie S, Qiu X, Mohrin M, Shin J, Liu Y, Zhang D, Scadden
DT, Chen D. SIRT3 reverses aging-associated degeneration. Cell Rep.
2013;3:319-327. doi: 10.1016/j.celrep.2013.01.005.


http://circres.ahajournals.org/

8T0Z ‘9 Afenuer uo 159nb6 Ag /B10'sfeuno feye'sa.olio//:dny woly pepeojumoq

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Beyret et al

Mohrin M, Shin J, Liu Y, Brown K, Luo H, Xi Y, Haynes CM, Chen D.
Stem cell aging. A mitochondrial UPR-mediated metabolic checkpoint
regulates hematopoietic stem cell aging. Science. 2015;347:1374-1377.
doi: 10.1126/science.aaa2361.

Zhang H, Ryu D, Wu Y, Gariani K, Wang X, Luan P, D’ Amico D, Ropelle
ER, Lutolf MP, Aebersold R, Schoonjans K, Menzies KJ, Auwerx J. NAD*
repletion improves mitochondrial and stem cell function and enhances life
span in mice. Science. 2016;352:1436-1443. doi: 10.1126/science.aaf2693.
Kusaba T, Lalli M, Kramann R, Kobayashi A, Humphreys BD.
Differentiated kidney epithelial cells repair injured proximal tubule. Proc
Natl Acad Sci USA. 2014;111:1527-1532. doi: 10.1073/pnas.1310653110.
Humphreys BD, Czerniak S, DiRocco DP, Hasnain W, Cheema R,
Bonventre JV. Repair of injured proximal tubule does not involve spe-
cialized progenitors. Proc Natl Acad Sci USA. 2011;108:9226-9231. doi:
10.1073/pnas.1100629108.

Thorel F, Népote V, Avril I, Kohno K, Desgraz R, Chera S, Herrera PL.
Conversion of adult pancreatic alpha-cells to beta-cells after extreme
beta-cell loss. Nature. 2010;464:1149-1154. doi: 10.1038/nature08894.
Chera S, Baronnier D, Ghila L, Cigliola V, Jensen JN, Gu G, Furuyama
K, Thorel F, Gribble FM, Reimann F, Herrera PL. Diabetes recovery by
age-dependent conversion of pancreatic d-cells into insulin producers.
Nature. 2014;514:503-507. doi: 10.1038/nature13633.

Magnusson JP, Goritz C, Tatarishvili J, Dias DO, Smith EM, Lindvall
O, Kokaia Z, Frisén J. A latent neurogenic program in astrocytes regu-
lated by Notch signaling in the mouse. Science. 2014;346:237-241. doi:
10.1126/science.346.6206.237.

Buffo A, Rite I, Tripathi P, Lepier A, Colak D, Horn AP, Mori T, Go6tz
M. Origin and progeny of reactive gliosis: a source of multipotent cells
in the injured brain. Proc Natl Acad Sci USA. 2008;105:3581-3586. doi:
10.1073/pnas.0709002105.

Meserve JH, Duronio RJ. Scalloped and Yorkie are required for cell
cycle re-entry of quiescent cells after tissue damage. Development.
2015;142:2740-2751. doi: 10.1242/dev.119339.

Mateus R, Lourenco R, Fang Y, Brito G, Farinho A, Valério F, Jacinto
A. Control of tissue growth by Yap relies on cell density and F-actin
in zebrafish fin regeneration. Development. 2015;142:2752-2763. doi:
10.1242/dev.119701.

Martin JF, Perin EC, Willerson JT. Direct stimulation of cardiogenesis: a
new paradigm for treating heart disease. Circ Res. 2017;121:13-15. doi:
10.1161/CIRCRESAHA.117.311062.

Aguirre A, Montserrat N, Zacchigna S, et al. In vivo activation of a con-
served microRNA program induces mammalian heart regeneration. Cell
Stem Cell. 2014;15:589-604. doi: 10.1016/j.stem.2014.10.003.

Simon HG, Nelson C, Goff D, Laufer E, Morgan BA, Tabin C.
Differential expression of myogenic regulatory genes and Msx-1 during
dedifferentiation and redifferentiation of regenerating amphibian limbs.
Dev Dyn. 1995;202:1-12. doi: 10.1002/aja.1002020102.

Kumar A, Velloso CP, Imokawa Y, Brockes JP. The regenerative plasticity
of isolated urodele myofibers and its dependence on MSX1. PLoS Biol.
2004;2:E218. doi: 10.1371/journal.pbio.0020218.

Bensoussan-Trigano V, Lallemand Y, Saint Cloment C, Robert B. Msx1
and Msx2 in limb mesenchyme modulate digit number and identity. Dev
Dyn. 2011;240:1190-1202. doi: 10.1002/dvdy.22619.

Odelberg SJ, Kollhoff A, Keating MT. Dedifferentiation of mammalian
myotubes induced by msx1. Cell. 2000;103:1099-1109.

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Chapter 22:
histology: the lives and deaths of cells in tissues. In: Molecular Biology
of the Cell. 4th ed. New York: Garland Science. http://www.garland-
science.com/textbooks/0815341059.asp. 2002.

Schroer AK, Merryman WD. Mechanobiology of myofibroblast adhe-
sion in fibrotic cardiac disease. J Cell Sci. 2015;128:1865-1875. doi:
10.1242/jcs.162891.

Morris SA, Cahan P, Li H, Zhao AM, San Roman AK, Shivdasani RA,
Collins JJ, Daley GQ. Dissecting engineered cell types and enhancing
cell fate conversion via CellNet. Cell. 2014;158:889-902. doi: 10.1016/j.
cell.2014.07.021.

Suzuki T, Mandai M, Akimoto M, Yoshimura N, Takahashi M. The
simultaneous treatment of MMP-2 stimulants in retinal transplanta-
tion enhances grafted cell migration into the host retina. Stem Cells.
2006;24:2406-2411. doi: 10.1634/stemcells.2005-0587.

Suzuki T, Akimoto M, Imai H, Ueda Y, Mandai M, Yoshimura N,
Swaroop A, Takahashi M. Chondroitinase ABC treatment enhances syn-
aptogenesis between transplant and host neurons in model of retinal de-
generation. Cell Transplant. 2007;16:493-503.

West EL, Pearson RA, Tschernutter M, Sowden JC, MacLaren RE, Ali
RR. Pharmacological disruption of the outer limiting membrane leads

Extending Longevity by In Vivo Reprogramming

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

141

to increased retinal integration of transplanted photoreceptor precursors.
Exp Eye Res. 2008;86:601-611. doi: 10.1016/j.exer.2008.01.004.
D’Amore A, Yoshizumi T, Luketich SK, Wolf MT, Gu X, Cammarata
M, Hoff R, Badylak SF, Wagner WR. Bi-layered polyurethane - extra-
cellular matrix cardiac patch improves ischemic ventricular wall re-
modeling in a rat model. Biomaterials. 2016;107:1-14. doi: 10.1016/j.
biomaterials.2016.07.039.

Wilson JM. Lessons learned from the gene therapy trial for ornithine
transcarbamylase deficiency. Mol Genet Metab. 2009;96:151-157. doi:
10.1016/j.ymgme.2008.12.016.

Raper SE, Chirmule N, Lee FS, Wivel NA, Bagg A, Gao GP, Wilson
JM, Batshaw ML. Fatal systemic inflammatory response syndrome in a
ornithine transcarbamylase deficient patient following adenoviral gene
transfer. Mol Genet Metab. 2003;80:148—-158.

Jooss K, Chirmule N. Immunity to adenovirus and adeno-associated vi-
ral vectors: implications for gene therapy. Gene Ther. 2003;10:955-963.
doi: 10.1038/sj.gt.3302037.

Kotterman MA, Schaffer DV. Engineering adeno-associated viruses for
clinical gene therapy. Nat Rev Genet. 2014;15:445-451. doi: 10.1038/
nrg3742.

Ramamoorth M, Narvekar A. Non viral vectors in gene therapy- an
overview. J Clin Diagn Res. 2015;9:GE01-GE06. doi: 10.7860/
JCDR/2015/10443.5394.

Fu JD, Stone NR, Liu L, Spencer CI, Qian L, Hayashi Y, Delgado-
Olguin P, Ding S, Bruneau BG, Srivastava D. Direct reprogramming of
human fibroblasts toward a cardiomyocyte-like state. Stem Cell Reports.
2013;1:235-247. doi: 10.1016/j.stemcr.2013.07.005.

Muraoka N, Yamakawa H, Miyamoto K, et al. MiR-133 promotes
cardiac reprogramming by directly repressing Snail and silencing
fibroblast signatures. EMBO J. 2014;33:1565-1581. doi: 10.15252/
embj.201387605.

NamY]J, Song K, Luo X, Daniel E, Lambeth K, West K, Hill JA, DiMaio
IM, Baker LA, Bassel-Duby R, Olson EN. Reprogramming of human fi-
broblasts toward a cardiac fate. Proc Natl Acad Sci USA. 2013;110:5588—
5593. doi: 10.1073/pnas.1301019110.

Wada R, Muraoka N, Inagawa K, et al. Induction of human cardiomyo-
cyte-like cells from fibroblasts by defined factors. Proc Natl Acad Sci
USA. 2013;110:12667-12672. doi: 10.1073/pnas.1304053110.

Vivien C, Scerbo P, Girardot F, Le Blay K, Demeneix BA, Coen L.
Non-viral expression of mouse Oct4, Sox2, and KIf4 transcription fac-
tors efficiently reprograms tadpole muscle fibers in vivo. J Biol Chem.
2012;287:7427-7435. doi: 10.1074/jbc.M111.324368.

Rossello RA, Chen CC, Dai R, Howard JT, Hochgeschwender U,
Jarvis ED. Mammalian genes induce partially reprogrammed pluripo-
tent stem cells in non-mammalian vertebrate and invertebrate species.
Elife;2:e00036.

Lu Y, West FD, Jordan BJ, Mumaw JL, Jordan ET, Gallegos-Cardenas
A, Beckstead RB, Stice SL. Avian-induced pluripotent stem cells derived
using human reprogramming factors. Stem Cells Dev. 2012;21:394-403.
doi: 10.1089/s¢d.2011.0499.

Ogorevc J, Orehek S, Dov¢ P. Cellular reprogramming in farm animals:
an overview of iPSC generation in the mammalian farm animal species.
J Anim Sci Biotechnol. 2016;7:10. doi: 10.1186/s40104-016-0070-3.
Ben-Nun IF, Montague SC, Houck ML, Tran HT, Garitaonandia I,
Leonardo TR, Wang YC, Charter SJ, Laurent LC, Ryder OA, Loring
JF. Induced pluripotent stem cells from highly endangered species. Nat
Methods. 2011;8:829-831. doi: 10.1038/nmeth.1706.

Heaney JD, Anderson EL, Michelson MV, Zechel JL, Conrad PA,
Page DC, Nadeau JH. Germ cell pluripotency, premature differen-
tiation and susceptibility to testicular teratomas in mice. Development.
2012;139:1577-1586. doi: 10.1242/dev.076851.

Abad M, Mosteiro L, Pantoja C, Cafiamero M, Rayon T, Ors I, Grafia
O, Megias D, Dominguez O, Martinez D, Manzanares M, Ortega S,
Serrano M. Reprogramming in vivo produces teratomas and iPS cells
with totipotency features. Nature. 2013;502:340-345. doi: 10.1038/
nature12586.

Huangfu D, Maehr R, Guo W, Eijkelenboom A, Snitow M, Chen AE,
Melton DA. Induction of pluripotent stem cells by defined factors
is greatly improved by small-molecule compounds. Nat Biotechnol.
2008;26:795-797. doi: 10.1038/nbt1418.

Beyret E, Izpisua Belmonte JC. The XEN of reprogramming. Cell Res.
2016;26:147-148. doi: 10.1038/cr.2016.9.

Hou P, Li Y, Zhang X, Liu C, Guan J, Li H, Zhao T, Ye J, Yang W, Liu
K, Ge J, Xu J, Zhang Q, Zhao Y, Deng H. Pluripotent stem cells in-
duced from mouse somatic cells by small-molecule compounds. Science.
2013;341:651-654. doi: 10.1126/science.1239278.


http://circres.ahajournals.org/

8T0Z ‘9 Afenuer uo 159nb6 Ag /B10'sfeuno feye'sa.olio//:dny woly pepeojumoq

Circulation G e
Research

JOURNAL OF THE AMERICAN HEART ASSOCIATION

Elixir of Life: Thwarting Aging With Regener ative Reprogramming
Ergin Beyret, Paloma Martinez Redondo, Aida Platero Luengo and Juan Carlos | zpisua
Belmonte

Circ Res. 2018;122:128-141

doi: 10.1161/CIRCRESAHA.117.311866
Circulation Research is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2018 American Heart Association, Inc. All rights reserved.
Print ISSN: 0009-7330. Online ISSN: 1524-4571

The online version of this article, along with updated information and services, islocated on the
World Wide Web at:
http://circres.ahajournal s.org/content/122/1/128

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Circulation Research can be obtained via RightsLink, a service of the Copyright Clearance Center, not the
Editorial Office. Once the online version of the published article for which permission is being requested is
located, click Request Permissions in the middle column of the Web page under Services. Further information
about this process is available in the Permissions and Rights Question and Answer document.

Reprints: Information about reprints can be found online at:
http://mww.Ilww.com/reprints

Subscriptions: Information about subscribing to Circulation Research is online at:
http://circres.ahajournal s.org//subscriptions/



http://circres.ahajournals.org/content/122/1/128
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circres.ahajournals.org//subscriptions/
http://circres.ahajournals.org/



