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Abstract

Purpose of review—Hematopoietic stem cells (HSCs) continuously provide mature blood cells
during the lifespan of a mammal. The functional decline in hematopoiesis in the elderly, which
involves a progressive reduction in the immune response and an increased incidence of myeloid
malignancy, is partly linked to HSC aging. Molecular mechanisms of HSC aging remain unclear,
hindering rational approaches to slow or reverse the decline of HSC function with age. Identifying
conditions under which aged HSCs become equivalent to young stem cells might result in
treatments for age-associated imbalances in lymphopoiesis and myelopoiesis and in blood
regeneration.

Recent findings—Aging of HSCs has been for a long time thought to be an irreversible process
imprinted in stem cells due to the intrinsic nature of HSC aging. Mouse model studies have found
that aging is associated with elevated activity of the Rho GTPase Cdc42 in HSCs that is causative
for loss of polarity, altered epigenetic modifications and functional deficits of aged HSCs. The
work suggests that inhibition of Cdc42 activity in aged HSCs may reverse a number of phenotypes
associated with HSC aging.

Summary—Maintaining the regenerative capacity of organs or organ systems may be a useful
way to ensure healthy aging. A defined set of features phenotypically separate young from aged
HSCs. Aging of HSCs has been thought to be irreversible. Recent findings support the hypothesis
that functional decline of aged HSCs may be reversible by pharmacological intervention of age
altered signaling pathways and epigenetic modifications.
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INTRODUCTION

The demographic development in most Western countries shows that age-associated
diseases and their prevention are becoming an important social, economic and medical issue.
The trend in population aging is unprecedented, without parallel in human history, and the
twenty-first century will witness even more rapid aging than did the century just past (http://
www.un.org/esa/population/publications/worldageing19502050).

Improved and in-depth knowledge on molecular and cellular mechanisms of aging are the
basis for designing rational approaches and future therapies to allow for healthy aging.
Aging results in progressive loss of function of distinct cells and organ systems as well as
reduced regenerative function, and thus impaired tissue homeostasis. This results in an
increase in morbidity and mortality with age, and it is assumed that aging of whole organs
limits lifespan. Maintaining the regenerative capacity of organs or organ systems might,
thus, become a useful way to ensure healthy aging [1]. The mechanisms of age-associated
diseases appear complex and multifactorial, and they are frequently controversially
discussed [2-8].

AGING OF HEMATOPOIETIC STEM CELLS

Several theories regarding regulation of aging have been postulated, and genetic, behavioral
and environmental factors are all thought to be involved [9]. Evidence accumulated over the
past decade has shown measurable and successive age-dependent decline in stem cell
activity from adulthood to old age — in various organ systems, including hematopoietic,
intestinal and muscle. The age-associated changes in stem cell function may lead to a
decline in the regenerative capacity in humans and mice [4,10-15], which may limit lifespan
[4,10,16-18]. Identifying conditions under which aged stem cells are activated to become
phenotypically and functionally equivalent to young stem cells could be a first step toward
designing future treatment strategies for age-associated imbalances in tissue homeostasis
and tissue regeneration, thereby allowing for healthy aging.

HSCs from young and aged mice differ in their function. Changes in the number of HSCs
with age are strain-dependent in mice: in C57BL/6 mice, for example, HSC number
increases with age, in contrast to other strains such as DBA/2. Independent of animal
genotypes, though, aging exerts a deleterious effect on HSC self-renewal and differentiation
activities. In principle, HSC aging can be regulated by both intrinsic and extrinsic factors
[4,7,19-23], One one hand, aged HSCs show reduced self-renewal activity determined in
serial transplant assays [24]. When aged HSCs are transplanted together with young HSCs
into lethally irradiated young recipients, aged HSCs are on average two-fold less efficient in
contributing to hematopoiesis compared with young HSCs [25,26] and exhibit a two-fold
reduced activity in homing to the bone marrow [27]. On the other hand, aging also affects
the differentiation potential of HSCs. Studies have demonstrated that aged HSCs are
deficient in their ability to support erythropoiesis, and that aged HSCs do not efficiently
generate B-lymphoid progeny but better in supporting the myeloid cell lineage (see [28] and
references cited in there). Aged HSCs exhibit distinct whole genome expression signatures
[20,29] and increased double-strand breaks as detected by increased levels of gammaH2AX
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staining, a surrogate marker for DNA double strand breaks [30], from young HSCs. Aged
HSCs are less efficient in their ability to adhere to stroma cells and exhibit significantly
elevated cell protrusion activity in vivo, potentially reducing the time for effective
interactions with the microenvironment [31-33].

Cell polarity is well characterized in epithelial cells (termed planar cell polarity [34,35]) and
neuronal stem cells, but was only recently described by us and others to also exist in HSCs
[36™,37%,38]. Asymmetric distribution of cellular components upon division in HSCs was
shown by single-cell immunostaining [39,40] and a fluorescent Notch-activity indicator
system [37%,41,42"] that is most likely a consequence of cell-polarity. Recent studies have
found that aged HSCs present with an apolar distribution of planar cell polarity markers
such as Cdc42 or Scribble as well as histone 4 acetylated at lysine 16 within the nucleus
(epipolarity). Interestingly, some markers for epithelial planar cell polarity, for example
atypical protein kinase C, are apolar in young HSCs [43], suggesting HSC-specific features
of polarity regulation. Thus, a defined set of features allows phenotypic distinction of young
HSCs from aged HSCs. Supporting a causal role of polarity in stem cell maintenance and
aging is a recent study showing that loss of polarity in Drosophila germ-line stem cells
correlates with a reduced function [44,45]. Recent evidence also suggests that the
hematopoietic system might be maintained by a consortium of HSC subtypes (myeloid-
biased HSCs and lymphoid-biased HSCs) that can be prospectively purified, and that aging
changes the clonal composition of the HSC compartment because of a relative expansion of
myeloid-biased HSCs (clonal diversity/expansion model) [36™,46—49]. These subtypes are
not linked to the polarity phenotype while there is further evidence that also these subtypes
present with a functional decline with aging [50], and thus aging might be combination of
stem cell aging and clonal shifts.

Recently published data also support an important role for HSC regulation via metabolic
pathways as well as autophagy via FOXO3A [51,52]. As the metabolic insulin-like growth
factor 1 (IGF1) signaling pathway, also via FOXO proteins, plays an important role in
lifespan regulation in at least lower organisms, it is an interesting hypothesis that aging of
HSCs might also be linked to changes in metabolic or autophagy pathways.

In addition to intrinsic cues, aging of HSCs can also be influenced by extrinsic signals
stemming from the bone marrow niche. For example, enhanced cytokine signaling can
counteract age-related HSC functional decline in the setting of loss of lymphocyte-specific
adapter protein (LNK) deficiency in stem cells [53%], whereas in the absence of the GAP
junction formed by Connexin 43, HSCs are defective in unloading their reactive oxygen
species onto niche cells and maintaining proper homeostasis under stress [54]. It is an
intriguing possibility that niche factors might influence aging and clonality of HSCs and
aging-associated progression of leukemia [54,55"].

MECHANISMS LINKED TO THE AGING OF HEMATOPOIETIC STEM CELLS

Despite extensive efforts in this field, detailed molecular mechanisms of HSC aging remain
elusive. Contribution to aging by some obvious molecular events, such as oxidative stress-
induced acquisition of defects in genomic, telomeric and/or mitochondrial DNA as well as
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DNA repair machineries [56-60], are supported by the fact that aged HSCs show increased
DNA double strand breaks [30]. In support of an involvement of oxidative stress,
phenotypes associated with aged HSCs could be partially ameliorated by antioxidant therapy
[61], and deficiencies in DNA repair proteins clearly limit the replicative lifespan of HSCs
[30,62—64]. On the other hand, mitochondrial DNA mutations can promote premature aging
phenotypes in blood cells that are distinct from physiological stem cell aging [65]. Other
publications further imply that cyclin-dependent kinase inhibitors like p16ink4a and
p21CiPWafl are involved in regulating distinct aspects of stem cell aging [24,66]. For
example, p16'"k4a js elevated in HSCs, neuronal progenitor cells and pancreatic island cells
from aged mice, and increased expression of p16 i"k4a appears partly to contribute to the
functional decline of these cell populations as they age [24,67,68]. In addition, alteration of
p53 activity could affect stem-cell numbers, proliferation potential and hematopoiesis in
older organisms, which further supports a model in which aging may be attributed in part to
a decline in tissue stem cell regenerative function regulated by p53 activity [69]. To which
extent such pathways are functionally interconnected has not been investigated in detail.
More interestingly, a role for epigenetic regulation of HSC aging is supported by the
apparent involvement of the poly-comb complex genes EZH1, EZH2 and Bmi-1 as well as
by data from whole genome gene expression analyses [29,70,71]. EZH1, for example, is a
histone methyltransferase important for HSC maintenance over time [72]. Signaling events
involving small GTPases were not known to regulate stem cell aging, but recently published
studies implicate a critical role for the small Rho GTPase Cdc42 in the aging of HSCs [32].

Cdc42 AND AGING

Genome-wide association studies of longevity in humans have associated elevated
expression of Cdc42 in hematopoietic cells to increased morbidity and aging [73]. Mice with
constitutively elevated Cdc42 activity in all tissues by genetic deletion of a negative
regulator of Cdc42, Cdc42GAP, displayed a severe premature aging syndrome in multiple
tissues [74], including HSCs [36™], which show reduced adhesion to stroma and reduced
polarity due to increased Cdc42 activity in aged HSCs [31-33]. Other phenotypes associated
with aged HSCs, including the recently identified loss of cell polarity, appear to be direct
consequences of elevated Cdc42 activity in aged HSCs [36™]. These data thus support a
hypothesis that elevated Cdc42 activity and associated signaling pathway plays an important
role in the mechanism of HSC aging.

Cdc42 belongs to the Rho family of the Ras GTPase superfamily, acting as a binary
molecular switch that cycles between a GTP-bound active state and GDP-bound inactive
state in response to a variety of extracellular stimuli [75]. A key function of Cdc42 is
regulation of actin cytoskeleton [76], which is believed to be a central mechanism for
Cdc42-mediated cell polarization, adhesion and migration. Cdc42 is involved in the
induction of actin filopodia and microspikes — at least in part through the effectors PAK,
WASP/N-WASP, IQGAP and possibly the Par3/Par6 polarity protein complexes; the Par3/
Par6 complexes are known to regulate actin and tubulin cytoskeleton reorganization and cell
polarity (referred to as planar cell polarity in some tissues) [77,78]. Another important
function of Cdc42 is to regulate cell cycle and growth signaling. Cdc42 was found to
crosstalk with the JAK-STAT pathway, and to be important for activation of Erk, JNK, p38
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MAP kinases and NF-«B transcription [79-82]. Cdc42-regulated cell proliferation may
require phosphorylation of the Cdc42 effector IQGAP1 with subsequent binding to Cdc42.
The N-terminus of IQGAP1 interacts with mTOR. Thus, Cdc42 might couple cell growth
and division via a Cdc42-1QGAP1-mTOR pathway [83]. On the other hand, hippocampal
neuronal polarity is established via an IGF-Cdc42 signaling axis [84]. It is an intriguing
possibility that Cdc42 may engage in multiple pathways such as IGF, WNT, mTor and/or
JNK that have been previously implicated in aging regulation in mice and other model
organisms, and by regulating cytoskeleton polarity machineries mediate the aging-associated
decline of HSCs.

STEM CELL REJUVENATION

It has been reported that aged muscle stem (‘satellite’) cells, in which an aging phenotype is
defective response to Wnt-signaling, can be activated to differentiate and regenerate muscle
in aged animals as efficiently as muscle stem cells in young animals — either by forced
activation of Notch or by factors in serum from young animals supplied by parabiosis
[11,85-87]. Separately, attenuation of HSC aging could also be achieved by lifelong caloric
restriction in BalbC inbred mice [88], by anti-oxidative therapy [61] (in the later case, the
phenotype of reduced transplantability was ameliorated), or partly by rapamycin treatment
[89-91]. These experimental systems suggest different mechanisms of stem cell aging and
elucidate the possibility for phenotypic rejuvenation of aged stem cells. Further work studied
ex-vivo treatment of aged HSCs, in which Cdc42 activity is significantly elevated compared
with young HSCs, with a Cdc42 activity specific inhibitor. The treatment, which suppressed
the Cdc42 activity in chronologically aged HSCs to that found in young HSCs, was able to
revert several aging associated phenotypes of aged HSCs as determined by transplantation
experiments [36*,92], including lymphoid and myeloid lineage unbalance and HSC fitness.
Such treated aged HSCs seemed to be functionally rejuvenated, promoting the hypothesis
that aging of HSCs may not be a one-way street and could be pharmacologically reversible.

CONCLUSION

The molecular mechanisms of HSC aging are beginning to be elucidated. Identifying
conditions under which aged HSCs may become functionally similar to young stem cells is
the first step towards designing future treatments to restore age-associated imbalances in
hematopoiesis and to slow down, halt or alleviate certain aging-related diseases. To this end,
a more detailed understanding of signaling pathways such as those regulated by Cdc42 in
aging of HSCs may provide useful clues for translational applications benefiting future stem
cell therapies for healthy aging.
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