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The effect of age on stem cell function
and utility for therapy

Patrick Narbonne1,2

Abstract
During development, stem cells generate all of the differentiated cells that populate our tissues and organs. Stem cells are also
responsible for tissue turnover and repair in adults, and as such, they hold tremendous promise for regenerative therapy.
Aging, however, impairs the function of stem cells and is thus a significant roadblock to using stem cells for therapy. Para-
doxically, the patients who would benefit the most from regenerative therapies are usually advanced in age. The use of stem
cells from young donors or the rejuvenation of aged patient-derived stem cells may represent part of a solution. Nonetheless,
the transplantation success of young or rejuvenated stem cells in aged patients is still problematic, since stem cell function is
greatly influenced by extrinsic factors that become unsupportive with age. This article briefly reviews how aging impairs stem
cell function, and how this has an impact on the use of stem cells for therapy.
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Introduction

Stem cells (SCs) are undifferentiated or partially differen-

tiated cells that can, through changes in gene expression,

alter their properties to adopt more specialized fates. These

gene expression changes are typically implemented through

the activity of new transcription factors, whose actions are

consolidated by epigenetic modifications. The resulting dif-

ferentiated cells are those that make up the bulk of the func-

tional tissues and organs of multicellular organisms. In

mammals, the so-called embryonic SCs (ESCs) are pluripo-

tent and generate all of the tissue types of the embryo proper,

including some more restricted, tissue-specific SCs, also

referred to as tissue resident or adult SCs (ASCs). The dif-

ferentiated cells that form adult tissues are generally

replaced, more or less rapidly, by the progeny of these ASCs,

most of which are known to persist until death. All of the

other cells in the adult body have a relatively limited prolif-

eration potential. As such, ESCs and ASCs form a most

convenient cellular source for regenerative therapy.

To remain undifferentiated, all SCs require a key signal

from one or more neighbouring specialized cells that form

the SC niche. In fact, if a SC is displaced outside of the niche

signal range, or if niche signalling is interrupted, the SC

embarks on a differentiation route. SCs can divide symme-

trically to increase in numbers when they continuously

receive the niche signal, while they can also divide asymme-

trically to generate one SC and one cell that no longer

perceives the niche signal and thus initiates differentiation

(reviewed in Morrison and Kimble1). An example of primar-

ily asymmetrically dividing SCs are the Drosophila germline

SCs (GSCs), which divide in a characteristic orientation such

that one daughter cell remains attached to the niche and one

is born away from the niche and differentiates2,3. Depending

on the configuration of the niche and the mode of propaga-

tion of niche signals, some SCs primarily divide symmetri-

cally and exist as homogeneous proliferative populations.

These SCs globally proliferate or differentiate based on the

level of niche signal that they distinguish, which is ulti-

mately governed by their distance from the niche. The GSCs

of the Caenorhabditis elegans nematode provide a clear

illustration of symmetrically dividing SCs1,4,5.

The SC niche was originally defined as the cells, usually

located in the proximity of the SCs, that generate the anti-

differentiation signal, allowing the SCs to remain undiffer-

entiated and consequently to proliferate and expand in
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numbers1. As SCs remain under the influence of niche sig-

nalling, growth-stimulating and growth-inhibiting factors

then combine from various sources to define SC prolifera-

tion rates. While some of these factors may be produced by

the niche cells, they may also be released by the differentiat-

ing SC progeny, and/or distributed systemically by remote

organs. In worms and flies, for example, nutrition leads to

insulin/insulin-like growth factor 1 (IGF-1) secretion by the

nervous system, leading to systemic activation of insulin/

IGF-1 signalling (IIS) and stimulation of GSC prolifera-

tion6–9. In mice, hair follicle SC proliferation is stimulated

by Sonic Hedgehog (Shh), which is secreted by their transit-

amplifying progeny10. This has led some researchers to

expand the niche definition to include any cell that resides

in the proximity of SCs and that influences SC biology,

including those that regulate their proliferation rhythm10,11.

This definition would, however, require to better define

‘proximity’ and to distinguish the type of effect niche signals

have on SCs, namely whether they primarily influence SC

fate or SC proliferation rates. As the signalling pathways that

regulate SC fate are often different from those that regulate

SC proliferation5,12,13, I propose to preserve the original

definition of the SC niche and restrict the use of the term

‘niche’ to the cells (usually located in the proximity of the

SCs) that generate an anti-differentiation signal, allowing

SCs to remain undifferentiated and able to proliferate (either

symmetrically or asymmetrically). Any signal that primarily

influences SC proliferation and differentiation rates is then

simply termed a growth factor (whether stimulatory or inhi-

bitory) and may originate from any source, including niche

cells, the SC’s differentiated progeny and remote organs.

This view is somewhat oversimplified, as signals that

influence cell proliferation and cell fate are tightly linked.

Indeed, signals that are inhibitory to SC proliferation may

promote differentiation, and vice versa. For example, the

accumulation of p27/Kip1 (a cyclin-dependent kinase inhi-

bitor) in proliferating oligodendrocyte precursors has been

suggested to inhibit proliferation and promote differentia-

tion14. Similarly, growth factors such as those of the trans-

forming growth factor beta (TGF-b) family are known to

influence both SC proliferation and differentiation15,16.

However, according to this simplified view, for any given

SC, its fate is primarily governed by niche signalling, origi-

nating from the niche cells, while its proliferation rate is

primarily set by the sum of the action of the growth factors

it is receiving from any source. Notably, this implies that the

effects of systemic growth factors, such as IIS activation, can

be modified or even cancelled by mechanisms acting more

locally. For example, C. elegans GSCs may adopt a nearly

quiescent behaviour when there is an over-accumulation of

differentiated progeny, despite a fully activated IIS that

would otherwise promote rapid proliferation12,13.

SCs thus respond to the niche and to growth signals by either

proliferating, differentiating or remaining quiescent, essentially

to ensure that organ and tissue needs are precisely met. Aging,

however, progressively introduces a bias in the ability of a SC to

respond to tissue demand, such that the SC response takes pro-

gressively longer, delaying the tissue replacement/repair pro-

cess. For example, the healing of a muscle injury, which requires

muscle SC function, becomes increasingly lengthy and imper-

fect in aged mice17,18. This is comparable to bone fractures in

humans, which have been shown to take much longer to heal in

elderly patients19,20. Also, the normal turnover of skin cells

(dependent on skin SC function) obviously slows down drama-

tically with aging21. I briefly review here the general mechan-

isms by which aging impairs SC function, and identify the

challenges these pose for SC use in regenerative therapy.

Effect of age on stem cell function

The functionality of a SC describes how accurately and effi-

ciently it responds to signals from the niche (or lack thereof)

and to growth factors. A young and highly functional SC will

efficiently respond to growth factors to either proliferate or

remain quiescent when in the niche, or to differentiate when

it exits the niche. A young SC will also accurately transmit

this functionality to both of its daughter cells when dividing.

The general efficiency of most cellular and intercellular pro-

cesses, however, tends to decline during aging, and this has

an impact on SCs. In C. elegans, for example, the mitotic

index of the GSCs is highest during larval stages and pro-

gressively declines during adulthood, even when there is a

constant prominent demand for differentiated tissue (oocyte)

renewal12. The in vitro proliferation of mesenchymal SCs

isolated from rats and humans similarly decreases with

age22,23. In aging rodents, moreover, the proliferation of

hypothalamic neural SCs progressively decreases in vivo,

such that these cells become depleted in aged mice24,25. In

this case, neural SC depletion contributes to systemic aging

because these SCs release anti-aging exosomal components,

which may include microRNAs26,27. SC differentiation

potential is equally reduced in older animals. For example,

hematopoietic SCs (HSCs) tend to fail to differentiate prop-

erly in aged mice and have a greater propensity towards the

myeloid fate28–30. Likewise, mesenchymal SCs isolated

from the bone marrow of rats and monkeys show a reduced

in vitro differentiation potential22,31. Thus, as animals age,

the timing, efficiency and accuracy of SC response to growth

factors and/or niche signals progressively decline.

Aging impairs SC functionality both cell autonomously and

cell non-autonomously (Fig. 1). While aging alters blood com-

position, it was demonstrated that supplying an aged mouse

with blood from a young donor restored the function of many

kinds of ASCs17,32–37. Although the effects are more pro-

nounced when the animals’ circulatory systems are connected

through parabiosis, heterochronic blood exchange also has a

significant rejuvenating effect on muscle SCs38. Thus, sys-

temic factors present in a young animal’s blood stimulate SC

function and/or factors present in an aged animal’s blood

impair SC function. More locally acting growth factors, such

as those that reflect the demand for SCs’ differentiated pro-

geny, may also be produced in aberrant concentrations, or have
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altered diffusion or transport dynamics, in aged organisms.

Like most tissues, the SC niche also deteriorates during aging.

In addition to potential perturbation in niche signalling per se,

which can mainly perturb SC pool sizes and spatial organiza-

tion in aged animals8,39, connective tissue and extracellular

matrix deterioration in the SC vicinity can further compro-

mise SC responses to stimulatory or inhibitory signals40.

Aged tissues are also characterized by increased levels of

reactive oxygen species (ROS), causing oxidative damage,

which can indirectly impair SC function41,42. In particular,

ROS are associated with a specific age-induced deteriora-

tion of the immune system termed ‘inflammaging’, which is

characterized by a chronic, low-grade inflammation that

contributes to the deterioration of SC function43,44. Thus,

aging of the SC micro- and macro-environment indirectly

impairs SC function at multiple levels.

SCs also age cell autonomously, although at the moment

it is unclear whether this intrinsic SC aging occurs entirely or

partially as a consequence of the deterioration of the SC

extrinsic factors mentioned above44,45. When SCs are har-

vested from young animals (i.e. ESCs or GSCs), they can be

cultured almost indefinitely in vitro using static culture con-

ditions, yet they are not completely immortal. Telomeres

consist of short DNA repeats that cap and protect chromo-

some ends. In the absence of telomerase, as in somatic cells,

the length of these repeats decreases with each round of

DNA replication. Despite the continued telomerase expres-

sion that characterizes SCs, telomere shortening still occurs

in SCs, although at a greatly reduced pace46–48. Indeed, a

pioneering study demonstrated that although murine GSCs

globally retained their proliferative and differentiation

potential after 2 years of in vitro culture, their telomeres

became significantly shorter49. Since SC aging is observed

in the absence of external changes in these static in vitro

culture conditions, it suggests that SCs do age cell autono-

mously. Telomere shortening was more recently shown to

occur in vivo in aging murine neural SCs50. Furthermore,

exposure to mutagens and background radiations, as well as

the imperfect nature of the DNA replication process, com-

bine to create rare random mutations that accumulate over

the lifetime of SCs as they divide51. Retrotransposons are

mobile DNA elements whose movement may intrinsically

contribute to mutation accumulation and aging-induced SC

dysfunction19. Consistently with this, the efficiency of long

interspersed element 1 (L1) retrotransposon repression by

SIRT6 was found to decrease with age in neural progenitor

cells52,53. Finally, characteristic changes have been observed

in the aging SC epigenome, such as global increases in the

activating H3K4me3 in HSCs and a global decrease in the

repressive H3K27me3 mark in muscle SCs54–58. Telomere

shortening and an altered genome and epigenome thus intrin-

sically impair aged SCs, while some of these changes likely

occur in response to aging at the organismal level in vivo.

Quiescence (a temporary and fully reversible cell cycle

arrest) is a normal SC response to the lack of stimulation by

growth factors, and may happen for more or less prolonged

intervals in any given SC type. Muscle SCs, for example, are

quiescent for the major part of an adult’s life and are typi-

cally reactivated only following muscle injury, to generate

new muscle cells59. Hair follicle SCs, on the other hand,

repeatedly go through short bouts of proliferation, followed

by periods of quiescence11. Other populations, such as the

SCs of the large intestine, are amongst the most solicited in

humans, dividing to completely renew the epithelium at least

once per week51,60. In muscle SCs, it was recently noted that

if the epigenetic silencing of the INK4a locus was lost, a

phenomenon that increased with age, the cell cycle inhibitor

p16INK4a was consequently up-regulated. This caused mus-

cle SCs to undergo senescence upon stimulation by the

growth factors that are released upon regenerative pres-

sure61. Interestingly, this shift in SC response tended to

occur only past a certain age (after 28 months); in geriatric

mice. This indicates that an aging threshold is reached in

mice around this age, after which muscle SCs tend to

become intrinsically and permanently dysfunctional, enter-

ing senescence upon further stimulation by growth factors.

Consistently with this, transplanting aged muscle SCs into a

young environment fails to rescue age-associated pheno-

types62,63. Therefore, aging perturbs SC function through

both intrinsic and extrinsic mechanisms (Fig. 1).

Stem cell rejuvenation

Numerous attempts to return function to aged SCs have

shown some degree of success (reviewed in Neves

et al.44). These include therapeutic agents that were either

applied systemically or locally to target SC function, as well

as ex vivo rejuvenation procedures followed by transplanta-

tion (Fig. 2). Some of the developed experimental settings

for systemic rejuvenation treatments, however, such as het-

erochronic parabiosis, are not readily translatable for therapy

in humans39. Heterochronic blood exchange may be a more

Fig. 1. Intrinsic and extrinsic mechanisms of stem cell aging. SC
aging occurs through various cell autonomous (intrinsic) and cell
non-autonomous (extrinsic) mechanisms. Refer to the text for
details.
ECM: extracellular matrix; ROS: reactive oxygen species.
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practical solution, but in mice, the rejuvenating effects were

greatly reduced compared with parabiosis38. Nonetheless, a

patient-funded clinical trial is being carried out by a start-up

called Ambrosia in the USA, where aged patients pay

to receive plasma transfusion from donors aged under

25 years64. If blood-borne rejuvenating factors could be

identified, however, their continual systemic pharmacologi-

cal administration at optimized therapeutic doses does

indeed appear to be a most promising clinical avenue for

non-autonomous SC rejuvenation. Successful pharmacologi-

cal SC rejuvenation examples in the mouse include the sys-

temic administration of interleukin-22 (a cytokine), which

restored intestinal SC function65. The systemic administra-

tion of either oxytocin (a neuropeptide) or Trolox (a vitamin

E analogue) was also found to rejuvenate muscle SCs66,67.

Additional benefits may conceivably be gained through the

identification of blood-borne aging factors that impair SC

function in aged organisms, followed by their elimination

from the blood stream (e.g. affinity filtration, etc.) or inacti-

vation (e.g. monoclonal antibodies). The combination of

supplying young positive factors with the removal of aged

negative factors may represent the future of the systemic

approach to SC rejuvenation.

An alternative and possibly complementary approach

whereby p16ink4a-positive senescent cells are cleared, either

genetically or by a senolytic agent (ABT263), has recently

demonstrated promising results by rejuvenating HSCs

and muscle SCs in aged mice, and also increasing their

healthspan68–70. Indeed, senescent cells accumulate with

age, and it appears that their presence impairs the function

and expansion of healthy SCs68. A major downside of all

systemic approaches to SC rejuvenation and of their use for

therapy is the potential undesired side effects these treat-

ments can have in untargeted tissues. For instance, systemi-

cally providing an excess of a growth factor, such as insulin/

IGF-1, may stimulate the proliferation and differentiation of

many cell populations within an organism, not only the tar-

geted SCs71–73. Moreover, as we now know that SC activity

is also influenced by local signals, including those emitted

by the SCs’ differentiated progeny10,74,75, we also know that

these signals can greatly attenuate the impact of systemic

growth factors12. Thus, systemic approaches to SC rejuvena-

tion, even if some demonstrate sufficient therapeutic effi-

cacy, will likely always necessitate precautions when

being used.

Drug delivery for localized therapy is an active area of

research (reviewed in Tibbitt et al.76) and indeed, the local

delivery of SC rejuvenating factors is a promising solution to

specifically and more efficiently target a given SC popula-

tion. Successful examples of localized SC rejuvenation in

the mouse include intra-muscular injection of factors to

locally reactivate muscle SCs through inhibition of

JAK-STAT signalling or activation of b1 integrin signal-

ing77–79. Macrophage modulation in the retina by intravitreal

injection of mesencephalic astrocyte-derived neurotrophic

factor (MANF) was also shown to stimulate retina repair80.

Finally, topical application of pyridone-6 was found to

locally inhibit JAK-STAT signalling and improve hair folli-

cle SC function81. Localized delivery should, in principle, be

applicable to growth factors that normally act systemically,

should their biochemical properties be altered to prevent

their diffusion into the blood stream following localized

administration. Alternatively, such factors may be distribu-

ted systemically, but locally activated or uncaged. Although

non-intravenous injections have been used for local SC tar-

geting, this promising avenue is in continuous development

and will benefit from state-of-the-art systems that are cur-

rently being developed, encompassing nanotechnologies,

hydrogels and photo-activation, to name a few76. The loca-

lized administration or activation of SC rejuvenating factors

has the obvious advantage of minimizing the risk for poten-

tial unwanted side effects in other tissues, while maximizing

the factor’s efficacy on the targeted SC population. Loca-

lized strategies are anticipated to dominate SC rejuvenating

therapy in the near future.

Other successful approaches have relied on ex vivo reju-

venation treatments of SCs isolated from aged patients prior

to their re-implantation. Two groups have achieved ex vivo

rejuvenation of muscle SCs by exposure to compounds that

inhibit p38 MAPK signalling62,63, while a third group has

rejuvenated HSCs ex vivo with a casein treatment that is

believed to work by inhibiting Cdc4228. Ex vivo rejuvenat-

ing treatments provide several obvious advantages over sys-

temic and localized in vivo treatments, offering a highly

controlled and accessible environment for manipulating and

Fig. 2. Effect of aging on stem cells and rejuvenation strategies.
Aging impairs SC function both directly (cell autonomously) and
indirectly (cell non-autonomously) through impairing the function
of differentiated cells. Aged differentiated cells, which include the
SC niche and various growth factor-producing cells, offer a leaner
support for SC function, which indirectly contributes to intrinsic SC
aging. Strategies for regenerative therapies include systemic and
localized treatments with rejuvenating factors to directly or indir-
ectly (through restoring the function of SC-supporting differen-
tiated cells) restore SC function. Aged SCs may also be collected
from patients, rejuvenated by an in vitro treatment and re-implanted.
Such treatment may include pluripotency induction. Alternatively,
young SCs collected from the same patient earlier in life, or from
a young donor, may be implanted.
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treating SCs at optimal drug concentrations without the risk

of causing immediate side effects. The downside is a poten-

tially traumatizing sampling and re-implantation of the SCs.

This can nonetheless be attenuated if differentiated cells

(i.e. skin cells) are sampled instead of the targeted SCs and

reprogrammed ex vivo into induced pluripotent SCs (iPSCs)

to rejuvenate the cells by erasing age-dependent epigenetic

marks82,83, followed by directed differentiation into the

desired SCs or tissue and re-implantation. Although a pas-

sage through the pluripotent state is not necessary (direct

reprogramming is also possible84,85), it induces telomere

lengthening due to telomerase reactivation, which contri-

butes to restoring SC functionality48,86,87. Obviously, ASCs

can themselves be rejuvenated by iPSC technology.

The iPSC strategy, however, also has a limit, since aging

suppresses reprogramming to iPSCs88,89. Despite this road-

block, one group has been able to derive functional iPSCs

from human centenarians87. Yet, rejuvenation by iPS repro-

gramming is incomplete, leaving age-accumulated DNA

mutations and incompletely erased epigenetic marks behind,

and can even impair specific SC functions90,91. For example,

the iPS rejuvenation of human mesenchymal SCs led to an

incomplete reacquisition of immunomodulatory function90.

Transplanted iPS-derived cells also commonly form inva-

sive teratocarcinoma-like tumours in mice, yet this may be

fully abolished through technical adjustments in the proce-

dure for generation and transplantation of iPSCs. Indeed, a

recent study has shown that transgene-free, cMYC-

independent reprogramming, along with the elimination of

residual iPSCs following differentiation treatment, allowed

teratoma-free transplantation of differentiated iPSC progeny

in mice92. The possibility of using iPSC technology to reju-

venate ASCs and tissues for autologous transplantation in

aged patients thus remains a most promising strategy, and

more studies are required to better characterize potential

imperfections and safety concerns, as well as to identify the

means to correct as many of these issues as possible.

Although some of the aging marks may be globally irre-

versible, such as the randomly accumulated mutations in the

nuclear and mitochondrial DNA, the identification of cell

types that are less prone to such age-induced changes

(i.e. mutations) in aged patients and their use as the starting

material for iPSC rejuvenation may offer an interesting ave-

nue. Alternatively, preserved autologous cord blood cells

could serve as the starting material for iPSC generation.

Finally, it will be advantageous to supplement re-

implantation strategies with systemic and/or localized treat-

ments in order to rejuvenate the SC environment and fully

support the function of the ex vivo rejuvenated SCs or tissue

after their implantation.

Limits to stem cell rejuvenation

The main limit to SC rejuvenation is the risk of cancer.

Indeed, cancer cells likely emerge from SCs that, after hav-

ing been submitted to a natural selection favouring cell

proliferation and survival, have progressively transformed

into cancer cells51,93. All differentiated cell types have a

limited proliferative potential, such that they are unlikely

to accumulate significant cancer-driving changes51. SCs,

on the other hand, have a relatively high proliferative poten-

tial and persist for a lifetime. They thus have the possibility

to accumulate cancer-driving changes due to the imperfect

fidelity of DNA replication and of epigenetic transmission.

We may be able to rejuvenate most of the capacities of

aged, quiescent SCs, and prevent them from executing

(or maybe even revert) senescence, but we are likely unable

to erase all of the random genetic and epigenetic changes

that a SC will have undergone over its years of existence.

The passage through a pluripotent state using iPSC technol-

ogy has the advantage of resetting the epigenetic marks, but

it is not fully accurate94,95. Thus, ‘resetting’ using such

methods is imperfect. Therefore, it can be expected that

giving back the full proliferative capacity to a SC that still

carries a range of inappropriate genetic and epigenetic

variations, within a sub-optimal aged differentiated environ-

ment, will increase susceptibility to tumorigenic transforma-

tion. Even the transplantation of young (thus not having

accumulated genetic and epigenetic changes) SCs into an

aged individual may be problematic, since the aged person’s

differentiated cells (including the niche) are still character-

ized by age-dependent defects, and deficient SC implanta-

tion and/or regulation may result. Importantly, while the

immune recognition and elimination of cancer cells is recog-

nized as an important defence mechanism against cancer, the

function of the immune system also deteriorates with age96–98.

Yet, in most cases, the benefit of SC rejuvenation therapies

may outweigh the relatively small increase in a patient’s can-

cer risk, since, based on multiple studies carried out in mice,

significant improvement in a patient’s life-quality can poten-

tially be achieved.

Perspectives

While factors that intrinsically and extrinsically cause SC

aging are still being identified, along with strategies to

reverse this phenomenon, it would appear that a combination

of localized treatments over a short duration may be a poten-

tially optimal compromise to achieve efficient tissue repair

or rejuvenation while minimizing the potential for the reju-

venated SCs to transform into cancer cells.
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28. Florian MC, Dörr K, Niebel A, Daria D, Schrezenmeier H,

Rojewski M, Filippi MD, Hasenberg A, Gunzer M, Scharffet-

ter-Kochanek K, Zheng Y, Geiger H. Cdc42 activity regulates

hematopoietic stem cell aging and rejuvenation. Cell Stem

Cell. 2012;10(5):520–530.

29. Janzen V, Forkert R, Fleming HE, Saito Y, Waring MT, Domb-

kowski DM, Cheng T, DePinho RA, Sharpless NE, Scadden

DT. Stem-cell ageing modified by the cyclin-dependent kinase

inhibitor p16INK4a. Nature. 2006;443(7110):421–426.

30. Rossi DJ, Bryder D, Zahn JM, Ahlenius H, Sonu R, Wagers AJ,

Weissman IL. Cell intrinsic alterations underlie hematopoietic

6 Cell Medicine



stem cell aging. Proc Natl Acad Sci U S A. 2005;102(26):

9194–9199.

31. Yu JM, Wu X, Gimble JM, Guan X, Freitas MA, Bunnell BA.

Age-related changes in mesenchymal stem cells derived from

rhesus macaque bone marrow. Aging Cell. 2011;10(1):66–79.

32. Baht GS, Silkstone D, Vi L, Nadesan P, Amani Y, Whetstone

H, Wei Q, Alman BA. Exposure to a youthful circulation reju-

venates bone repair through modulation of beta-catenin. Nat

Commun. 2015;6:7131.

33. Loffredo FS, Steinhauser ML, Jay SM, Gannon J, Pancoast JR,

Yalamanchi P, Sinha M, Dall’Osso C, Khong D, Shadrach JL,

Miller CM, Singer BS, Stewart A, Psychogios N, Gerszten RE,

Hartigan AJ, Kim MJ, Serwold T, Wagers AJ, Lee RT. Growth

differentiation factor 11 is a circulating factor that reverses

age-related cardiac hypertrophy. Cell. 2013;153(4):828–839.

34. Ruckh JM, Zhao JW, Shadrach JL, van Wijngaarden P, Rao

TN, Wagers AJ, Franklin RJ. Rejuvenation of regeneration in

the aging central nervous system. Cell Stem Cell. 2012;10(1):

96–103.

35. Salpeter SJ, Khalaileh A, Weinberg-Corem N, Ziv O, Glaser

B, Dor Y. Systemic regulation of the age-related decline of

pancreatic beta-cell replication. Diabetes. 2013;62(8):

2843–2848.

36. Villeda SA, Luo J, Mosher KI, Zou B, Britschgi M, Bieri G,

Stan TM, Fainberg N, Ding Z, Eggel A, Lucin KM, Czirr E,

Park JS, Couillard-Després S, Aigner L, Li G, Peskind ER,

Kaye JA, Quinn JF, Galasko DR, Xie XS, Rando TA, et al.

The ageing systemic milieu negatively regulates neurogenesis

and cognitive function. Nature. 2011;477(7362):90–94.

37. Villeda SA, Plambeck KE, Middeldorp J, Castellano JM,

Mosher KI, Luo J, Smith LK, Bieri G, Lin K, Berdnik D, Wabl

R, Udeochu J, Wheatley EG, Zou B, Simmons DA, Xie XS,

Longo FM, Wyss-Coray T. Young blood reverses age-related

impairments in cognitive function and synaptic plasticity in

mice. Nat Med. 2014;20(6):659–663.

38. Rebo J, Mehdipour M, Gathwala R, Causey K, Liu Y, Conboy

MJ, Conboy IM. A single heterochronic blood exchange

reveals rapid inhibition of multiple tissues by old blood. Nat

Commun. 2016;7:13363.

39. Conboy IM, Rando TA. Heterochronic parabiosis for the study

of the effects of aging on stem cells and their niches. Cell

Cycle. 2012;11(12):2260–2267.

40. Conway A, Schaffer DV. Biophysical regulation of stem cell

behavior within the niche. Stem Cell Res Ther. 2012;3(6):50.

41. Geiger H, de Haan G, Florian MC. The ageing haematopoietic

stem cell compartment. Nat Rev Immunol. 2013;13(5):

376–389.

42. Oh J, Lee YD, Wagers AJ. Stem cell aging: mechanisms, reg-

ulators and therapeutic opportunities. Nat Med. 2014;20(8):

870–880.

43. Jurk D, Wilson C, Passos JF, Oakley F, Correia-Melo C,

Greaves L, Saretzki G, Fox C, Lawless C, Anderson R, Hewitt

G, Pender SL, Fullard N, Nelson G, Mann J, van de Sluis B,

Mann DA, von Zglinicki T. Chronic inflammation induces

telomere dysfunction and accelerates ageing in mice. Nat

Commun. 2014;2:4172.

44. Neves J, Sousa-Victor P, Jasper H. Rejuvenating strategies for

stem cell-based therapies in aging. Cell Stem Cell. 2017;20(2):

161–175.

45. Sacco A, Puri PL. Regulation of muscle satellite cell function

in tissue homeostasis and aging. Cell Stem Cell. 2015;16(6):

585–587.

46. Blasco MA. Telomere length, stem cells and aging. Nat Chem

Biol. 2007;3(10):640–649.

47. Flores I, Canela A, Vera E, Tejera A, Cotsarelis G, Blasco MA.

The longest telomeres: a general signature of adult stem cell

compartments. Genes Dev. 2008;22(5):654–667.

48. Freije JM, Lopez-Otin C. Reprogramming aging and progeria.

Curr Opin Cell Biol. 2012;24(6):757–764.

49. Kanatsu-Shinohara M, Ogonuki N, Iwano T, Lee J, Kazuki Y,

Inoue K, Miki H, Takehashi M, Toyokuni S, Shinkai Y, Oshi-

mura M, Ishino F, Ogura A, Shinohara. Genetic and epigenetic

properties of mouse male germline stem cells during long-term

culture. Development. 2005;132(18):4155–4163.

50. Ferron SR, Marques-Torrejon MA, Mira H, Flores I, Taylor K,

Blasco MA, Farinas I. Telomere shortening in neural stem cells

disrupts neuronal differentiation and neuritogenesis. J Neu-

rosci. 2009;29(46):14394–14407.

51. Tomasetti C, Vogelstein B. Cancer etiology. Variation in can-

cer risk among tissues can be explained by the number of stem

cell divisions. Science. 2015;347(6217):78–81.

52. Coufal NG, Garcia-Perez JL, Peng GE, Yeo GW, Mu Y, Lovci

MT, Morell M, O’Shea KS, Moran JV, Gage FH. L1 retro-

transposition in human neural progenitor cells. Nature. 2009;

460(7259):1127–1131.

53. Van Meter M, Kashyap M, Rezazadeh S, Geneva AJ, Morello

TD, Seluanov A, Gorbunova V. SIRT6 represses LINE1 retro-

transposons by ribosylating KAP1 but this repression fails with

stress and age. Nat Commun. 2014;5:5011.

54. Liu L, Cheung TH, Charville GW, Hurgo BM, Leavitt T, Shih

J, Brunet A, Rando TA. Chromatin modifications as determi-

nants of muscle stem cell quiescence and chronological aging.

Cell Rep. 2013;4(1):189–204.

55. Rando TA, Chang HY. Aging, rejuvenation, and epigenetic

reprogramming: resetting the aging clock. Cell. 2012;

148(1–2):46–57.

56. Schworer S, Becker F, Feller C, Baig AH, Kober U, Henze H,

Kraus JM, Xin B, Lechel A, Lipka DB, Varghese CS, Schmidt

M, Rohs R, Aebersold R, Medina KL, Kestler HA, Neri F, von
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hagy maintains stemness by preventing senescence. Nature.

2016;529(7584):37–42.

68. Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong

J, Saltness RA, Jeganathan KB, Verzosa GC, Pezeshki A, Kha-

zaie K, Miller JD, van Deursen JM. Naturally occurring

p16(Ink4a)-positive cells shorten healthy lifespan. Nature.

2016;530(7589):184–189.

69. Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs

BG, van de Sluis B, Kirkland JL, van Deursen JM. Clearance

of p16Ink4a-positive senescent cells delays ageing-associated

disorders. Nature. 2011;479(7372):232–236.

70. Chang J, Wang Y, Shao L, Laberge RM, Demaria M, Campisi

J, Janakiraman K, Sharpless NE, Ding S, Feng W and others

Luo Y, Wang X, Aykin-Burns N, Krager K, Ponnappan U,

Hauer-Jensen M, Meng A, Zhou D. Clearance of senescent

cells by ABT263 rejuvenates aged hematopoietic stem cells

in mice. Nat Med. 2016;22(1):78–83.

71. Malaguarnera R, Belfiore A. The emerging role of insulin and

insulin-like growth factor signaling in cancer stem cells. Front

Endocrinol (Lausanne). 2014;5:10.

72. Nieto-Estevez V, Defterali C, Vicario-Abejon C. IGF-I: A key

growth factor that regulates neurogenesis and synaptogenesis

from embryonic to adult stages of the brain. Front Neurosci.

2016;10:52.

73. Shim J, Gururaja-Rao S, Banerjee U. Nutritional regulation of

stem and progenitor cells in Drosophila. Development. 2013;

140(23):4647–4656.

74. Jiang H, Patel PH, Kohlmaier A, Grenley MO, McEwen DG,

Edgar BA. Cytokine/Jak/Stat signaling mediates regeneration

and homeostasis in the Drosophila midgut. Cell. 2009;137(7):

1343–1355.

75. Mondal BC, Mukherjee T, Mandal L, Evans CJ, Sinenko SA,

Martinez-Agosto JA, Banerjee U. Interaction between differ-

entiating cell- and niche-derived signals in hematopoietic pro-

genitor maintenance. Cell. 2011;147(7):1589–1600.

76. Tibbitt MW, Dahlman JE, Langer R. Emerging frontiers in

drug delivery. J Am Chem Soc. 2016;138(3):704–717.

77. Lukjanenko L, Jung MJ, Hegde N, Perruisseau-Carrier C,

Migliavacca E, Rozo M, Karaz S, Jacot G, Schmidt M, Li L,

Metairon S, Raymond F, Lee U, Sizzano F, Wilson DH,
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