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Aging is a degenerative process resulting in compromised tissue maintenance and increased susceptibility to diseases, such as cancer. Recent
advancements support the notion that aging is a highly regulated process governed by evolutionarily conserved pathways. In mammals, tissue-
specific adult stem cells (ASCs) persist throughout the lifetime to maintain and repair tissues. While reduced ASC self-renewal is thought to contribute
to compromised tissue maintenance, increased self-renewal of cancer stem cells (CSCs) may lead to tumorigenesis. It is speculated that genetic
regulators of aging, such as sirtuins, are likely to impinge upon the ASC compartments to regulate tissue maintenance and tumorigenesis. In this
review, we discuss the emerging evidence linking sirtuins to normal and malignant ASC self-renewal, tissue maintenance, and tumorigenesis.
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Introduction

Loss of homeostasis and decreased abil-
ity to regenerate after injury are hall-
marks of aging. Tissue homeostasis and
regeneration after injury are maintained
by rare populations of tissue-specific
adult stem cells (ASCs). ASC function
decreases with age, contributing to the
loss of tissue homeostasis. It is specu-
lated that genetic regulators of aging,
such as sirtuins, are likely to function in
the ASC compartment to modulate tis-
sue maintenance. Here, we review the
regulation of sirtuins in ASC self-
renewal and tissue homeostasis with a
focus on the hematopoietic system (Fig.
1) and discuss how this regulation is
hijacked by cancer stem cells (CSCs) to
drive cancer development and their
resistance to therapies (Figs. 1 and 2).

Aging and Conserved
Regulators of Aging

Aging is a fundamental process of life
associated with the decline of cellular
and tissue functions over time. When
homeostasis and repair are reduced to
the point that cellular and tissue integrity
and function are lost, physiological
decline begins, and aging is manifested."
Thus, the gradual and complex process
of aging can be considered the outcome
of an imbalance between damage and

repair.”  Supporting this explanation,
many of the diseases of the elderly—
osteoporosis, anemia, and sarcopenia—
result as an imbalance between tissue
loss and replacement.’ Aging is closely
associated with increased disease sus-
ceptibility and risk of mortality.’ In fact,
old age is the greatest risk factor for
many diseases. Understanding how we
age may allow us to slow the aging
process and thus limit the prevalence
of many age-associated diseases all at
once.

As many cellular processes change
and decline with age, one of the most
challenging tasks in understanding aging
is to parse the causes of cellular and tis-
sue aging from the many changes that
accompany it. The daunting complexity
of aging originally led people to believe
that the process of aging was passive and
entropic. However, we now know that,
like other cellular processes, the process
of aging is regulated by signaling path-
ways and transcription factors.! The
original hint that aging might be a regu-
lated process came from the observation
that different species have vastly differ-
ent life spans, suggesting that aging
could be genetically regulated.” Work
with model organisms like Saccharomy-
ces cerevisiae, Caenorhabditis elegans,
and Drosophila melanogaster has con-
firmed this and provided evidence that

genetic and environmental interventions
can extend the life span as well as health
span, which is the period of life when
one is generally healthy and free of
chronic illnesses.

Many of the pathways identified in
model organisms to extend the life span,
and thus regulate aging, are involved
with nutrient-sensing or stress responses.
Under conditions of plenty, when food is
readily available and stress levels are
low, these pathways promote reproduc-
tion and growth. However, under stress-
ful conditions, where food is scarce and
conditions are harsh, these pathways
change their activity and promote cell
protection and maintenance instead. It is
thought that the mutation of genes
involved in these pathways can increase
longevity because they activate path-
ways that protect cells from stress.
Dietary restriction (DR), a reduction in
food intake without malnutrition, is one
environmental intervention shown to
increase the life span across many dif-
ferent species.’ DR was originally
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Figure 1. SIRT1, tissue maintenance, and
tumorigenesis. SIRT1 mediates the stress re-
sponse in hematopoietic stem cells (HSCs) and
promotes HSC survival and tissue homeosta-
sis. This stress response pathway is hijacked
by leukemic stem cells (LSCs) and promotes
LSC survival and disease evolution.

believed to enhance longevity by reduc-
ing cellular respiration and limiting the
rate at which cellular damage accumu-
lated. However, it is now clear that the
longevity response associated with DR
is regulated by various nutrient-sensing
pathways, such as the target of rapamycin
(TOR), AMP kinase, sirtuins, and insulin/
insulin-like growth factor (IGF-1) signal-
ing pathways.* These nutrient-sensing
pathways control cellular stress response
pathways including DNA damage, pro-
teostasis, autophagy, as well as mitochon-
drial function, redox, and metabolism
and have emerged as regulators of aging,
with their function being conserved
across many different species.”

Sirtuins

Sirtuins link the metabolic state of the
cell to stress response pathways and
thus age-related phenotypes. Sirtuins are
proteins with deacetylase and/or ADP-
ribosyltransferase activities that require
the cellular nutrient nicotinamide ade-
nine dinucleotide (NAD") to perform
their functions.”” This requirement for
NAD" allows sirtuins to sense the cellular
metabolic state and tailor their activity to
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Figure 2. SIRT1 as a therapeutic target for chronic myelogenous leukemia (CML). CML is
supported by leukemic stem cells (LSCs) that produce the nontumorigenic cells that make up the
bulk of the tumor. SIRT1 is active in LSCs during both chronic and blast crisis phases of CML.
Imatinib, a tyrosine kinase inhibitor (TKI), can control CML by targeting the differentiated cancer
cells. However, it does not affect CML LSCs. A combination of TKI treatment plus inhibition of

SIRT1 can effectively eradicate CML LSCs.

the needs of the cell. Silent information
regulator 2 (SIR2), the founding member
of the sirtuin family, was originally iden-
tified in S. cerevisiae. Under DR or fast-
ing conditions when NAD" levels are
high, SIR2 activity is increased; con-
versely, under nutrient-rich conditions
when NAD" levels are low, SIR2 activity
is limited."”'? Expression of SIR2 was
found to have an inverse relationship
with a replicative life span. Overexpres-
sion of SIR2 increased the number of
divisions a mother yeast cell could com-
plete, thus slowing aging, while deletion
of SIR2 decreased the number of divi-
sions and shortened the life span."”> The
life span extension activity of SIR2 is
conserved across other model organisms,
including C. elegans, D. melanogaster,
and Mus musculus."*'® However, the role
of sirtuins in longevity regulation has
recently become hotly debated.'”®
There are 7 mammalian SIR2 homo-
logs (SIRT1-SIRT7) that are found in

various cellular compartments. SIRT1,
the mammalian ortholog of SIR2, is
upregulated in some tissues of mice
undergoing fasting or DR but is down-
regulated in mice on a high fat diet."”*
Moreover, SIRT1 expression decreases
with advanced age.** SIRT1 is consid-
ered a promiscuous deacetylase and has
a wide array of targets in the nucleus and
cytoplasm. When active, SIRTI can
deacetylate histones and different groups
of proteins that are involved in stress
response and repair: transcription fac-
tors, signaling factors, and DNA repair
proteins.” p53 was the first nonhistone
target of SIRT1 to be identified.”®*®
SIRT1 also deacetylates many other pro-
teins involved in cellular stress
responses, including Ku70, Forkhead
box subgroup O (FOXO) proteins, and
nuclear factor k B (NF-kB) among oth-

rs.” Through its deacetylation activity,
SIRT1 can regulate protein activity and
gene expression and rapidly initiate
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many prosurvival and stress responses
under stress conditions.

Adult Stem Cells

In adult animals, tissue homeostasis is
maintained by tissue-specific ASCs that
can produce all the cell types necessary
for tissue function and have the ability to
replace those cells when they are lost
due to injury or wear and tear.”” In addi-
tion to being able to generate all the
mature effector cells of the tissue, ASCs
also have the ability to self-renew,
allowing for replenishment of the ASC
pool.”® Because most of the effector
cells of tissues are short lived and are
turned over regularly throughout life,
ASCs must constantly function to
replace them to avoid tissue atrophy or
aplasia.

ASCs are exposed to the same factors
as those that lead to age-related changes
in their postmitotic progeny. However,
because ASCs are essential for main-
taining tissue homeostasis over a life-
time, they must resist the formation and
accumulation of damage.”’ Many cell
extrinsic and intrinsic mechanisms work
in concert to protect ASC integrity,
including expression of transporter pro-
teins that can efflux toxins, localization
to hypoxic niche microenvironments,
limitation of reactive oxygen species
(ROS) production, reduced metabolic
rates, and maintenance in a quiescent
cell cycle state.”* Despite all these lay-
ers of protection, ASCs can still accu-
mulate damage, which manifests as
changes in progeny, change in ASC pool
size, senescence, and malignant trans-
formation.’'** Some of these age-asso-
ciated modifications to ASCs can be
reversible and may have implications
for therapies.

Conserved regulators of aging are
likely to play a role in the preservation
of ASCs. DR has been shown to improve
the function of aged HSCs, even after
transplantation into non-DR recipient
mice.”* DR was also found to suppress
the development of myeloid leukemia in
an irradiation-induced mouse model of
leukemia by minimizing the expansion

of aberrant HSCs.* These findings sug-
gest that ASC homeostasis, ASC self-
renewal, ASC aging, and tumorigenesis
can be modulated by conserved regula-
tors of aging that mediate the DR antiag-
ing effects.' Supporting this notion,
mTOR was found to be upregulated in
aged HSCs.”® Rapamycin, the inhibitor
of mTOR, limited the age-associated
changes in HSCs and improved the
transplantation ability of aged HSCs."'
These findings beg the question: do
other conserved regulators of aging,
such as sirtuins, play a role in the main-
tenance of tissue homeostasis and
regeneration?

SIRT1 in Fetal HSCs

During fetal development, the yolk sac,
aorta-gonad-mesonephros, fetal liver,
and placenta are all sites of hematopoie-
sis in mice.””** Under homeostatic con-
ditions, fetal hematopoietic stem and
progenitor cells (HSPCs) do not require
SIRT1 for their function and survival.
SIRT1™ fetal livers have the same fre-
quency of HSPCs defined immunophe-
notypically as wild-type (WT) fetal
livers.® However, when fetal HSPCs are
stressed and pushed to differentiate or
self-renew, their ability is limited by the
absence of SIRT1. HSPCs isolated from
SIRT1™ yolk sacs had reduced abilities
to form colonies in vitro.*® Furthermore,
after ex vivo culture, the frequency of
immunophenotypic fetal liver HSPCs
decreased 20-fold.” Additionally, HSPCs
isolated from SIRT1” fetal livers did not
perform as well as HSPCs from WT fetal
livers after serial replating and serial
transplantation.” These data suggest that
SIRT1 is essential for the maintenance of
fetal HSPCs under stress.
Mechanistically, SIRT1 protects fetal
HSPC self-renewal by reducing oxidative
stress. HSPCs isolated from SIRT1
fetal livers had increased levels of
ROS.” Treatment with the antioxidant
N-acetylcysteine (NAC) reduced cellu-
lar ROS levels and limited the increased
differentiation seen in SIRT1~ fetal
liver HSPCs. SIRT1 is likely to reduce
oxidative stress in HSPCs by regulating

its downstream stress resistance genes.
Ectopic overexpression of FOXO3a or
inhibition of p53 in SIRT1™" fetal liver
HSPCs was also able to restore loss of
HSPC maintenance.” Thus, during fetal
murine hematopoiesis, SIRT1 and its
downstream targets FOXO3a and p53
regulate a stress management program
that is essential for HSPC maintenance
under stress conditions (Fig. 1).

SIRT1 in Adult HSCs

In the adult murine hematopoietic sys-
tem, SIRT1 expression was found to be
regulated by proliferation and differen-
tiation. Resting or quiescent HSPCs had
the lowest SIRT1 expression, proliferat-
ing HSPCs had increased SIRT1 expres-
sion, and mature cells had the highest
levels of SIRT1 expression.*”*' The
changes in expression levels may reflect
the differential requirement for SIRT1 in
HSPC maintenance under various con-
ditions. Like fetal HSPCs, adult HSPCs
do not require SIRT1 for their function
and survival under homeostatic condi-
tions. Adult WT and SIRT1”" mice had
similar bone marrow (BM) cellulari-
ties.*” There was also no difference in
the numbers of HSPCs in SIRT1™~ mice
compared to WT mice.*" Furthermore,
SIRT1”" mice do not display any hema-
topoietic defects during homeostasis.*
However, under stress conditions,
adult SIRT1” HSPCs respond differ-
ently from fetal SIRT1”~ HSPCs. Adult
SIRTI”~ HSPCs isolated from young,
middle-aged, and old SIRTI” mice
could transplant recipient mice as well as
age-matched WT controls, showing that
SIRT1 deficiency does not affect adult
HSPCs under the stress of transplanta-
tion.** This is in contrast to fetal HSPCs,
which require SIRT1 under transplanta-
tion stress.” This difference may reflect
the distinct role of SIRT1 in HSPCs at
different developmental stages. Alterna-
tively, this difference may result from the
complication of the SIRT1”~ mouse mod-
els employed in the studies. SIRT1 dele-
tion in mice results in perinatal and
postnatal lethality with high pene-
trance.”"** The mice employed in these
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studies are those that survive into their
adulthood and are likely to be preselected
to adopt compensatory stress resistance
programs. To faithfully understand the
role of SIRT1 in adult hematopoiesis, the
barrier of embryonic lethality must be
surpassed. A conditional SIRT1 knockout
mouse model specifically deleting SIRT1
from the hematopoietic system will be
informative.

Despite being able to perform long-
term reconstitution in transplants, adult
HSPCs lacking SIRT1 had reduced
functionality in vitro. Adult SIRT1"
HSPCs had reduced clonogenic ability.*’
SIRT1 also affects HSPC survival and
proliferation in ex vivo cultures, but the
findings are controversial. One group
found that adult SIRT1”"~ HSPCs cycled
less than WT HSPCs and did not survive
as well when deprived of cytokines and
growth factors, while another group
found that SIRT1”~ HSPCs were able to
proliferate more than WT HSPCs.**"!
Similarly, inhibition of SIRT1 by nico-
tinamide caused an approximately
4-fold reduction in the percentage of
HSPCs found in cultured murine adult
WT BM cells.”” While it is unclear
whether the effects under the in vitro
culture conditions have any physiologi-
cal relevance, these studies may suggest
a role of SIRT1 in adult hematopoietic
stress responses. Consistent with this
notion, pretreatment with resveratrol, an
activator of SIRT1, was shown to reduce
the deleterious effects of total body irra-
diation on the murine hematopoietic
systc:m.46

Leukemia and Leukemic
Stem Cells

Cancer of the blood, or leukemia, is
often associated with a disruption of the
normal balance that exists between
mature blood cell turnover and their
replenishment by HSCs and progenitors.
Leukemic cells can be organized hierar-
chically into fractions that are tumori-
genic and nontumorigenic. The tumor-
igenic portion of leukemic cells com-
prises the leukemic stem cells (LSCs)

that can initiate and maintain the leuke-
mia. They develop from healthy HSCs
or from progenitor populations that
acquire the ability to self-renew.’’*"
LSCs are functionally similar to HSCs
with the capacity to self-renew and dif-
ferentiate, but these processes are aber-
rantly regulated. LSCs self-renew to
generate more LSCs that can initiate and
sustain the disease and differentiate to
produce the heterogeneous mixture of
cells that constitute the nontumorigenic
bulk of the tumor.

Chronic  myelogenous leukemia
(CML), a leukemia that arises from
LSCs, is caused by the acquisition of a
chromosomal translocation fusion prod-
uct, BCR-ABL, which encodes an onco-
protein with constitutive tyrosine kinase
activity.”** CML is characterized by
granulopoiesis, splenomegaly, and its
triphasic disease course: chronic phase,
accelerated phase, and blast crisis phase.
CML is considered a stem cell disease
because the expression of BCR-ABL is
found in mature cells of both arms of the
hematopoietic lineage: the myeloid arm
(myeloid, erythroid, and megakaryo-
cytic cells) and the lymphoid arm (B
cells).”® Additionally, CML can be initi-
ated by the transplantation of either
HSCs carrying the BCR-ABL oncogene
in the chronic phase or progenitors car-
rying the BCR-ABL oncogene in the
blast crisis stage.”*”°

Drugs that specifically target the
BCR-ABL fusion protein have been able
to control CML. Tyrosine kinase inhibi-
tors (TKIs) such as imatinib, dasatinib,
and nilotinib can all manage CML by
targeting malignant progenitor cells but
appear to have little effect on LSCs.”’
CML patients must remain on TKIs for
the rest of their lives or risk a relapse.”®*’
LSCs can also escape TKI treatment
through mutating the kinase domain tar-
geted by TKIs.®*®' In developed coun-
tries, most CML patients are diagnosed
during the chronic phase of the disease
and thus have the opportunity to use
TKIs. However, in the developing
world, CML patients are often not iden-
tified until the accelerated or blast crisis

stage of the disease.”” The ability of
LSCs to evolve and evade targeted ther-
apy as well as the timing of CML diag-
nosis worldwide makes it essential that
new therapies target all stages of CML
disease and remove the LSCs that drive
disease progression. It is now becoming
clear that the next approach in CML
treatment will be to use combination
therapy, combining TKIs with the inhi-
bition of targets specifically activated in
LSCs but not in healthy HSCs or pro-
genitors. These combination therapy
approaches will ideally cure CML
patients while sparing them from the
burden of a lifetime on pharmacological
treatments with the risk of disease
relapse.”®

Sirtuin 1 and LSCs

Because SIRTI controls many cellular
stress response and repair pathways, but
does not seem to be essential for homeo-
static regulation of hematopoiesis, it is
an optimal target to test in the treatment
of CML.**** BCR-ABL expression in
CML enhances the expression and activ-
ity of SIRT1, possibly by downregulat-
ing the expression of hypermethylated
in cancer 1 (HIC1), an upstream nega-
tive regulator of SIRT1.°°° This
increased expression was found to have
functional relevance. Knocking down
SIRT1 reduced the proliferation, sur-
vival, and clonogenic ability of CML
LSCs but had a limited effect in normal
HSCs, supporting the notion that SIRT1
may be expendable in normal HSCs but
essential for CML LSCs.*%

Inhibition of SIRT1 has the potential
to serve in a combination therapy with
imatinib in the treatment of CML. Teno-
vin-6 (TV-6), a small molecule inhibitor
of SIRT1, or TV-6 plus imatinib were
both found to be more effective than
imatinib alone at reducing the survival
and clonogenic capability of CML LSCs
in vitro.* In a more physiological set-
ting, TV-6 alone or TV-6 and imatinib
together were able to reduce the num-
bers of CML LSCs, slow disease pro-
gression, and enhance survival ina CML
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mouse model.”*" These therapeutic
strategies also appear to be effective in
human CML, as demonstrated in mice
transplanted with CML LSCs isolated
from a patient in blast crisis who was not
responding to imatinib.” Thus, targeting
SIRT1 may be an effective treatment
against both chronic and blast crisis
stages of CML (Fig. 2).

SIRT1 protects CML LSCs through
its downstream target p53. Inhibition of
SIRT1 leads to p53 activation in human
CML LSCs, and TV-6 treatment was
ineffective in CML LSCs in the absence
of p53.” Interestingly, the same stress
resistance mechanism is employed by
SIRT1 to protect fetal liver HSPCs
and CML LSCs.*® These observations,
together with the finding that BCR-ABL
induces the expression of SIRT1, suggest
that LSCs hijack the SIRT1 tissue main-
tenance pathway for survival (Fig. 1).

In addition to enhanced stress
responses and survival, elevated SIRT1
expression in CML may also promote
disease evolution and TKI resistance
through increased mutagenesis. SIRT1
deacetylates many components of the
DNA damage response and DNA repair
pathways, including Ku70, Nijmegen
breakage syndrome protein (NBS1), and
Werner syndrome protein (WRN),*>67-68
SIRT1 can enhance nonhomologous end
joining (NHEJ), an efficient yet error-
prone DNA repair mechanism.****%
While SIRT1 may help CML LSCs
repair DNA damage and escape apopto-
sis, it may also facilitate the accumula-
tion of new mutations and promote
disease evolution and drug resistance.

Conclusion

Evidence is emerging to support a role
for SIRT1 in stress resistance in HSPCs
at early developmental stages but not
during adulthood. However, SIRT1 is
essential for the survival of malignant
CML LSCs and promotes disease pro-
gression. Targeting the Achilles heel of
CML LSCs in SIRT1 will allow for the
treatment of advanced stages of CML or
CML that has become resistant to

current TKI therapies while sparing nor-
mal HSCs and hematopoiesis.

Currently, little is known about the
function of SIRT2 to SIRT7 in HSCs
and the hematopoietic system. However,
it has been shown that SIRT2, SIRT3,
and SIRT7 expression are strongly
downregulated in aged HSCs.”” Addi-
tionally, SIRT7 is known to localize to a
chromosomal region (17q25.3) often
lost in leukemia.”" We anticipate that
this is just the beginning of understand-
ing the importance of sirtuins in stem
cell and CSC biology. Understanding
the role that sirtuins play in HSC main-
tenance and aging may lead to the iden-
tification of therapeutic targets for
ameliorating the physiological impact of
aging on HSCs and thereby limit BM
failure, anemia, and leukemia.
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