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Summary
In many tissues, mammalian aging is associated with a decline in the replicative and functional
capacity of somatic stem cells and other self-renewing compartments. Understanding the basis of
this decline is a major goal of aging research. In particular, therapeutic approaches to ameliorate or
reverse the age-associated loss of stem function could be of use in clinical geriatrics. Such
approaches include attempts to protect stem cells from age-promoting damage, to ‘rejuvenate’
stem cells through the use of pharmacologic agents that mitigate aging-induced alterations in
signaling, and to replace lost stem cells through regenerative medicine approaches. Some headway
has been made in each of these arenas over the last 18 months including advances in the
production of donor-specific totipotent stem cells through induced pluripotency (iPS), gains in our
understanding of how tumor suppressor signaling is controlled in self-renewing compartments to
regulate aging, and further demonstration of extracellular ‘milieu’ factors that perturb stem cell
function with age. This period has also been marked by the recent award of the Nobel Prize in
Physiology or Medicine for elucidation of telomeres and telomerase, a topic of critical importance
to stem cell aging.
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There have been several recent reports in stem cell and self-renewal biology of relevance to
aging. Although any summary of such a wide topic as stem cell biology necessarily omits
many important advances, I will summarize a few of the more notable findings over the last
18 months. The major findings in this area with regard to aging can be broadly grouped into
two general areas:

1. Insights into the mechanism of reprogramming and induced pluripotency (iPS)

2. Insights into the aging of somatic stem cells.

Regenerative medicine and iPS
Induced pluripotency refers to the stable reprogramming of somatic cells into a state that is
similar to that of embryonic stem (ES) cells. Induced pluripotency cells have many of the
properties of ES cells, including the ability to differentiate into several somatic tissues.
Methods to make such donor-specific totipotent cells are expected to be of high importance
for the future of regenerative medicine (Kiskinis & Eggan, 2010). The initial procedure for
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inducing reprogramming involved retroviral transduction with 3–5 genes (Oct4, Sox2, Myc,
Klf4, Lin28), but this method is not ideal for human use, because it is inefficient and
potentially oncogenic (e.g., requiring retroviral insertion, especially with potentially
oncogenic genes such as c-Myc). Several recent papers have enhanced our understanding of
reprogramming, showing that cell cycle inhibitors decrease the efficiency of reprogramming
of human and murine somatic cells.

The initial finding in this regard came out of a small candidate RNAi screen for genes whose
knockdown facilitated reprogramming (Zhao et al., 2008). In this work, the authors found
that knockdown of p53 significantly enhanced the reprogramming of murine somatic cells.
This provocative observation was followed by a spate of papers employing a variety of
approaches in human and murine systems that collectively demonstrated that activation of
two archetypal tumor suppressor pathways, ARF-p53 and p16INK4a-RB, decreases
reprogramming of somatic cells (Hong et al., 2009; Kawamura et al., 2009; Li et al., 2009;
Marion et al., 2009; Utikal et al., 2009). The act of reprogramming appears to induce
expression of the INK4a/ARF locus that encodes p16INK4a and ARF. Both proteins decrease
cell cycle traversal by inhibiting cyclin-dependent kinase activity, the latter by activating
p53 and its downstream effector, p21CIP. Inactivation of these anti-proliferative mechanisms
through a variety of means enhanced reprogramming efficiency. Loss of p53 increased the
efficiency of reprogramming and obviated the need for Klf4 and Myc, permitting
reprogramming with Oct4 and Sox2 only, and suggesting that part of the function of Myc
and KLF4 in reprogramming may be to increase cell cycle traversal. Inhibition of p53
enhanced reprogramming of both human and murine cells, but a species difference was
observed with regard to products of the INK4a/ARF locus: ARF appeared to be a more
important barrier to reprogramming in murine cells, whereas p16INK4a was more important
in human cell reprogramming. Permanent inactivation of these tumor suppressor
mechanisms would clearly be undesirable for cells used in human therapeutics, but work
from these groups suggested that persistent inactivation of p53 and the INK4a/ARF locus
was not required once reprogramming was established. A future question suggested by these
papers is whether transient pharmacologic inhibition of p53 and/or p16INK4a can also
facilitate reprogramming.

Of particular importance to gerontology, reprogramming efficiency was decreased using
skin fibroblasts from old compared to young mice. Prior work had shown such cells
markedly upregulate the expression of Ink4a/Arf locus with aging, and Serrano and
colleagues gratifyingly showed that shRNA targeting of the locus rescued the
reprogramming defect in elderly cells (Li et al., 2009). Similarly, telomere dysfunction and
other forms of DNA damage, which may be more prevalent in cells from elderly individuals,
were also shown to decrease the efficiency of reprogramming in a p53-dependent manner
(Marion et al., 2009). Subsequent work from the Jaenisch laboratory further refined these
observations, demonstrating that iPS reprogramming requires the acquisition of stochastic
epigenetic events, some of which are independent and others dependent on cell cycle
traversal (Hanna et al., 2009). Therefore, events such as loss of p53 may enhance
reprogramming by increasing proliferation, whereas expression of genes like Nanog appears
to enhance reprogramming independently of an effect on the cell cycle.

Somatic self-renewal and aging
Hematopoietic stem and progenitor cell

A long-standing debate in the stem cell aging field has focused on which changes in stem
cell function are ‘intrinsic’ vs. ‘extrinsic’. Intrinsic changes are those localized within the
stem cell and its progeny, e.g., telomere shortening or some heritable changes in epigenetic
state. The complex exchange of information from the interior and exterior of a cell may blur
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this distinction, but the common assumption among stem cell experts has held for some time
that major changes in stem cell function with aging are intrinsic. In 2005, this notion was
questioned by Conboy, Wagers, Rando and colleagues, who used elegant parabiosis
experiments to demonstrate that muscle stem cell aging was largely governed by milieu
(Conboy et al., 2005). Their approach was to conjoin the blood supply of old and young
mice to evaluate the effects of the old milieu on the young mouse (and vice versa).

One of the strongest bits of evidence for intrinsic aging has been the often-reproduced
finding that old hematopoietic stem cells (HSC) transplanted into young mice retain
characteristics of old cells; that is, HSC are not reprogrammed by the young niche into
younger stem cells [reviewed in (Rossi & Sharpless, 2008)]. A criticism of this approach has
been that transplantation requires ‘conditioning’ of the recipient (e.g., through whole-body
irradiation) and therefore necessarily entails damage to the niche. The question of HSC
aging has now been further pursued by the Wagers laboratory using parabiosis, which does
not require conditioning (Mayack et al., 2010). As is the case with muscle stem cell
function, the authors showed that a considerable component of HSC aging results from an
aged stem cell niche. Many of the properties of old HSC were rescued by young serum and/
or a young microenvironment. The reconciliation of these results with the transplantation
results, as well as with studies by Rossi, Weissman and colleagues showing increased DNA
damage in normal HSC with aging (Rossi et al., 2007), is still not presently clear but is an
area of active ongoing study.

An important feature of the aged HSC is the so-called myeloid skewing, an increase in the
ability of old bone marrow to produce myeloid cell types (e.g., granulocytes) with a
decreased ability to produce cells of the lymphocytic lineage [reviewed in (Rossi &
Sharpless, 2008)]. The conventional explanation for this observation has been that all HSC
experience a change in lineage preference from lymphoid to myeloid elements with aging.
Rossi and colleagues have recently suggested an alternative model to explain this finding
(Beerman et al., 2010). They demonstrated the existence of distinct subtypes of HSC that
differ in lineage preference and which can be distinguished based on cell surface phenotype.
Importantly, these HSC subtypes appear to differ in their ability to generate myeloid vs.
lymphoid progeny. With regard to aging, the authors observed an expansion of the myeloid-
type HSC with aging, possibly at the expense of lymphoid- biased cells. This new model
suggests that aging may not alter the lineage preference of individuals HSC but instead may
change the proportions of HSC with a myeloid vs. lymphoid bias.

Pancreatic β-cells
Expression of the INK4a/ARF locus inhibits self-renewal in some stem cells and other self-
renewing compartments with aging, but the factors responsible for the age-related induction
of INK4a/ARF locus are not known. Two recent papers addressed this question in one of the
best defined systems to study the effects of INK4a/ARF expression on proliferation with
aging, the pancreatic β-cell. The Kim and Bhushan laboratories independently showed that
repression of the INK4a/ARF locus by members of the Polycomb group (PcG) family such
as BMI1 and EZH2 is required to repress INK4a/ARF in vivo (Chen et al., 2009; Dhawan et
al., 2009). Loss of PcG function was associated with β-cell hypoplasia and diabetes and
could be rescued by concomitant Ink4a/Arf deficiency. Importantly, a loss of EZH2
expression in human β-cells with aging was also observed, and this loss of expression was
inversely correlated with increased p16INK4a expression in the same tissues. Therefore, these
papers suggest that loss of PcG repression, a well-recognized event in developmental
biology also plays an important role in regulating the proliferative capacity of an important
self-renewing tissue with age.
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A related finding suggests a possible rationale for the ineffectiveness, in older patients, of a
new class of antidiabetic agents. There has been controversy among diabetologists as to the
role of decreased β-cell replication with aging in type 2 diabetes (T2DM) in humans, but
several lines of evidence, including recent genome-wide association studies, have suggested
that impaired β-cell replication is a major contributor to T2DM onset. Glucagon-Like
Peptide-1 (GLP1) agonists, a new class of therapeutic for T2DM, seem to be able both to
increase peripheral insulin sensitivity and also to augment β-cell proliferation. Rankin and
Kushner have now shown that the ability to regenerate islets is severely compromised by
aging in mice, finding that GLP1 agonists potently induced β-cell replication in young, but
not old, mice (Rankin & Kushner, 2009). GLP-1 agonists thus represent a clear example of
how therapeutics that enhance self-renewal can be effective in a common human disease but
at the same time show how age-associated decline in replicative function might cause such
agents to lose efficacy in older individuals.

Other somatic stem and progenitor cell aging
One of the oldest and mot contentious problems in somatic stem cell biology has been the
delineation of which adult mammalian tissues possess regenerative capacity, presumably
reflecting resident stem cell function. Strong assertions as to the absence or presence of
tissue-specific stem cells have been made in many tissues, often based on incomplete
experimental data. ‘Lineage tracing’ approaches have been used with some success in
animal models to show cellular regeneration exists where none was expected, and vice
versa. Such an approach, however, has not been available for the study of humans. A recent
study by Frisen and colleagues presents a new method to study myocardial turnover in the
adult human heart (Bergmann et al., 2009). By testing cardiac DNA for content of carbon-14
generated during the Second World War, the authors were able to estimate myocardial
turnover in humans. The results suggested a 1% turnover rate per year in young adults that
falls to < 0.5% in older adults, implying turnover of < 50% of myocardial cells during a
human lifespan. While this amount is far less than claimed by some groups, it provides clear
evidence for some modest capacity for myocardial replacement in adults and suggests the
possibility that this limited regenerative capacity could be therapeutically enhanced.

Skeletal muscle has well-defined stem/progenitor cells that are thought to self-renew
throughout the normal life span. Prior work has shown that the age-associated loss of
function of muscle progenitors is largely determined by external cues and aged muscle
progenitors can be rescued by transplantation into a young microenvironment (Conboy et
al., 2005). Given these findings, there has been an ongoing search for hormonal and niche
factors that cause muscle progenitor dysfunction in old mice, or alternatively factors that
enhance the function of these cells in young animals. This effort took an interesting turn
when the Conboy laboratory showed that TGF-β signaling induces the expression of cell
cycle inhibitors such as p15INK4b, p16INK4a, and p27KIP, a plausible mechanism to explain
the cell cycle defect of aged muscle progenitors (Carlson et al., 2008). Importantly, in this
and subsequent work (Carlson et al., 2009), the group showed that inhibitors of TGF-β
signaling could enhance muscle progenitor function in standard in vivo muscle regeneration
assays. These results are promising, given the importance of sarcopenia in aging populations
and the recent attention of pharmaceutical firms to development of candidate small molecule
inhibitors of TGF-β.

Dorshkind, Witte and colleagues suggested an intriguing link between cancer and aging in a
study of early B-lymphocyte progenitors (Signer et al., 2008). They observed a marked
increase in Ink4a/Arf expression in these cells with aging and found that expression of this
tumor suppressor locus correlated with a decreased transformability of these cells with
aging. While at first such a result seems counterintuitive (in general, the incidence of cancer
increases with aging), the authors correctly point out that some forms of B-cell leukemia are
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pediatric diseases that decrease in frequency with aging. Their work implies a trade-off
between the ability to generate new B cells and the ability to produce a B-cell neoplasm and
suggest this dichotomy is regulated by the activity of classic tumor suppressor mechanisms
such as expression of p16INK4a and ARF.

It has been thought that a decrease in melanocyte self-renewal occurs with aging and plays
an important role in graying, a familiar age-associated phenotype. Expression of p16INK4a,
which promotes cellular senescence, is an indisputable barrier to melanocyte transformation,
and other groups have suggested an increase in melanocyte senescence might play some role
in graying. Nishimura and colleagues have recently challenged this model, however,
suggesting that genotoxic stress reduces melanocyte self-renewal by inducing aberrant
differentiation of melanocytic stem cells (MSC) (Inomata et al., 2009). These aberrantly
differentiated MSC remain within the normal MSC niche but are functionally deficient in
the production of new melanocytes. This process was not influenced by genetic inactivation
of classical effectors of senescence or apoptosis, such as Ink4a/Arf expression, but was
accelerated by loss of ataxia-telangiectasia mutated, an important sensor of DNA damage.
This work suggests an intrinsic replicative failure of a stem cell compartment with aging that
does not result from senescence or apoptosis but instead results from a newly described form
of hypoproliferation associated with aberrant differentiation.

With regard to the role of telomere dysfunction in human aging, the story of patients with
congenital telomerase deficiency continues to evolve. Adding to data that germline telomere
insufficiency is associated with dyskeratosis congenita, aplastic anemia (AA), idiopathic
pulmonary fibrosis (IPF), and predilection to certain cancers, Lansdorp, Young and
colleagues have recently reported an increased incidence of fibrotic liver disease in
individuals with telomerase mutations (Calado et al., 2009). These findings are in line with
prior studies in the mouse (Rudolph et al., 2000) and may explain the link between states of
chronic liver turnover (e.g., hepatitis) and cirrhosis. Bone marrow hypoplasia and pulmonary
fibrosis do increase in frequency with normal aging, but symptomatic disease from either
condition is relatively rare. Fibrotic liver disease such as cirrhosis, however, is relatively
common in the general population. These results thus open the possibility that telomere
biology may be a general contributor to physiologic human hepatic aging.

Researchers with an interest in somatic stem cell biology were particularly pleased to note
the recent awarding of the 2009 Nobel Prize in Physiology or Medicine to Blackburn,
Greider and Szostak for their pioneering work in understanding telomeres and telomerase.
The work of these pioneers has had a profound impact on our understanding of human
diseases such as AA and IPF, as well as contributed to a more general understanding of
cancer and aging.

Future questions
What discoveries will headline the Hot Topics review on aging and stem cell biology in
2013? Predicting even the very near future is fraught with peril in such a fast moving area,
but I believe a few topics in stem cell biology will see considerable progress over the next
24 months. The significant technical hurdles associated with iPS reprogramming, which
limit the clinical use of this technology, certainly need to be addressed. In particular, a
mechanism to reprogram cells that does not rely on the use of retroviral transduction or
stable integration seems an achievable goal, with success already reported using plasmid
vectors (Okita et al., 2010) or RNA transfection (Yakubov et al., 2010). Likewise, if
integration-free mechanisms to induce iPS cells to differentiate into desired tissues can be
developed and refined, and such approaches can be validated and scaled for clinical use, one
expects the therapeutic testing of patient-specific, iPS-derived cell-based therapies in the
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near term, although the pace of clinical trials is likely to disappoint those used to the thrills
of basic science.

Cell-based therapeutics that rely on iPS cells, ES cells, or transplantation of somatic stem
cells may be expensive and still confront technical challenges that may turn out to be
considerable impediments to human use. Even were these issues all resolved in short order,
the potential toxicity (e.g., long-term cancer risk) could make such approaches a last resort
for most patients. Therefore, there continues to be considerable enthusiasm about
mechanisms to protect and extend the longevity of tissue-specific regenerative cells, similar
to the aforementioned work with GLP1 agonists in β-cells and TGF-β inhibitors in muscle.
Equally important will be an understanding of the toxicity of such approaches, especially as
such methods are envisioned for long-term use. Several groups are also examining the
beneficial effect of more generally conceived ‘anti-aging’ therapies on self-renewing
compartments. For example, do the apparent anti-aging benefits of rapamycin reflect
enhanced stem cell function in aged mice?

It is often difficult to discover which age-related phenotypes result from stem cell
dysfunction, reflecting the more general difficulty of determining which organs do indeed
have significant regenerative capacity. The adult heart, brain, and islet were all tissues
formerly thought to have little significant regenerative capacity in adult humans, but this
notion has now been largely debunked for each of these tissues. Even very small amounts of
daily proliferation can be significant over a mammalian life span for preservation of tissue
homeostasis. In addition, many regenerative tissue compartments exhibit a ‘facultative’
behavior, behaving as stem cells under certain conditions of stress, but otherwise remaining
largely quiescent. Challenges in identifying tissues with adult stem and progenitor cells
complicate the analysis of what aspects of aging result from dysfunction or failure of
resident self-renewing cells. I believe that over the next few years ongoing work in several
models of age-related pathology will document the involvement of age-related stem cell
dysfunction and suggest new approaches to manipulate stem cell biology to the benefit of
patients vulnerable to age-related illnesses.
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