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Long Live Partial Reprogramming

Rosa M. Marién, Maria A. Blasco

In vivo amelioration of age-associated hallmarks
by partial reprogramming.
Ocampo et al
Cell. 2016;167:1719-1733.

ging can be defined as the progressive loss of physi-

ological integrity that leads to tissue dysfunction and
increased risk for developing age-associated human patholo-
gies, such as cancer, diabetes mellitus, cardiovascular disor-
ders, and neurodegenerative diseases.' Therapeutic strategies
to delay or prevent aging are aimed to decrease the deleteri-
ous effects of aging and to improve the quality of life in aged
individuals and eventually to extend the human life span. In
addition, deep molecular understanding of the mechanisms
of aging may lead to new treatments for age-related diseases.
In line with this, a recent article in Cell’ shows that cyclic in-
duction of Yamanaka reprogramming factors in vitro, what
the authors called ‘“‘partial reprogramming,”’ reduces age-
associated features in mouse and human cells. Strikingly,
partial reprogramming induced in vivo in a mouse model
of premature aging ameliorates some aging-associated hall-
marks and extends their prematurely shortened life span.
Importantly, these beneficial effects are not accompanied by
dedifferentiation or loss of cellular identity. Finally, the au-
thors show that partial in vivo reprogramming increases the
regenerative capacity of physiologically aged wild-type mice.

In the past few years, many research efforts to treat age-
related pathologies and the effects of physiological aging have
been focused on the use of cellular reprogramming strategies.’
In vitro reprogramming of differentiated cells into iPS cells
by the expression of the so-called Yamanaka factors (SOX2,
OCT4, c-MYC, and KLF4) has the striking capacity to reverse
some of the molecular hallmarks associated with aging in cells
from healthy normal individuals and in cells from patients with
progeria syndromes.*® Thus, it has been shown that cellular
reprogramming induces telomerase-mediated telomere elonga-
tion and opening of telomeric chromatin (decreased H3K9m3
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and H4K20m3 marks, increased telomeric transcription),®
decreases DNA damage in the resulting reprogrammed cells
throughout a p53-dependent mechanism,’ increases mitochon-
drial function,® reduces the presence of senescence markers, and
resets gene expression profiles.’ Full cellular reprogramming,
however, also leads to full dedifferentiation, pluripotency, and
teratoma tumor formation in vivo.’ Remarkably, Ocampo et al?
report that the amelioration of some age-associated phenotypes
can be achieved by the induction of partial reprogramming,
characterized by the expression of the reprogramming factors
without the loss of cellular identity or acquisition of pluripo-
tency, thus without induction of tumors at least during the life
span of the progeria model, which is extended by 30% after cy-
clic induction of the reprogramming factors. Partial reprogram-
ming is achieved by cyclic expression of the Yamanaka factors.
The authors first show that in vitro partial reprogramming of
fibroblasts from a transgenic mouse model of premature aging
(LAKI [knock-in Lamin A G609G] mice, carrying a mutation
in the gene Lmna that leads to the accumulation of a truncated
form of lamin A, called progerin) relieves age-associated mo-
lecular and cellular phenotypes. Thus, short-term induction of
the reprogramming factors in these cells (2 days of doxycycline
administration followed by 5 days of doxycycline withdrawal)
reduced the levels of markers of stress response (pS3 tumor
suppressor pathway), senescence (metalloproteinase MMP13
and interleukin-6), DNA damage (53BP1 and histone y-H2AX
proteins), and mitochondrial dysfunction (reactive oxygen
species). Finally, it restored the levels of 2 heterochromatin
markers H3K9m3 and H4K20m3 that are downregulated and
upregulated, respectively, during aging.'® Interestingly, the au-
thors find that this restoration not only precedes the effects of
age-associated phenotypes, but it is required for these effects to
take place because partial reprogramming induced in the pres-
ence of a methyltransferase inhibitor did not ameliorate the ag-
ing phenotypes in the LAKI cells (Figure).

Importantly, partial reprogramming did not result in loss
of fibroblast marker THY or in the expression of pluripotency
marker NANOG, indicating that the reverse in aging pheno-
types were obtained without dedifferentiation. This improve-
ment of aging hallmarks is not restricted to cells from the
premature aging model because they recapitulate the results in
late-passage wild-type (WT) mouse and human cells, showing
that the beneficial effects of partial reprogramming in vitro
also apply to physiologically aged WT cells. Thus, this work
shows for the first time that in vitro partial reprogramming
without loss of cellular identity or acquisition of pluripotency
can revert cellular age-associated phenotypes.

Would partial reprogramming in vivo reduce aging hall-
marks in the organism? We previously reported that in vivo
reprogramming leads to telomere elongation, a clear sign of cel-
lular rejuvenation.!! The use of in vivo reprogramming in regen-
erative medicine would avoid the need of cell transplantation.
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Figure. Beneficial effects of partial reprogramming in vitro
and in vivo.

However, acquisition of pluripotency by in vivo reprogramming
induces the formation of teratomas and cancer.” Importantly,
Ocampo et al prove that in vivo partial reprogramming in the
progeria LAKI mouse model reduces several age-associated
organismal phenotypes but does not lead to teratoma forma-
tion, cancer development, or increased mortality, even after 35
cycles of doxycycline administration, thus avoiding the dele-
terious effects of full reprogramming to pluripotency in vivo.
In particular, they report that partial reprogramming of LAKI
mice reduces spine curvature, increases the dermal and epi-
dermal thickness of the skin, and rescues defects in several or-
gans such as the intestinal track, spleen, kidneys, and stomach.
Interestingly, cardiovascular alterations present in LAKI mice,
which mimics those observed during physiological aging and in
progeria patients, such as degeneration of vascular smooth mus-
cle cells or development of bradycardia, are partially rescued
by the induction of in vivo partial reprogramming. Importantly,
although cell proliferation rates were restored in several organs
after partial reprogramming, they did not presented dysplasia
or acquisition of pluripotency (NANOG-positive cells). Partial
in vivo reprogramming reduced the presence of markers of
stress response and senescence and restored normal level of the
heterochromatin marks altered during aging. Interestingly, the
exhaustion of cell population associated to aging was partially
restored, at least in skeletal muscle and hair follicle. Most re-
markably, the authors show that partial in vivo reprogramming
leads to a dramatic extension of the life span in the premature
aging LAKI mouse model, probably because of an increased
regenerative capacity and tissue homeostasis derived from the
improvement of the aging hallmarks in the organism. One im-
portant issue that should be addressed is whether the beneficial
effects of partial reprogramming require continuous cyclic ex-
pression of the reprogramming factors. The authors observe that
the age-associated phenotypes progressively return after in vitro
partial reprogramming of LAKI cells, suggesting that, at least in
these cells and set up, the amelioration of the aging hallmarks is
not stable and requires continuous cycles of expression. Further
experiments should be performed to determine the stability of
the effects of in vivo partial reprogramming.

A key question raised by these results is whether in vivo
partial reprogramming would have a beneficial effect and
extend the life span in physiologically aged WT individuals.
Although the authors do not address the last question, they

demonstrate that partial reprogramming in vivo increases the
regenerative capacity of WT aged mice after injuries. Thus, af-
ter the induction of ablation of 3 cells in the pancreas of physi-
ologically aged WT mice, partially in vivo reprogrammed old
mice showed an increase in the expansion of the 3 cell popu-
lation and their regenerative capacity, as well as an improved
glucose tolerance. Also, after the induction of muscular injury,
they revealed an expansion of muscle cells and an improved
muscle regenerative capacity. Because both the loss of the
proliferative capacity of [ cells in response to injury and the
appearance of sarcopenia (loss of skeletal muscle mass) are
tissue dysfunctions associated with age, these results suggest
that partial in vivo reprogramming could also ameliorate the
hallmarks of aging in physiologically aged WT individuals.

The beneficial effects of in vitro reprogramming to pluri-
potency on age-associated phenotypes were already known.'?
On the contrary, work from the same group had previously de-
scribed that partial dedifferentiation of cells can be achieved by
expression of the Yamanaka factors, without total loss of cell
identity," but the effect of this partial reprogramming of hall-
marks of aging was not known. Thus, the central question of
whether reprogramming-induced dedifferentiation was required
to revert these phenotypes was still unanswered. The authors
now shed light on this issue as they clearly show that the ben-
eficial effects of reprogramming can be dissociated from dedif-
ferentiation, because partial reprogramming alleviates signs of
aging without loss of cellular identity or acquisition of pluripo-
tency. This question is of key importance in the case of in vivo
reprogramming because in vivo reprogramming to pluripotency
induces the appearance of dysplasia and teratomas.’ The estab-
lishment of a protocol to induce partial reprogramming in vivo
while avoiding cell dedifferentiation and thus its deleterious ef-
fects is one of the major accomplishes of this work.

The results presented in this work suggest that partial in vivo
reprogramming could eventually be of use as a therapeutic ap-
proach in the treatment of diseases that cause premature aging.
However, an essential question remains unsolved: can partial in
vivo reprogramming extend the life span of normal physiologi-
cally aged individuals? The authors do not address this question,
so additional experiments to investigate the effects of partial re-
programming in the life span of WT old mice will be required.
Interestingly, they do show an important beneficial effect of
in vivo partial reprogramming in the regenerative capacity of
physiologically aged mice. Altogether, these results suggest that
partial in vivo reprogramming could be used to manipulate the
health status and ultimately the aging process of an individual.

What is the molecular mechanism behind the reversion
of the age-associated phenotypes? The question remains un-
solved. The authors show that the epigenetic changes are early
events during the process of partial reprogramming in vitro.
Importantly, use of chaetocin, an inhibitor of histone lysine
methyltransferases, abolished the rejuvenation effect of repro-
gramming in vitro, suggesting that epigenetic changes act as
drivers of reprogramming, although it was not tested whether
this results can be recapitulate during partial reprogramming
in vivo. These results open the interesting question of whether
physiological aging is also ignited by epigenetic changes.
This would allow the manipulation of the aging process by
modulators of epigenetic marks. However, more insights into
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the molecular mechanism of partial reprogramming are not
provided, and further experiments should be performed to
characterize the effect of epigenetic remodeling in the aging
phenotypes and the specific marks involved in the process.

The authors describe partial restoration of the number
of adult stem cells in several tissues and structures, such as
skeletal muscle and hair follicle. This suggests that the rever-
sion of the regenerative capacity and the rescue of the age-
associated phenotypes could be explained by recovery of the
adult stem cells exhaustion associated with aging. A key and
yet unsolved question is the nature of the reprogrammed cells:
are all the cells in a specific tissue reprogrammed and rejuve-
nated or are there a specific type of cells, that is, adult stem
cells, more prone to reprogramming? Partial reprogramming
of adult stem cells in the tissues, and the associated number
recovery, could impact in the reversion of hallmarks of aging
in somatic cells and the increased regenerative capacity and
tissue homeostasis. Further studies should be performed to de-
fine the nature of the in vivo reprogrammed cells.

The authors did not show the effects on other well-
established hallmarks of aging, such as telomere length, which
has been shown to limit human and mouse longevity.'* As men-
tioned above, we have recently described that in vivo reprogram-
ming induces the activation of telomerase and the elongation
of telomeres in the reprogrammed cells."" Thus, increased ex-
pression of telomerase contributes to the rejuvenation of repro-
grammed cells. Telomere shortening is a hallmark of aging and is
associated with premature appearance of diseases associated with
aging.” Because telomere length influences longevity, it could be
speculated that induction of partial reprogramming in vivo could
activate the expression of telomerase and, subsequently, the elon-
gation of telomeres, contributing to erase the aging phenotypes.
This important question is not addressed in this work, so further
experiments should be performed to answer it.

The key question raised by this work is whether partial in
vivo reprogramming could be applied as a valid approach for
age-associated diseases and antiaging therapies for humans.
However, numerous challenges must be overcome before its use
in medicine. An important technical issue to address is the de-
livery method. Gene therapy approaches are promising as new
safer vectors are being developed. Also, chemical reprogram-
ming emerges as a possible system to induce reprogramming.
Because of the importance of epigenetic changes in the process,
a possible scenario would allow to modulate reprogramming
by the use of chemicals that modify specific epigenetic marks,
although a deeper knowledge of the epigenetic events necessary
for partial reprogramming is required. In any case, safety issues
should be carefully monitored, and the expression levels of the
reprogramming factors should be fine-tuned to avoid dediffer-
entiation and the development of cancer and teratomas. Also, it
should be determined whether whole-organism reprogramming
is required to obtain a beneficial effect or whether reprogram-
ming could be directed to specific organs. Organ-specific partial
reprogramming could potentially revert the effects of aging or
tissue damage and regenerate the desired organ. In the particular
case of cardiac regenerative medicine, this work demonstrates
that partial reprogramming rescues cardiovascular alterations
present in patients with premature aging syndromes and during
normal aging, suggesting that this organ could be a target for the
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use of partial reprogramming in regenerative medicine. It would
be of great importance to determine whether direct partial re-
programming of the adult heart after a myocardial infarction
could also increase the regenerative capacity of the tissue and
thus induce heart repair.

Although there is clearly much work to be done and many
challenges lie ahead, this work open new roads to explore fu-
ture therapies for age-related diseases, damaged organs, and
eve physiological aging.
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