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Organismal diet has a profound impact on tissue homeostasis and health in mammals. Adult stem cells are a
keystone of tissue homeostasis that alters tissue composition by balancing self-renewal and differentiation
divisions. Because somatic stem cells may respond to shifts in organismal physiology to orchestrate tissue
remodeling and some cancers are understood to arise from transformed stem cells, there is a likely possibility
that organismal diet, stem cell function, and cancer initiation are interconnected. Here we will explore the
emerging effects of diet on nutrient-sensing pathways active in mammalian tissue stem cells and their

relevance to normal and cancerous growth.

Introduction

Organismal diet is one of several lifestyle factors that influence
health and disease, such as cancer incidence and progression.
Food consumption can directly affect the availability of nutrients
and indirectly modulate growth factor and hormone levels, which
in turn can regulate tissue homeostasis and tumor initiation
(Rafalski et al., 2012). Historically, the effects of diet-induced
physiology in rodents have been audited by using two extremes
of nutrient availability: calorie restriction and dietary or genetic
models of obesity. Calorie restriction (also referred to as dietary
restriction) in many animal models is defined as a reduction in
nutrient intake on the order of 20% to 40% of total caloric intake,
without causing malnutrition (Johnson et al., 2013). Interestingly,
calorie restriction is associated with improved health (i.e.,
delayed onset of age-related pathologies), enhanced lifespan,
or both in multiple species ranging from worms to mammals
(Colman et al., 2009; Kenyon, 2010; Signer and Morrison,
2013). In contrast, obesity is associated with multiple comorbid-
ities that include heart disease, metabolic syndrome, and cancer
incidence. Because calorie restriction and obesity are on the
opposite ends of the spectrum in regards to calorie intake, the
physiologic state induced by each intervention will probably
have different or opposing effects on pathways that are engaged
in adult mammalian stem cells.

In this Review, we explore the influence of diet and metabolic
pathway regulation on adult stem cell biology in mammals and
the subsequent implications of these factors in cancer initiation.
From epidemiologic data, it has been long observed that diet in-
fluences cancer initiation in multiple species including humans;
yet, little is known about how diet at the cellular level regulates
somatic stem cell function and how this influences the predispo-
sition of these cells to undergo transformation. One can specu-
late that dietary interventions that increase the size of somatic
stem cell pools may over the long-term augment the probability
of developing a cancer, whereas dietary interventions that
reduce the size of the stem cell pool may be associated with a
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reduction in cancer incidence. From a preventative or regenera-
tive medicine perspective, a goal will be to develop nutritional
interventions or therapies that mimic the metabolic effects of
diets that enhance tissue regeneration without increasing the
risk of developing cancer.

Adult Stem Cells: Units of Tissue Adaptation and Early
Transformation
Many mammalian tissues are maintained by stem cells that
possess two defining characteristics: (1) the capacity to self-
renew and generate more stem cells that persist for the life of
an organism and (2) the ability to differentiate into downstream
progenitor cells that engender the cellular diversity inherent to
tissues. At the base of the intestinal crypt are rare Lgr5* cells
that mark the majority of intestinal stem cells (ISCs), which drive
the 3 to 5 day turnover of the intestine (Barker et al., 2007, 2012).
Hematopoietic stem cells (HSCs) reside in the bone marrow and
give rise to all of the mature lymphoid, myeloid, and erythroid
blood cell types. Muscle regeneration is mediated by satellite
cells, which reside juxtaposed to mature myofibrils (Sherwood
etal., 2004). The satellite cell pool contains self-renewing muscle
stem cells that can regenerate muscle tissue in response to
damage (Brack and Rando, 2012). Neural stem cells reside
in the central (CNS) and peripheral nervous systems (PNS) and
generate diverse neural subtypes important for memory and
gastrointestinal motility during fetal development or in adult
mammals (Kruger et al., 2002; Zhang et al., 2008). In addition,
stem cells exist in many other tissues including the epidermal
skin, sweat glands, liver, and stomach (Barker et al., 2010;
Huch et al., 2013; Lu et al., 2012; Snippert et al., 2010). The
balance between stem cell self-renewal and differentiation is a
key determinant of tissue homeostasis and allows stem cells to
dynamically remodel tissues in response to turnover, damage,
and disease.

Often the initial steps leading to transformation occur in so-
matic stem cells (Magee et al., 2012b; Miyamoto et al., 2000).
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Over time, these premalignant stem cells, or restricted progeni-
tors derived from them, accumulate additional genetic or epige-
netic changes that lead to frank cancers. This process is best
illustrated in the mammalian intestine, where activation of g-cat-
enin (an early step in colon carcinogenesis) in Lgr5* ISCs, but not
in non-Lgr5* cells, is sufficient to induce the precursor adenoma-
tous lesions that evolve into intestinal carcinomas (Barker et al.,
2009; Zhu et al., 2009). A similar paradigm exists in the he-
matopoietic system (Chao et al., 2008). For instance, in chronic
myelogenous leukemia (CML), CML HSCs possess the BCR-
ABL translocation and only these CML HSCs (and not other
CML progenitor populations) can transfer disease in transplan-
tation assays (Jamieson et al., 2004b; Passegué et al., 2004).
Ultimately, transformation to CML-blast crisis or frank cancer
is believed to occur in downstream progenitors of the CML-
HSC (Jamieson et al., 2004a). Another example is the expression
of the leukemia AML1/ETO translocation in nonleukemic HSCs
(Miyamoto et al., 2000). The presence of a leukemic transloca-
tion in nonleukemic HSCs bolsters the notion that initial onco-
genic events occur in stem cells and that leukemia arises
when the progeny of premalignant HSCs (i.e., stem cells or
restricted progenitors) accumulate additional oncogenic insults.
Collectively, these findings suggest that tissue stem cells may
not only be key units of regeneration, but also substrates that
undergo events leading to transformation.

Intrinsic and Extrinsic Physiology-Sensing in Stem Cells
Diet-induced physiologic cues are likely to influence stem cell
biology and these can be partitioned into short-range signals
(local signals) and long-range signals (circulating growth factors)
as reviewed in Nakada et al. (2011). Stem cells often reside in
unique cellular neighborhoods or niches in diverse tissues,
allowing for their precise regulation by local cues. Lgr5* ISCs,
for instance, are nestled between Paneth cells at the bottom of
intestinal crypts. These Paneth cells, by elaborating key short-
range growth factors like Wnt3, EGF, and Notch ligands, are
necessary for the in vivo maintenance of Lgr5* ISCs such that
depletion of Paneth cells in genetic mouse models results in
the coordinated loss of Lgr5™ stem cells (Geiser et al., 2012;
Sato et al., 2011). Endothelial and perivascular cells near the
endosteum provide necessary short-range growth factors to fos-
ter HSC maintenance where genetic deletion of Stem Cell Factor
in these niche cells leads to the loss of stem cells (Ding et al.,
2012; Kiel et al., 2005). Similarly, hair follicle stem cells require
activating short-range signals from the dermal papilla to initiate
growth and regeneration of the hair follicle (Folgueras et al.,
2013; Greco et al., 2009). Thus, local cues emanating from the
stem cell niche are key governors of diverse stem cell pools.
Although little is known about how mammalian stem cells inte-
grate long-range systemic factors, stem cells may have intrinsic
and extrinsic (via their niches) mechanisms for sensing diet-
induced organismal physiology to alter tissue composition and
growth (Figure 1). Neural stem cells possess intrinsic machinery
for sensing IGF2 in the cerebral spinal fluid to fuel their prolifera-
tion (Lehtinen et al., 2011; Nakada et al., 2011). In other cases,
the niche in response to long-range systemic factors extrinsically
regulates stem cell function. For example, thyroid hormone pro-
motes neurogenesis by modulating the adult neural stem cell
niche (Lopez-Juarez et al., 2012). Another example is the intes-

tine where Paneth cells control stem cell function in response
to organismal feeding (discussed later) (Yilmaz et al., 2012).
Also, recent work demonstrates that sex influences how adult
stem cells sense organismal cues. HSCs from males and
females, for instance, differentially respond to circulating estro-
gen, probably allowing for enhanced hematopoiesis in females
during pregnancy (Nakada et al., 2014). Thus, diverse mecha-
nisms regulate stem cell fate in response to local and organismal
demands.

Diet and Stem Cell Homeostasis

Calorie Restriction

Given that calorie restriction delays age-related pathologies and
increases lifespan in diverse species, it has been proposed that
it does so in part by preserving stem cell numbers, function, or
both in multiple tissues. Calorie restriction boosts the regener-
ative capacity of stem cells in multiple rodent tissues. In the
CNS, for example, calorie restriction promotes the generation
of new neurons in the dentate gyrus. In the blood system, calorie
restriction prevents the decline of HSCs with age in certain
genetic backgrounds (Chen et al., 20083; Ertl et al., 2008). From
these studies, however, it is unclear whether calorie restriction
mediates its effects intrinsically or extrinsically via short- and/
or long-ranged signals on stem cells.

Recent work by Wagers and colleagues has raised the possi-
bility that both stem-cell-intrinsic and -extrinsic regulatory mech-
anisms are at play in boosting rodent skeletal muscle stem
cell activity in short-term calorie restriction (Figure 1B) (Cerletti
et al., 2012). Short-term calorie restriction enhances skeletal
muscle stem cell frequency in young and aged mice, improving
muscle regeneration after injury. In functional assays, calorie re-
striction-derived stem cells are more potent inducers of muscle
regeneration when transplanted into the injured muscle of con-
trol recipients, indicating that calorie restriction exerts at least
some of its effects directly on stem cells. Muscle stem cells
from calorie-restricted mice not only had more mitochondria
than their control counterparts, but these mitochondria were
more adept at consuming oxygen for energy (ATP) production.
These data suggest that metabolic plasticity allows stem cells
to adapt to low-calorie states by skewing their metabolism
toward oxidative phosphorylation from glycolysis. This shift
toward augmented oxidative phosphorylation promotes stem
cell function in the muscle.

Interestingly, however, the physiological environment induced
by calorie restriction may also play an integral role in mediating
these effects in stem cells as isolated muscle stem cells from
ad-libitum-fed mice manifested better engraftment and regen-
eration when transplanted into the injured muscle of calorie-
restricted hosts. Although it is still unclear mechanistically how
the altered stem cell microenvironment in calorie restriction
modulates muscle stem cell function, the authors speculate
that a reduction in inflammation, a known effect of calorie restric-
tion, boosts muscle repair after injury and the capacity of muscle
stem cells to engraft in transplanted muscle.

Obesity

The obesity epidemic has increased significantly over the last
several decades and underlies a multitude of “metabolic syn-
drome”-associated disorders such as increased carbohydrate
intolerance leading to insulin resistance and type Il diabetes,
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(A) Intrinsic (dark green) and extrinsic (orange) diet-sensing mechanisms integrate diet-induced physiology with tissue homeostasis. Stem cells (blue) and their
niche (green) sense physiologic cues such as hormones, growth factors, and nutrients to dynamically alter the production of differentiated cells (pink).
(B) Calorie restriction boosts regeneration in diverse tissues by increasing stem cell numbers and function. Niche-derived signals mediate some of the response of

calorie restriction on stem cells.

(C) Diet-induced obesity is associated with an abundance of nutrients, growth factors, and hormones that eventually leads to physiologic disequilibrium, including
insulin resistance, diabetes, and metabolic syndrome. This state reduces tissue repair, in part due to dysfunction of stem cells, their niches, or both.

elevated cholesterol and heart disease, hepatic steatosis, sys-
temic inflammation, and increased incidence of certain types
of cancers (Coughlin et al., 2004; Strickler et al., 2001; Vigneri
et al., 2006). With high rates of adult and now childhood obesity
on the rise, the metabolic syndrome epidemic has become one
of the leading causes of preventable death and continues to be
an increasing burden on healthcare costs internationally.
Obesity, a chronic pathologic condition, is most frequently
associated with surplus of caloric intake compared to caloric
expenditure. One of the many consequences of the obese state
is that individuals have an imbalance of endocrine hormonal
signaling, such as increased insulin and leptin and decreased
adiponectin, which collectively are associated with insulin resis-
tance. Obesity is coupled with hormone and cytokine signaling
deregulation that impede tissue repair after injury. For example,
diabetic patients as well as diabetic and high-fat diet (HFD)-
induced obese mice exhibit delayed wound closure, explained
partially by defects in myofibroblast differentiation (Seitz et al.,
2010). Adipose-derived mesenchymal stem cells from obese
patients showed skewed differentiation potential in ex vivo func-
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tional assays (Ofnate et al., 2012). In general, chronic obesity is
associated with changes that decrease wound healing.
Recently, studies have implicated obesity and its associated
disorders on the regulation of stem cell function in vivo. Both
in rodent models of type 1 and 2 diabetes and in diabetic
patients, HSCs were less effective at mobilizing out of their
bone marrow environment into the systemic circulation (Ferraro
et al., 2011; Rafalski et al., 2012). Further, when HSCs from
ad-libitum-fed mice were transplanted into diabetic hosts, the
HSCs displayed early proliferation, highlighting the extrinsic
influence of the diabetic environment on HSC proliferation
(Figure 1C). In addition, there is evidence suggesting that lipo-
proteins differentially control HSC proliferation, where low-den-
sity lipids (LDLs) promote and high-density lipids (HDLs) inhibit
HSC numbers (Feng et al., 2012; Murphy et al., 2011). Also,
hormones elevated in obesity, such as leptin, may enhance
HSC numbers. Exogenous leptin augmented phenotypic HSC
numbers and function in ex vivo culture, but it is unclear whether
leptin does so in transplantation assays or in obesity (Dias et al.,
2013; Mukouyama et al., 1998). Interestingly, a component of
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the stromal HSC niche expresses the leptin receptor, raising the
question of whether obesity-related changes in HSC function
are mediated by the response of their niche to elevated leptin
(Ding et al., 2012).

Another population of somatic stem cells that may be affected
by HFD is hypothalamic neural stem cells. Two studies in 2012
demonstrated that there are Nestin and Sox2-positive neuro-
genic stem cells residing in the hypothalamus that are sensitive
to the effects of high-fat diet (Lee et al., 2012; Li et al., 2012). Li
and colleagues demonstrated that HFD led to a reduction of
hypothalamic stem cell numbers, as well as neurons produced
from these cells. Interestingly, prolonged HFD for 8 months led
to a 10% decrease of major types of hypothalamic neurons,
which also include POMC neurons that regulate feeding
behavior. Conversely, Lee and colleagues reported an increase
of neuronal output and neurogenesis after a short-term HFD
regimen. These studies indicate that the response to acute
and chronic obesity may differentially regulate neural progenitor
biology.

Altered organ function in obesity may correlate with increased
intraorgan fat. Obese individuals are predisposed to hepatic
steatosis or nonalchoholic fatty liver disease (NAFLD). More
advanced disease leads to liver cirrhosis, an irreversible state
in which the liver can no longer regenerate and adequately repair
itself. Repair to injury in the liver is driven by bipotent oval cells
that generate new hepatocytes and bile duct epithelium (Yanger
and Stanger, 2011). Oval cells accumulate in mouse models of
fatty liver disease and other chronic liver diseases (Lowes
et al., 1999; Roskams et al., 20083). A recent study also showed
that injury in the liver leads to induction of Lgr5* oval cells that
were able to generate liver organoids in vitro and can differen-
tiate into mature hepatocytes in transplantation assays (Huch
et al., 2013). Although the oval cell pool increases in response
to obesity-induced liver damage, it is unclear whether this con-
tributes to hepatocellular carcinoma.

HFD-induced obesity also hampers muscle repair after injury,
resulting in smaller muscle fibers (Hu et al., 2010). These effects
were noted to occur in the absence of impaired satellite cell pro-
liferation, as assessed by Brdu incorporation, consistent with the
notion that high-fat diet may have extrinsic effects on muscle
differentiation and maturation. One possibility is that HFD en-
hances inflammatory signals, which then delay proper muscle
regeneration (Figure 1C). This model fits with the findings that
calorie restriction may improve muscle regeneration upon injury
through decreased inflammation.

Pathways Regulated by Organismal Diet in Stem Cells

Because substrates such as glucose, amino acids, and fatty
acids will vary based on the composition of distinct dietary inter-
ventions, an important question is how changes in nutrition are
translated to altered stem cell function. Recently, regulation of
the phosphatidylinositol 3-kinase/AKT (PISK/AKT) growth factor
pathway by insulin, the mechanistic target of rapamycin (mTOR)
pathway by nutrients, the AMPK/LKB1 pathway by energy, and
the Sirtuins through NAD* levels have been implicated in medi-
ating many of the beneficial and deleterious effects of calorie re-
striction and obesity on stem cell function and cancer initiation.
These pathways have also been shown to play a critical role in
the regulation of metabolic processes such as glycolysis and

oxidative phosphorylation that are reviewed in Ochocki and
Simon (2013), Shyh-Chang et al. (2013), Rafalski et al. (2012),
and Folmes et al. (2012).

mTOR in HSCs and Leukemia Initiation

Many of the organismal benefits of calorie restriction on tissue
function have been linked to the regulation of mTOR (Johnson
et al., 2013). mTOR is the target of an FDA-approved compound
named rapamycin and interacts with associated proteins to form
two distinct complexes: mTOR complex 1 (mTORC1) and com-
plex 2 (mMTORC2) that have overlapping and distinct functions as
well as different sensitivities to rapamycin inhibition (Laplante
and Sabatini, 2012). mTOR has distinct functions depending
on the protein complex that it nucleates. mMTORC1 is a master
integrator that couples cellular and organismal growth by re-
sponding to diverse upstream signals that include oxygen,
amino acids, and energy levels. Growth factors, such as insulin,
activate the PIBK/AKT pathway, which in turn leads to the stim-
ulation of mMTORC1 by inhibiting the tuberous sclerosis complex
1/2 (Inoki et al., 2002). The mTORC1 pathway promotes growth
by stimulating protein and lipid synthesis. The mTORC2 pathway
regulates survival and metabolism by phosphorylating AKT,
which bridges signaling between the two distinct mTOR com-
plexes (Figure 2).

Insights into the role of mMTOR in stem cell fate regulation came
from studies in which phosphatase and tensin homolog (PTEN),
a phosphatase that negatively regulates signaling through the
PIBK/AKT, was deleted in HSCs (Yilmaz and Morrison, 2008;
Yilmaz et al., 2006; Zhang et al., 2006). Deletion of PTEN or en-
forced genetic activation of AKT stimulated HSC proliferation
and depletion and led to the development of acute leukemia
(Kharas et al., 2010; Yilmaz et al., 2006). Treatment with rapamy-
cin reversed the decline of PTEN-deficient HSCs and prevented
the formation of acute leukemia, implicating mTORC1 as a
key intrinsic regulator of not only HSC identity, but also of
leukemia-initiating cells (cells capable of transferring leukemia
upon transplantation). In subsequent studies, deletion of TSC1
(a negative regulator of mMTORC1 but not of PI3K) in HSCs led
to the loss of HSCs within weeks (Chen et al., 2008; Gan et al.,
2008) by increasing mitochondrial biogenesis and reactive oxy-
gen species (ROS). TSC1-deleted HSCs could be rescued by
treatment with rapamycin or partially with antioxidant n-acetyl
cysteine (NAC). In contrast to PTEN deficiency, TSC1 loss
in HSCs did not lead to the generation of acute leukemia, indi-
cating that pathways independent of mTORC1 are required for
leukemogenesis.

An important question is how does chronic mTORC1 stimula-
tion lead to stem cell depletion. Recent work by Morrison and
colleagues demonstrated that Pten deletion activates a tumor-
suppressive response in HSCs (Lee et al., 2010). PTEN deletion
induces expression of p16™K42 and p53 in HSCs during
the depletion phase of stem cells, and this increase in tumor
suppressor gene expression is ameliorated by treatment with
rapamycin, placing this response downstream of mTOR. The
activation of a senescence response is likely to protect the
stem cell pool from acquiring secondary mutations that lead to
the formation of leukemia. Indeed, loss of tumor suppressors
p16/™K4a b53, or both rescues the depletion of stem cells but
with the deleterious side effect of accelerating the generation
of transplantable leukemia-initiating cells (Figure 3).
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maintenance.

Many of the effects of PTEN loss in HSCs can also be restored
by targeting mTORC2, which acts upstream of mTORCH1.
mTORC2 phosphorylates AKT at Ser473, which in turn leads to
the activation of mTORCH. Interestingly, deletion of Rictor, an
essential MTORC2 component, has no effects on normal hema-
topoiesis but prevents HSC loss and leukemogenesis in PTEN-
deficient HSCs. These findings indicate that although mTORC2
is dispensable for normal stem cell function, it is critical for
leukemia-initiating cells in the setting of enforced PI3K/AKT
signaling. Similar to HSCs, many tissues have stem cells that
tolerate complete loss of MTORC2 signaling, such as the he-
matopoietic, intestine, muscle, and prostate, raising the question
of whether mTORC2 inhibitors can target neoplastic growth with
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minimal toxicity to normal stem cells (Bentzinger et al., 2008;
Guertin et al., 2009; Magee et al., 2012a; Yilmaz et al., 2012).

In contrast to mMTORC2, inhibition of mMTORC1 requires precise
control in order to preserve stem cell function. Complete genetic
loss of MTORC1 is detrimental for HSC maintenance: deletion
of Raptor, a necessary component of the mTORC1 complex,
causes progressive hematopoietic failure and is required for
HSC regeneration (Hoshii et al., 2012; Kalaitzidis et al., 2012).
However, partial inhibition of mMTORC1 with rapamycin generally
enhances stem cell self-renewal. For instance, rapamycin aug-
ments stem cell numbers in the intestine and blood and boosts
the repair capacity of mucosal stem cells in radiation-induced
mucositis (Huang et al., 2012; Iglesias-Bartolome et al., 2012;
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Yilmaz et al., 2012). Further studies will be needed to eluci-
date the relationship of rapamycin-sensitive and -insensitive
mTORC1 substrates to stem cell maintenance.

Also, there is some evidence suggesting that sustained mTOR
signaling accounts for some of the decline in stem cell function
with age. HSCs isolated from one genetic strain of old mice
showed evidence for increased mTOR signaling, although the
mechanism of how mTOR signaling increases with age in
HSCs is unknown (Chen et al., 2008). Interestingly, the age-
related decline in the reconstituting capacity of HSCs, as well
as defects in differentiation, was attenuated by rapamycin. How-
ever, the extent to which rapamycin actually rescues the aging
phenotype is unclear as rapamycin also boosts the absolute
numbers of HSCs in young mice (Huang et al., 2012; Nakada
et al., 2010; Signer and Morrison, 2013). These beneficial effects
of rapamycin on hematopoiesis may be secondary to its effect
on increasing stem cell numbers rather than in rejuvenating
aged HSC function; more studies will be needed to distinguish
between these possibilities.
mTOR in Other Somatic Stem Cells
Sustained mTOR activity, outside of the hematopoietic system,
also drives stem cell exhaustion. For example, persistent growth
signaling by Wnt1 in the mouse epidermis caused hair follicle hy-
pertrophy followed by loss of hair follicles and stem cells (Cas-
tilho et al., 2009). Although Wnt1 activated both B-catenin and
mTORCH1, treatment with rapamycin restored normal hair follicle

Figure 3. The PIBK-mTOR Axis in HSCs and
Leukemia Initiation

The PIBK-mTOR pathway and possible mecha-
nism of HSC depletion and leukemia initiation.
mTOR kinase nucleates two complexes: mTORC1
and mTORC2. mTORC?2 is upstream of mTORC1
and activates AKT, which in turn induces down-
stream mMTORC1 signaling. Deletion of PTEN
leads to hyperactivation of AKT and inactivation of
the TSC1/TSC2 complex to activate mTORCA1.
Chronic mTORCT signaling leads to the induction
of tumor suppressor genes, such as p16™K42,
p19°FF and p53, in stem cells. Treatment with
rapamycin rescues this response in stem cells,
restoring normal function. Although PTEN is
required for the maintenance of HSCs, its loss
gives rise to leukemia-initiating cells (or cells
capable of transferring acute leukemia to recipient
mice). Secondary mutations that inactivate the
tumor-repressive response in PTEN-deleted HSCs
are probably required for leukemogenesis. Dele-
tion of Raptor or Rictor, essential components of
mTORC1 or mTORC2, respectively, or adminis-
tration of rapamycin delay the decline in HSCs and
the generation of leukemia with PTEN deficiency.

growth and prevented stem cell deple-
tion, highlighting the prevalent role
of mTORC1 in this process. mTORC1
signaling also plays a dominant role in
spermatogonial stem cell maintenance
(Hobbs et al., 2010). The promyelocytic
leukemia zinc finger (PLZF) transcription
factor tunes stem cell mTORC1 activity
via transcriptional control of Redd1, an
mTORC1 inhibitor protein, in response
to niche-derived signals. Genetic deletion of Plzf results in sper-
matogonial stem cell depletion in an mTORC1-dependent
manner that can be prevented with rapamycin. Critical control
of mTOR signaling is essential for stem cell maintenance in
diverse tissues.

The mTOR pathway is also important for the extrinsic regula-
tion of stem cell fate. The mammalian small intestine, for
example, undergoes structural changes (shorter villi with less
numbers of differentiated enterocytes) in response to calorie
restriction, indicating that diet-induced physiology alters tissue
composition. At the level of the stem cell, calorie restriction in
the mouse intestine dampens mTORC1 signaling in Paneth cells
(a component of the stem cell niche) but not in stem cells them-
selves, resulting in an increase in both stem cell and Paneth cell
numbers (Yilmaz et al., 2012). Mechanistically, reduced niche-
dervied mTORC1 activity induces the expression of bone stro-
mal antigen 1, an ectoenzyme that produces the paracrine factor
cyclic ADP ribose (CADPR), in Paneth cells to bolster the prolifer-
ation of ISCs. Interestingly, instead of directly targeting mTORCH1
signaling in ISCs, calorie restriction and rapamycin treatment
create a more favorable stem cell niche. Preserving or increasing
the intestinal stem cell pool in low-calorie states may keep
intestinal stem cells in a poised state, allowing them to rapidly
regenerate the depleted differentiated cell types once nutrients
become available. This poised state may be one mechanism
that enables mammalian tissues to adapt to intermittent famine.
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Energy sensing is differentially regulated between stem cells and
their progeny and may also influence mammalian lifespan. The
AMP-activated kinase (AMPK) is a master sensor of changes
in the ratio of AMP to ATP (Hardie et al., 2012). During periods
of low-energy stress, such as food deprivation, AMPK becomes
activated as the concentrations of AMP and ADP increase.
Activated AMPK subdues anabolic cellular processes, such
as mTOR-mediated growth and lipogenesis, and activates
catabolic processes, such as autophagy, to preserve energy.
Intriguingly, recent data indicate that metformin, a commonly
prescribed drug for type 2 diabetes that activates AMPK, may
phenocopy some of the health and lifespan benefits of calorie re-
striction in male rodents (Martin-Montalvo et al., 2013). Although
it is unclear from this study whether reduced mTOR signaling
accounts for some of these beneficial effects, metformin-
treated rodents manifest calorie restriction-like gene expression
changes and metabolic responses.

In addition to being a direct sensor of energy, AMPK is also
under the control LKB1 kinase (also called STK11). LKB1 is a
master regulator kinase that functions as a tumor suppressor
and activates AMPK in response to low intracellular energy levels
(Figure 2) (Shackelford and Shaw, 2009). In addition to phos-
phorylating AMPK, LKB1 also phosphorylates and regulates
several other families of kinases related to AMPK, although
phosphorylation of AMPKa1 and AMPKa2 are the only ones
whose phosphorylation is regulated through changes of AMP/
ADP to ATP levels (Hardie and Alessi, 2013; Mihaylova and
Shaw, 2011). LKB1 has an essential role in HSC maintenance
that is independent of the AMPK-mTOR pathway. In three sepa-
rate studies, LKB1 deletion led to the transient expansion but
eventual depletion of HSCs, leading to pancytopenia (or loss of
all blood cell types) (Gan et al., 2010; Gurumurthy et al., 2010;
Nakada et al., 2010). LKB1 was intrinsically necessary for HSC
function, as LKB1-deleted HSCs or whole bone marrow cells
were incapable of regenerating the hematopoietic system of
control mice. LKB1 deficiency did not induce mTORC1 activity
in HSCs and their function was not restored by rapamycin.
Further, administration of small-molecule AMPK activators did
not prevent the decline of LKB1-deleted HSCs. Nakada et al.
also tested the necessity of AMPK by deleting its two catalytic
subunits in HSCs. Although AMPK deletion in HSCs reduces
their numbers, AMPK was dispensable for HSC function in trans-
plantation assays. Loss of either LKB1 or AMPK reduced mito-
chondrial membrane potential and function, but LKB1 played
an AMPK-independent role in maintaining the genomic integrity
of stem cells. It is important to note, however, that the effects of
LKB1 on stem cell maintenance may be specific to certain types
of tissues, as deletion of LKB1 in the intestine alters differentia-
tion of secretory cells with no appreciable effect on ISC mainte-
nance (Shorning et al., 2009). Future studies will need to address
why some stem cell pools tolerate LKB1 loss while others do not.
Insulin Signaling and FOXO
Insulin signaling regulates lifespan in diverse species, ranging
from worms to mammals (Kenyon, 2010). Mutations in rodents
that reduce insulin signaling extend lifespan, and reduced
levels of circulating insulin and IGF-1 are hallmarks of calorie
restriction (Kenyon, 2010). Insulin signaling via PISBK/AKT acti-
vates mTOR and non-mTOR-dependent effectors. One set of
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substrates inhibited by AKT and not regulated by mTOR in-
cludes the DNA-binding forkhead box O (FOXO) transcription
factors. Upon phosphorylation by AKT, the FOXO transcription
factors are excluded from the nucleus through 14-3-3 bind-
ing. FOXO transcription factors control critical physiological
processes that include cell proliferation, survival, and induce
the expression of detoxifying enzymes, such as catalase
and manganese superoxide dismutase (Figure 2) (Greer and
Brunet, 2005). Sustained AKT activation, therefore, increases
intracellular ROS levels, which leads to ROS-induced dam-
age and apoptosis. Interventions that lead to reduced
insulin signaling, such as calorie restriction, keep intact the
FOXO transcription program that allows for oxidative stress
response.

FOXO family members play an important role in stem cell
maintenance. In the hematopoietic system, conditional ablation
of FOXO1, FOX0O3a, and FOXO4 or just FOXO3a led to the loss
of HSCs through the increase of ROS production but not to the
generation of acute leukemia (Miyamoto et al., 2007; Tothova
et al., 2007). Similar to PTEN- and TSC-deleted stem cells,
FOXO-deleted HSCs were unable to regenerate the hemato-
poietic system of recipient mice. Many of the effects of FOXO
deficiency in HSCs could be restored by treatment with the anti-
oxidant NAC. FOXO3a suppression of ROS in HSCs required the
tumor suppressor protein ataxia telangiectasia mutated (ATM),
and induction of ROS in FOXO3-deficient HSCs led to the induc-
tion of the tumor suppressor p53 (Ochocki and Simon, 2013;
Yalcin et al., 2008). While rapamycin treatment restores HSC
function upon PTEN or TSC deficiency, rapamycin does not
rescue the effects of FOXO deficiency in HSCs, indicating that
the mechanism of HSC depletion with mTOR activation and
FOXO deficiency are distinct.

FOXO transcription factors also play an important role in
neural stem cell homeostasis in part through redox homeostasis
(Paik et al., 2009; Renault et al., 2009; Webb et al., 2013; Yeo
et al.,, 2013). For example, loss of FOXOs in neural stem and
progenitor cells enhanced brain size and neural progenitor pro-
liferation, which eventually caused the depletion of neural stem
cells and reduced neurogenesis (Paik et al., 2009; Renault
et al., 2009). These studies indicate that FOXOs constrain
stem cell proliferation and maintain the self-renewal program in
diverse adult stem cell populations.

Recent evidence also implicates FOXO3a in HSCs as an
important mediator of a proautophagic response to acute food
deprivation (Warr et al., 2013). HSCs, but not their downstream
progeny, are exquisitely capable of activating autophagy,
permitting them to withstand periods of nutrient and growth fac-
tor fluctuations. Although FOX3A is essential for poising stem
cells for autophagy, there is considerable interaction between
the LKB1/AMPK pathway, insulin signaling, and mTOR, which
is also a potent inhibitor of autophagy. In addition to activation
of FOXO3a with food deprivation, a potential mechanism may
also involve the parallel attenuation of mTOR signaling by either
reduced insulin signaling or activation of AMPK to initiate the
autophagic response to allow stem cells to endure.

Sirtuins

There are seven members that comprise the mammalian Class llI
deacetylase family of Sirtuins. The Sirtuins, which have NAD-
dependent deacetylase activity to both histone and non histone
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targets, have been linked to regulating lifespan and healthspan in
a number of model organisms (Bordone et al., 2007; Fang and
Nicholl, 2011; Herranz et al., 2010; Yu and Auwerx, 2009; Zhang
et al., 2011). Recently, several studies have suggested that
changes in NAD™" levels occur with aging and alterations of
NAD* production or consumption can modulate healthspan
and lifespan in a sirtuin-dependent manner (Canto et al., 2012;
Mouchiroud et al., 2013; Yoshino et al., 2011). SIRT1 bears the
greatest sequence homology to the yeast Sir2, which has been
shown to increase yeast lifespan (Kaeberlein et al., 1999), and
is the best-studied mammalian member in the context of stem
cell biology and aging (reviewed in Rafalski et al., 2012).

The role of SIRT1 in mammalian adult stem cell biology is
perhaps best studied in the hematopoietic system. Multiple
studies have examined the role of SIRT1 in HSCs. SIRT1-loss
had little effect on HSCs and downstream progenitor numbers
and function (Leko et al., 2012). This perhaps can be explained
by upregulation or compensation by another sirtuin family mem-
ber (Narala et al., 2008). In contrast, SIRT1 has been implicated
in the homeostasis of neural stem cells. Deletion of SIRT1 was
shown to lead to impaired neuronal differentiation and
conversely its overexpression improved differentiation (Hisahara
et al., 2008). Further, SIRT1-deficient mice have been reported to
exhibit neuronal defects in certain mouse backgrounds (Cheng
etal., 2003; McBurney et al., 2003). SIRT1 has also been demon-
strated to limit the size of the oligodendrocyte progenitor pool
(Rafalski et al., 2013).

Recently it has been suggested that the mitochondrial sirtuin
SIRT3 may regulate aspects of HSC aging. SIRT3 is dispensable
for HSC maintenance in young mice but its expression declines
with age. Interestingly, when re-expressed in aged cells, it re-
stores HSC function (Brown et al., 2013). Regulation of stem cells
by the Sirtuins may contribute to aspects of tissue regeneration
and aging.

Diet, Stem Cells, and Cancer Incidence
Calorie Restriction
Calorie restriction is a dietary intervention that not only promotes
health and lifespan in diverse species but also has potential anti-
cancer effects. Moreschi first observed in 1909 that calorie re-
striction negatively influenced tumor growth, and since then
the effects of calorie restriction on cancer incidence and pro-
gression have been extensively studied in numerous genetic
mouse models and in xenograft experiments (Kritchevsky,
1999). It is generally observed that the calorie restriction state re-
tards tumor growth, but its effects on cancer initiation are less
certain (Longo and Fontana, 2010). There are models in which
calorie restriction has been reported to reduce tumor initiation
and others in which it has no effect (Longo and Fontana, 2010).
The mechanisms for the anticancer growth effects of calorie
restriction are probably multifactorial. A dominant effect of calo-
rie restriction involves a reduction in circulating systemic factors
(e.g., hormones and growth factors), which may protect against
cancer. Long-term calorie restriction, for instance, attenuates
serum IGF-1 levels by 30%-40%, and the antitumor initiation
and progression effects of calorie restriction can be rescued
by infusions of exogenous IGF-1 (Dunn et al., 1997; Longo and
Fontana, 2010; Tomas et al., 1994). Consistent with the notion
that reduced growth factor signaling curtails tumor growth,

tumors that harbored activating mutations in the insulin-signaling
pathway are resistant to calorie restriction (Kalaany and Sabatini,
2009). In addition, mouse FOXO1 was shown to be necessary for
some of the antitumorigenic effects of calorie restriction, but
whether FOXO is needed for increasing longevity in mammals
in response to dietary restriction remains to be seen (Yamaza
et al., 2010). Although sensitivity to insulin signaling is a key fac-
tor that predicts antigrowth responsiveness to calorie restriction,
adaptations involving diverse hormones such as corticosteroids
and sex hormones, DNA repair mechanisms, and antioxidant
proteins as reviewed in Longo and Fontana (2010) may also
contribute.

Given that adult stems reside at the crossroads of responding
to the physiologic consequences of diet and often accumulate
mutations that lead to transformation, a prediction would be
that dietary interventions in which there is a durable increase in
stem cell numbers may over the long-term boost the number
of target cells that can undergo mutagenesis (Figure 4B). A larger
stem cell pool provides more potential substrates that are
capable of acquiring mutations. As described earlier, paradoxi-
cally, calorie restriction bolsters the numbers, proliferation, or
both of stem cells in young and old mice in multiple tissues,
yet there are conflicting reports as to the effects of calorie restric-
tion on tumor initiation in these same tissues. In the intestine,
for example, calorie restriction enhances the numbers of Lgr5*
ISCs, which are also the cell of origin for intestinal precancerous
adenomas. Studies assessing tumor initiation in the calorie-
restricted intestine in the same strain of mice and using the
same or different (Tsao et al., 2002) genetic cancer models
come to divergent conclusions. In general, all of these studies
report a reduction in the overall size of adenomas consistent
with the antigrowth effects of calorie restriction, but in terms of
incidence some report either a neutral or negative effect (Kakuni
et al., 2002; Mai et al., 2003). In another study by Weindruch
and colleagues, calorie restriction, when started in middle-
aged mice, actually increased the incidence of spontaneous
cancers (Pugh et al., 1999). Many factors such as composition
and type of diet, the extent of calorie restriction, genetic model
and background, and tissue type examined may differentially
affect how calorie restriction influences tumor initiation.

In some cases, it may be difficult to segregate the antigrowth
and anti-initiation effects of calorie restriction, particularly with
respect to how increased numbers of stem cells influence tumor
initiation. Perhaps the antigrowth effects of calorie restriction
cloak some of its effects on tumor initiation. It is possible, for
example, that in some instances calorie restriction increases
tumor incidence but that these lesions are below the threshold
of detection because they are small in size. Another possibility
is that stem cells under calorie restriction, although more
numerous, have adapted autonomous strategies to enhance
genomic stability and DNA repair and reduce oxidative damage.
Such adaptations may neutralize the effects of a larger, more
robust stem cell pool. It is also possible that nonautonomous
changes induced by calorie restriction, like improved immu-
nosurveilance, compensate for increased tumor initiation by
causing regression of early cancers (Figure 4B). More studies
will be required to distill the mechanism of how the interplay
between calorie restriction and a more active stem cell reservoir
contribute to cancer incidence.
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Figure 4. Diet and Cancer Initiation

(A) In tissues that follow a stem cell paradigm, stem cells (red) acquire early oncogenic events (red arrow) that lead to transformation and tumor formation.

(B) Calorie restriction augments stem cell numbers and function in diverse tissues and is proposed to have antitumor initiation and growth effects. If stem cell
numbers increase with calorie restriction and they undergo some of the early changes that give rise to tumors, calorie restriction may potentially increase tumor
incidence. It is possible that autonomous and nonautonomous protective mechanisms are activated in stem cells with calorie restriction, which neutralize the
effects of a larger, more robust stem cell pool. Another possibility may be that the antigrowth effects of calorie restriction on tumor growth mask its effects on
initiation. Tumors arising in calorie restriction may remain below detection threshold because they are small in size.

(C) Diet-induced obesity has untoward effects on tissue repair and cancer incidence. Although stem cell numbers can decrease with chronic obesity, the
susceptibility of differentiated cells to undergo transformation can also increase as has been noted to occur with inflammation. In this case, early oncogenic
events can occur in stem cells and differentiated cells, effectively increasing the pool of cells that can undergo early transformation. Surplus growth factors,

nutrients, and hormones then drive tumor progression and growth.

Ketogenic Diets

Another type of diet that has been suggested to have an impact
on cancer formation and progression is the ketogenic diet (KD).
KD is defined as a diet rich in fat, sufficient in protein, and low in
carbohydrates. The reduction of carbohydrates leads to a sub-
sequent decrease of glucose utilization and an increase in the
use of ketone bodies as an alternative energy source. One of
the tissues impacted the most from a reduction of glucose utili-
zation is the brain. In fact, ketogenic diets have been used as an
alternative therapy to reduce the incidence of seizures in children
with epilepsy (Hartman and Vining, 2007). Some of the proposed
mechanisms for the success of ketogenic diets are the inhibition
of glycolysis, changes in activation of ATP-sensitive potassium
channels, and altered transmission of glutamatergic synapses
(Freeman et al., 2007; Lefevre and Aronson, 2000). Some studies
utilizing a ketogenic diet have also supported its beneficial ef-
fects in vitro and in mouse models of cancer, although not always
with positive effects.

Recently, ketogenic diets have been proposed as a therapeu-
tic additive in the treatment of glioblastoma multiforme and
several clinical trials have included KD in a combined therapy
(Seyfried et al., 2012). The calorie-restricted KD diet relies
on shifting the energy source of glioblastoma cells to ketone
bodies from glucose in conjuction to inducing pathways
mimicking calorie restriction, which may be beneficial for sur-
vival of normal neurons but induce cancer cell death (Zuccoli
et al., 2010). Several small studies have suggested that a calo-
rie-restricted ketogenic diet reduces tumor progression (Nebel-
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ing et al., 1995; Schmidt et al., 2011; Zuccoli et al., 2010). One
obvious benefit of the combined ketogenic calorie-restricted
diet includes a reduction in insulin signaling. However, the
differential effects of low-calorie intake versus the composition
of the ketogenic diet on stem cells and cancer needs more
examination.

Obesity

In addition to predisposing to diabetes and cardiovascular dis-
ease, a number of epidemiological studies over the past several
decades have demonstrated that overweight and obese individ-
uals have increased incidence of multiple different types of
cancers (Finucane et al., 2011). Obesity and elevated visceral
fat increase the incidence of gastroesophageal reflux disease
(GERD) and Barrett’s esophagus, which are risk factors for
esophageal cancer (Lofdahl et al., 2011). The incidence of
colonic adenomas and carcinomas correlates with increased
body mass index (Calle and Kaaks, 2004; Ma et al., 2013; Oka-
bayashi et al., 2012). Supporting these findings are studies in
rodents that are subjected to high-fat diet with or without genetic
predispositions toward adenoma formation. Rodents fed a
western or high-fat diet have increased incidence in adenoma
numbers compared to mice fed normal chow (Baltgalvis et al.,
2009). Adenomas arising in mice fed a high-fat diet are larger
than those in calorie restriction, highlighting the opposing effects
of calorie restriction and high-fat diet on tumor growth (Mai et al.,
2003). In addition, several other cancers have been associated
with obesity such as postmenopausal breast and endometrial
cancer (Brown and Simpson, 2010).
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Unabated insulin signaling may account for some of the unto-
ward effects of obesity on stem cells and cancer. Insulin is a
mitogen that promotes the proliferation and growth of cancer
cells but also regulates tissue homeostasis (Figure 2) (Pollak,
2012). One possibility is that changes in growth factor and insulin
signaling may increase the rate of senescence through increased
division of somatic stem cells as observed in PTEN-deficient
HSCs (Figure 3) (Lee et al., 2010). Chronic obesity may reduce
stem cell function and once these stem cells acquire secondary
mutations high levels of insulin and other systemic factors may
drive their proliferation. Another possibility is that a non-stem
cell population might compensate for reduced stem cell function
in chronic obesity to maintain tissue homeostasis and serves as
the cell of origin for some types of cancers, thus boosting the
pool of cells capable of becoming transformed.

In addition to systemic factors, numerous studies have impli-
cated the tumor microenvironment as also contributing to the
progression of cancer. Multiple studies have shown that adipo-
cytes can secrete progrowth factors to accelerate tumor growth
(Dirat et al., 2011; Tokuda et al., 2003). Supporting this notion,
it was recently reported that omental fat might attract ovarian
cancer cells through the releases of cytokine factors, where
inhibition of adipocyte-derived factors decreased tumor cell
migration ex vivo (Nieman et al., 2011). The ovarian cancer cells
reprogrammed their metabolism to feed off the lipid-rich micro-
environment.

Obesity-associated inflammation may also promote cancer
initiation and progression. Chemical irritants, pathogens, chronic
alcohol exposure, as well as dietary insults have all been shown
to lead to chronic inflammation and, in some cases, predispose
to certain types of cancer (Grivennikov and Karin, 2010; Hota-
misligil and Erbay, 2008). Inflammatory bowel disease, for
example, enhances the risk for developing colorectal cancer
(von Roon et al., 2007). It is interesting to note that not all persis-
tent inflammatory conditions augment tumorigenesis: rheuma-
toid arthritis and psoriasis, for example, do not increase cancer
risk. In fact, it has been suggested that low-grade inflammation
in psoriasis may have inhibitory effects on cancer (Grivennikov
and Karin, 2010; Nickoloff et al., 2005). At the molecular
level, multiple different pathways feed into inflammation. One
of the possible molecular connections between diet-dependent
inflammation and tumor progression is the activation of nuclear
factor- kB (NF-«kB). NF-kB is activated in response to a number
of signaling pathways including inflammatory cytokines, tumor
necrosis factor o (TNF o), and activation of toll-like receptors.
ROS-mediated activation of NF-kB in the intestine connects
ISC proliferation to cancer initiation (Myant et al., 2013). Further-
more, activation of NF-kB in non-ISCs endowed these cells with
the capacity to initiate intestinal cancers (Schwitalla et al., 2013),
indicating that in inflammatory states cells capable of under-
going transformation are more diverse. One explanation for the
increase in cancer with obesity may include having a larger
pool of stem and non-stem cells that is susceptible to transfor-
mation (Figure 4C).

Conclusion

It has long been observed that diet has a profound influence
on tissue regeneration and cancer incidence. A better appreci-
ation for diet-sensing pathways and their effects on tissue

homeostasis and cancer initiation may lead to safer anticancer
and antiaging therapies. Dietary interventions that sustainably
drive regeneration by boosting stem cell numbers or function
may potentially run the risk of increasing cancer incidence. In
order to minimize this risk, future work will need to carefully
address not only how diet regulates stem cell fate but also
how these changes alter susceptibility to transformation in
stem cell and non-stem cell populations. The goal will be to
identify regulatory networks induced by dietary interventions
that safely enhance tissue repair and regeneration, while
minimizing cancer incidence. It will be also be interesting to
see how pharmacologic compounds that mimic aspects of
calorie restriction such as mTOR inhibitors or AMPK activators
perform as agents for enhancing stem cell function and tissue
repair in the elderly and obese. Lastly, given that some tumors
harbor populations with heterogeneous tumorigenic potential
of which some have cancer stem cell-like qualities, it will
be interesting to elucidate how these dietary interventions or
mimetics impact tumor heterogeneity and cancer stem cell
biology.

ACKNOWLEDGMENTS

We apologize for being unable to discuss multiple primary studies due to ref-
erences and space limitations. M.M. is a Robert Black Fellow of the Damon
Runyon Cancer Research Foundation, DRG-2146-13. D.M.S. is an investigator
of the Howard Hughes Medical Institute and is supported by awards from the
NIH (CA129105, CA103866, and Al047389), Koch Institute Frontier Research
Program, and the Ellison Medical Foundation. O.H.Y. is supported by a K99/
ROO Pathway to Independence Award from the NIH/NIA AG045144 and a
CSIBD grant from the NIDDK/NIH (DK043351).

REFERENCES

Baltgalvis, K.A., Berger, F.G., Pefia, M.M., Davis, J.M., and Carson, J.A.
(2009). The interaction of a high-fat diet and regular moderate intensity exer-
cise on intestinal polyp development in Apc Min/+ mice. Cancer Prev. Res.
(Phila.) 2, 641-649.

Barker, N., van Es, J.H., Kuipers, J., Kujala, P., van den Born, M., Cozijnsen,
M., Haegebarth, A., Korving, J., Begthel, H., Peters, P.J., and Clevers, H.
(2007). Identification of stem cells in small intestine and colon by marker
gene Lgr5. Nature 449, 1003-1007.

Barker, N., Ridgway, R.A., van Es, J.H., van de Wetering, M., Begthel, H., van
den Born, M., Danenberg, E., Clarke, A.R., Sansom, O.J., and Clevers, H.
(2009). Crypt stem cells as the cells-of-origin of intestinal cancer. Nature
457, 608-611.

Barker, N., Huch, M., Kujala, P., van de Wetering, M., Snippert, H.J., van Es,
J.H., Sato, T., Stange, D.E., Begthel, H., van den Born, M., et al. (2010).
Lgr5(+ve) stem cells drive self-renewal in the stomach and build long-lived
gastric units in vitro. Cell Stem Cell 6, 25-36.

Barker, N., van Oudenaarden, A., and Clevers, H. (2012). Identifying the stem
cell of the intestinal crypt: strategies and pitfalls. Cell Stem Cell 17, 452-460.

Bentzinger, C.F., Romanino, K., Cloétta, D., Lin, S., Mascarenhas, J.B., Oliveri,
F., Xia, J., Casanova, E., Costa, C.F., Brink, M., et al. (2008). Skeletal muscle-
specific ablation of raptor, but not of rictor, causes metabolic changes and
results in muscle dystrophy. Cell Metab. 8, 411-424.

Bordone, L., Cohen, D., Robinson, A., Motta, M.C., van Veen, E., Czopik,
A., Steele, A.D., Crowe, H., Marmor, S., Luo, J., et al. (2007). SIRT1 trans-
genic mice show phenotypes resembling calorie restriction. Aging Cell 6,
759-767.

Brack, A.S., and Rando, T.A. (2012). Tissue-specific stem cells: lessons from
the skeletal muscle satellite cell. Cell Stem Cell 70, 504-514.

Brown, K.A., and Simpson, E.R. (2010). Obesity and breast cancer: progress to
understanding the relationship. Cancer Res. 70, 4-7.

Cell Stem Cell 74, March 6, 2014 ©2014 Elsevier Inc. 301



Brown, K., Xie, S., Qiu, X., Mohrin, M., Shin, J., Liu, Y., Zhang, D., Scadden,
D.T., and Chen, D. (2013). SIRT3 reverses aging-associated degeneration.
Cell Rep 3, 319-327.

Calle, E.E., and Kaaks, R. (2004). Overweight, obesity and cancer: epidemio-
logical evidence and proposed mechanisms. Nat. Rev. Cancer 4, 579-591.

Canto, C., Houtkooper, R.H., Pirinen, E., Youn, D.Y., Oosterveer, M.H., Cen,
Y., Fernandez-Marcos, P.J., Yamamoto, H., Andreux, P.A., Cettour-Rose,
P., et al. (2012). The NAD(+) precursor nicotinamide riboside enhances
oxidative metabolism and protects against high-fat diet-induced obesity.
Cell Metab. 15, 838-847.

Castilho, R.M., Squarize, C.H., Chodosh, L.A., Williams, B.O., and Gutkind,
J.S. (2009). mTOR mediates Wnt-induced epidermal stem cell exhaustion
and aging. Cell Stem Cell 5, 279-289.

Cerletti, M., Jang, Y.C., Finley, L.W., Haigis, M.C., and Wagers, A.J. (2012).
Short-term calorie restriction enhances skeletal muscle stem cell function.
Cell Stem Cell 70, 515-519.

Chao, M.P., Seita, J., and Weissman, |.L. (2008). Establishment of a normal
hematopoietic and leukemia stem cell hierarchy. Cold Spring Harb. Symp.
Quant. Biol. 73, 439-449.

Chen, J., Astle, C.M., and Harrison, D.E. (2003). Hematopoietic senescence
is postponed and hematopoietic stem cell function is enhanced by dietary
restriction. Exp. Hematol. 37, 1097-1103.

Chen, C,, Liu, Y., Liu, R., Ikenoue, T., Guan, K.L., Liu, Y., and Zheng, P. (2008).
TSC-mTOR maintains quiescence and function of hematopoietic stem cells
by repressing mitochondrial biogenesis and reactive oxygen species. J. Exp.
Med. 205, 2397-2408.

Cheng, H.L., Mostoslavsky, R., Saito, S., Manis, J.P., Gu, Y., Patel, P., Bron-
son, R., Appella, E., Alt, F.W., and Chua, K.F. (2003). Developmental defects
and p53 hyperacetylation in Sir2 homolog (SIRT1)-deficient mice. Proc. Natl.
Acad. Sci. USA 700, 10794-10799.

Colman, R.J., Anderson, R.M., Johnson, S.C., Kastman, E.K., Kosmatka, K.J.,
Beasley, T.M., Allison, D.B., Cruzen, C., Simmons, H.A., Kemnitz, J.W., and
Weindruch, R. (2009). Caloric restriction delays disease onset and mortality
in rhesus monkeys. Science 325, 201-204.

Coughlin, S.S., Calle, E.E., Teras, L.R., Petrelli, J., and Thun, M.J. (2004). Dia-
betes mellitus as a predictor of cancer mortality in a large cohort of US adults.
Am. J. Epidemiol. 159, 1160-1167.

Dias, C.C., Nogueira-Pedro, A., Barbosa, C.M., Ribeiro-Filho, A.C., Wasinski,
F., Aradjo, R.C., de Oliveira, V.X., Jr., Miranda, A., and Paredes-Gamero, E.J.
(2013). Hematopoietic stem cell expansion caused by a synthetic fragment of
leptin. Peptides 50, 24-27.

Ding, L., Saunders, T.L., Enikolopov, G., and Morrison, S.J. (2012). Endothelial
and perivascular cells maintain haematopoietic stem cells. Nature 487,
457-462.

Dirat, B., Bochet, L., Dabek, M., Daviaud, D., Dauvillier, S., Majed, B., Wang,
Y.Y., Meulle, A., Salles, B., Le Gonidec, S., et al. (2011). Cancer-associated
adipocytes exhibit an activated phenotype and contribute to breast cancer
invasion. Cancer Res. 71, 2455-2465.

Dunn, S.E., Kari, F.W., French, J., Leininger, J.R., Travlos, G., Wilson, R., and
Barrett, J.C. (1997). Dietary restriction reduces insulin-like growth factor |
levels, which modulates apoptosis, cell proliferation, and tumor progression
in p53-deficient mice. Cancer Res. 57, 4667-4672.

Ertl, R.P., Chen, J., Astle, C.M., Duffy, T.M., and Harrison, D.E. (2008). Effects
of dietary restriction on hematopoietic stem-cell aging are genetically regu-
lated. Blood 777, 1709-1716.

Fang, Y., and Nicholl, M.B. (2011). Sirtuin 1 in malignant transformation: friend
or foe? Cancer Lett. 306, 10-14.

Feng, Y., Schouteden, S., Geenens, R., Van Duppen, V., Herijgers, P., Holvoet,
P., Van Veldhoven, P.P., and Verfaillie, C.M. (2012). Hematopoietic stem/
progenitor cell proliferation and differentiation is differentially regulated by
high-density and low-density lipoproteins in mice. PLoS ONE 7, e47286.

Ferraro, F., Lymperi, S., Méndez-Ferrer, S., Saez, B., Spencer, J.A., Yeap,
B.Y., Masselli, E., Graiani, G., Prezioso, L., Rizzini, E.L., et al. (2011). Diabetes
impairs hematopoietic stem cell mobilization by altering niche function. Sci.
Transl. Med. 3, ra101.

302 Cell Stem Cell 74, March 6, 2014 ©2014 Elsevier Inc.

Cell Stem Cell

Finucane, M.M., Stevens, G.A., Cowan, M.J., Danaei, G., Lin, J.K., Paciorek,
C.J,, Singh, G.M., Gutierrez, H.R., Lu, Y., Bahalim, A.N., et al.; Global Burden
of Metabolic Risk Factors of Chronic Diseases Collaborating Group (Body
Mass Index) (2011). National, regional, and global trends in body-mass index
since 1980: systematic analysis of health examination surveys and epidemio-
logical studies with 960 country-years and 9- 1 million participants. Lancet 377,
557-567.

Folgueras, A.R., Guo, X., Pasolli, H.A., Stokes, N., Polak, L., Zheng, D., and
Fuchs, E. (2013). Architectural niche organization by LHX2 is linked to hair
follicle stem cell function. Cell Stem Cell 13, 314-327.

Folmes, C.D., Dzeja, P.P., Nelson, T.J., and Terzic, A. (2012). Metabolic plas-
ticity in stem cell homeostasis and differentiation. Cell Stem Cell 77, 596-606.

Freeman, J.M., Kossoff, E.H., and Hartman, A.L. (2007). The ketogenic diet:
one decade later. Pediatrics 779, 535-543.

Gan, B., Sahin, E., Jiang, S., Sanchez-Aguilera, A., Scott, K.L., Chin, L., Wil-
liams, D.A., Kwiatkowski, D.J., and DePinho, R.A. (2008). nTORC1-dependent
and -independent regulation of stem cell renewal, differentiation, and mobiliza-
tion. Proc. Natl. Acad. Sci. USA 7105, 19384-19389.

Gan, B., Hu, J., Jiang, S., Liu, Y., Sahin, E., Zhuang, L., Fletcher-Sananikone,
E., Colla, S., Wang, Y.A., Chin, L., and Depinho, R.A. (2010). Lkb1 regulates
quiescence and metabolic homeostasis of haematopoietic stem cells. Nature
468, 701-704.

Geiser, J., Venken, K.J., De Lisle, R.C., and Andrews, G.K. (2012). A mouse
model of acrodermatitis enteropathica: loss of intestine zinc transporter ZIP4
(SIc39a4) disrupts the stem cell niche and intestine integrity. PLoS Genet. 8,
e1002766.

Greco, V., Chen, T., Rendl, M., Schober, M., Pasolli, H.A., Stokes, N., Dela
Cruz-Racelis, J., and Fuchs, E. (2009). A two-step mechanism for stem cell
activation during hair regeneration. Cell Stem Cell 4, 155-169.

Greer, E.L., and Brunet, A. (2005). FOXO transcription factors at the interface
between longevity and tumor suppression. Oncogene 24, 7410-7425.

Grivennikov, S.I., and Karin, M. (2010). Inflammation and oncogenesis: a
vicious connection. Curr. Opin. Genet. Dev. 20, 65-71.

Guertin, D.A., Stevens, D.M., Saitoh, M., Kinkel, S., Crosby, K., Sheen, J.H.,
Mullholland, D.J., Magnuson, M.A., Wu, H., and Sabatini, D.M. (2009).
mTOR complex 2 is required for the development of prostate cancer induced
by Pten loss in mice. Cancer Cell 15, 148-159.

Gurumurthy, S., Xie, S.Z., Alagesan, B., Kim, J., Yusuf, R.Z., Saez, B., Tzatsos,
A., Ozsolak, F., Milos, P., Ferrari, F., et al. (2010). The Lkb1 metabolic sensor
maintains haematopoietic stem cell survival. Nature 468, 659-663.

Hardie, D.G., and Alessi, D.R. (2013). LKB1 and AMPK and the cancer-meta-
bolism link - ten years after. BMC Biol. 77, 36.

Hardie, D.G., Ross, F.A., and Hawley, S.A. (2012). AMPK: a nutrient and energy
sensor that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13,
251-262.

Hartman, A.L., and Vining, E.P. (2007). Clinical aspects of the ketogenic diet.
Epilepsia 48, 31-42.

Herranz, D., Mufioz-Martin, M., Cafiamero, M., Mulero, F., Martinez-Pastor, B.,
Fernandez-Capetillo, O., and Serrano, M. (2010). Sirt1 improves healthy
ageing and protects from metabolic syndrome-associated cancer. Nat.
Commun. 7, 3.

Hisahara, S., Chiba, S., Matsumoto, H., Tanno, M., Yagi, H., Shimohama, S.,
Sato, M., and Horio, Y. (2008). Histone deacetylase SIRT1 modulates neuronal
differentiation by its nuclear translocation. Proc. Natl. Acad. Sci. USA 105,
15599-15604.

Hobbs, R.M., Seandel, M., Falciatori, I., Rafii, S., and Pandolfi, P.P. (2010). Pizf
regulates germline progenitor self-renewal by opposing mTORC1. Cell 742,
468-479.

Hoshii, T., Tadokoro, Y., Naka, K., Ooshio, T., Muraguchi, T., Sugiyama, N.,
Soga, T., Araki, K., Yamamura, K., and Hirao, A. (2012). mTORC1 is essential
for leukemia propagation but not stem cell self-renewal. J. Clin. Invest. 122,
2114-2129.

Hotamisligil, G.S., and Erbay, E. (2008). Nutrient sensing and inflammation in
metabolic diseases. Nat. Rev. Immunol. 8, 923-934.



Cell Stem Cell

Hu, Z., Wang, H., Lee, I.H., Modi, S., Wang, X., Du, J., and Mitch, W.E. (2010).
PTEN inhibition improves muscle regeneration in mice fed a high-fat diet.
Diabetes 59, 1312-1320.

Huang, J., Nguyen-McCarty, M., Hexner, E.O., Danet-Desnoyers, G., and
Klein, P.S. (2012). Maintenance of hematopoietic stem cells through regulation
of Wnt and mTOR pathways. Nat. Med. 718, 1778-1785.

Huch, M., Dorrell, C., Boj, S.F., van Es, J.H., Li, V.S., van de Wetering, M., Sato,
T., Hamer, K., Sasaki, N., Finegold, M.J., et al. (2013). In vitro expansion of
single Lgr5+ liver stem cells induced by Wnt-driven regeneration. Nature
494, 247-250.

Iglesias-Bartolome, R., Patel, V., Cotrim, A., Leelahavanichkul, K., Molinolo,
A.A., Mitchell, J.B., and Gutkind, J.S. (2012). mTOR inhibition prevents epithe-
lial stem cell senescence and protects from radiation-induced mucositis. Cell
Stem Cell 11, 401-414.

Inoki, K., Li, Y., Zhu, T., Wu, J., and Guan, K.L. (2002). TSC2 is phosphorylated
and inhibited by Akt and suppresses mTOR signalling. Nat. Cell Biol. 4,
648-657.

Jamieson, C.H., Ailles, L.E., Dylla, S.J., Muijtiens, M., Jones, C., Zehnder, J.L.,
Gotlib, J., Li, K., Manz, M.G., Keating, A., et al. (2004a). Granulocyte-macro-
phage progenitors as candidate leukemic stem cells in blast-crisis CML.
N. Engl. J. Med. 351, 657-667.

Jamieson, C.H., Weissman, I.L., and Passegué, E. (2004b). Chronic versus
acute myelogenous leukemia: a question of self-renewal. Cancer Cell 6,
531-533.

Johnson, S.C., Rabinovitch, P.S., and Kaeberlein, M. (2013). mTOR is a key
modulator of ageing and age-related disease. Nature 493, 338-345.

Kaeberlein, M., McVey, M., and Guarente, L. (1999). The SIR2/3/4 complex
and SIR2 alone promote longevity in Saccharomyces cerevisiae by two
different mechanisms. Genes Dev. 13, 2570-2580.

Kakuni, M., Morimura, K., Wanibuchi, H., Ogawa, M., Min, W., Hayashi, S., and
Fukushima, S. (2002). Food restriction inhibits the growth of intestinal polyps in
multiple intestinal neoplasia mouse. Jpn. J. Cancer Res. 93, 236-241.

Kalaany, N.Y., and Sabatini, D.M. (2009). Tumours with PI3K activation are
resistant to dietary restriction. Nature 458, 725-731.

Kalaitzidis, D., Sykes, S.M., Wang, Z., Punt, N., Tang, Y., Ragu, C., Sinha, A.U.,
Lane, S.W., Souza, A.L., Clish, C.B., et al. (2012). mTOR complex 1 plays
critical roles in hematopoiesis and Pten-loss-evoked leukemogenesis. Cell
Stem Cell 11, 429-439.

Kenyon, C.J. (2010). The genetics of ageing. Nature 464, 504-512.

Kharas, M.G., Okabe, R., Ganis, J.J., Gozo, M., Khandan, T., Paktinat, M., Gilli-
land, D.G., and Gritsman, K. (2010). Constitutively active AKT depletes he-
matopoietic stem cells and induces leukemia in mice. Blood 71715, 1406-1415.

Kiel, M.J., Yilmaz, O.H., Iwashita, T., Yilmaz, O.H., Terhorst, C., and Morrison,
S.J. (2005). SLAM family receptors distinguish hematopoietic stem and pro-
genitor cells and reveal endothelial niches for stem cells. Cell 727, 1109-1121.

Kritchevsky, D. (1999). Caloric restriction and experimental carcinogenesis.
Toxicol. Sci. Suppl. 52, 13-16.

Kruger, G.M., Mosher, J.T., Bixby, S., Joseph, N., lwashita, T., and Morrison,
S.J. (2002). Neural crest stem cells persist in the adult gut but undergo
changes in self-renewal, neuronal subtype potential, and factor responsive-
ness. Neuron 35, 657-669.

Laplante, M., and Sabatini, D.M. (2012). mTOR signaling in growth control and
disease. Cell 149, 274-293.

Lee, J.Y., Nakada, D., Yilmaz, O.H., Tothova, Z., Joseph, N.M., Lim, M.S., Gilli-
land, D.G., and Morrison, S.J. (2010). mTOR activation induces tumor sup-
pressors that inhibit leukemogenesis and deplete hematopoietic stem cells
after Pten deletion. Cell Stem Cell 7, 593-605.

Lee, D.A., Bedont, J.L., Pak, T., Wang, H., Song, J., Miranda-Angulo, A.,
Takiar, V., Charubhumi, V., Balordi, F., Takebayashi, H., et al. (2012).
Tanycytes of the hypothalamic median eminence form a diet-responsive
neurogenic niche. Nat. Neurosci. 15, 700-702.

Lefevre, F., and Aronson, N. (2000). Ketogenic diet for the treatment of refrac-
tory epilepsy in children: A systematic review of efficacy. Pediatrics 7105, E46.

Lehtinen, M.K., Zappaterra, M.W., Chen, X., Yang, Y.J., Hill, A.D., Lun, M.,
Maynard, T., Gonzalez, D., Kim, S., Ye, P., et al. (2011). The cerebrospinal fluid
provides a proliferative niche for neural progenitor cells. Neuron 69, 893-905.

Leko, V., Varnum-Finney, B., Li, H., Gu, Y., Flowers, D., Nourigat, C., Bernstein,
I.D., and Bedalov, A. (2012). SIRT1 is dispensable for function of hematopoietic
stem cells in adult mice. Blood 779, 1856-1860.

Li, J., Tang, Y., and Cai, D. (2012). IKKB/NF-kB disrupts adult hypothalamic
neural stem cells to mediate a neurodegenerative mechanism of dietary
obesity and pre-diabetes. Nat. Cell Biol. 74, 999-1012.

Loéfdahl, H.E., Lane, A, Lu, Y., Lagergren, P., Harvey, R.F., Blazeby, J.M., and
Lagergren, J. (2011). Increased population prevalence of reflux and obesity in
the United Kingdom compared with Sweden: a potential explanation for the
difference in incidence of esophageal adenocarcinoma. Eur. J. Gastroenterol.
Hepatol. 23, 128-132.

Longo, V.D., and Fontana, L. (2010). Calorie restriction and cancer prevention:
metabolic and molecular mechanisms. Trends Pharmacol. Sci. 37, 89-98.

Lépez-Juarez, A., Remaud, S., Hassani, Z., Jolivet, P., Pierre Simons, J.,
Sontag, T., Yoshikawa, K., Price, J., Morvan-Dubois, G., and Demeneix,
B.A. (2012). Thyroid hormone signaling acts as a neurogenic switch by repres-
sing Sox2 in the adult neural stem cell niche. Cell Stem Cell 10, 531-543.

Lowes, K.N., Brennan, B.A., Yeoh, G.C., and Olynyk, J.K. (1999). Oval cell
numbers in human chronic liver diseases are directly related to disease
severity. Am. J. Pathol. 154, 537-541.

Lu, C.P., Polak, L., Rocha, A.S., Pasolli H.A., Chen, S.C., Sharma, N.,
Blanpain, C., and Fuchs, E. (2012). Identification of stem cell populations in
sweat glands and ducts reveals roles in homeostasis and wound repair. Cell
150, 136-150.

Ma, Y., Yang, Y., Wang, F., Zhang, P., Shi, C., Zou, Y., and Qin, H. (2013).
Obesity and risk of colorectal cancer: a systematic review of prospective
studies. PLoS ONE 8, e53916.

Magee, J.A., Ikenoue, T., Nakada, D., Lee, J.Y., Guan, K.L., and Morrison, S.J.
(2012a). Temporal changes in PTEN and mTORC2 regulation of hematopoietic
stem cell self-renewal and leukemia suppression. Cell Stem Cell 771, 415-428.

Magee, J.A., Piskounova, E., and Morrison, S.J. (2012b). Cancer stem cells:
impact, heterogeneity, and uncertainty. Cancer Cell 21, 283-296.

Mai, V., Colbert, L.H., Berrigan, D., Perkins, S.N., Pfeiffer, R., Lavigne, J.A.,
Lanza, E., Haines, D.C., Schatzkin, A., and Hursting, S.D. (2003). Calorie re-
striction and diet composition modulate spontaneous intestinal tumorigenesis
in Apc(Min) mice through different mechanisms. Cancer Res. 63, 1752-1755.

Martin-Montalvo, A., Mercken, E.M., Mitchell, S.J., Palacios, H.H., Mote, P.L.,
Scheibye-Knudsen, M., Gomes, A.P., Ward, T.M., Minor, R.K., Blouin, M.J.,
et al. (2013). Metformin improves healthspan and lifespan in mice. Nat.
Commun. 4, 2192.

McBurney, M.W., Yang, X., Jardine, K., Hixon, M., Boekelheide, K., Webb,
J.R., Lansdorp, P.M., and Lemieux, M. (2003). The mammalian SIR2alpha
protein has a role in embryogenesis and gametogenesis. Mol. Cell. Biol. 23,
38-54.

Mihaylova, M.M., and Shaw, R.J. (2011). The AMPK signalling pathway coor-
dinates cell growth, autophagy and metabolism. Nat. Cell Biol. 73, 1016-1023.

Miyamoto, T., Weissman, I.L., and Akashi, K. (2000). AML1/ETO-expressing
nonleukemic stem cells in acute myelogenous leukemia with 8;21 chromo-
somal translocation. Proc. Natl. Acad. Sci. USA 97, 7521-7526.

Miyamoto, K., Araki, K.Y., Naka, K., Arai, F., Takubo, K., Yamazaki, S., Mat-
suoka, S., Miyamoto, T., lto, K., Ohmura, M., et al. (2007). Foxo3a is essential
for maintenance of the hematopoietic stem cell pool. Cell Stem Cell 17,
101-112.

Mouchiroud, L., Houtkooper, R.H., Moullan, N., Katsyuba, E., Ryu, D., Cantd,
C., Moattis, A., Jo, Y.S., Viswanathan, M., Schoonjans, K., et al. (2013). The
NAD(+)/Sirtuin pathway modulates longevity through activation of mitochon-
drial UPR and FOXO signaling. Cell 154, 430-441.

Mukouyama, Y., Hara, T., Xu, M., Tamura, K., Donovan, P.J., Kim, H., Kogo, H.,
Tsuiji, K., Nakahata, T., and Miyajima, A. (1998). In vitro expansion of murine
multipotential hematopoietic progenitors from the embryonic aorta-gonad-
mesonephros region. Immunity 8, 105-114.

Cell Stem Cell 74, March 6, 2014 ©2014 Elsevier Inc. 303



Murphy, A.J., Akhtari, M., Tolani, S., Pagler, T., Bijl, N., Kuo, C.L., Wang, M.,
Sanson, M., Abramowicz, S., Welch, C., et al. (2011). ApoE regulates hemato-
poietic stem cell proliferation, monocytosis, and monocyte accumulation in
atherosclerotic lesions in mice. J. Clin. Invest. 127, 4138-4149.

Myant, K.B., Cammareri, P., McGhee, E.J., Ridgway, R.A., Huels, D.J., Cor-
dero, J.B., Schwitalla, S., Kalna, G., Ogg, E.L., Athineos, D., et al. (2013).
ROS production and NF-kB activation triggered by RAC1 facilitate WNT-
driven intestinal stem cell proliferation and colorectal cancer initiation. Cell
Stem Cell 12, 761-773.

Nakada, D., Saunders, T.L., and Morrison, S.J. (2010). Lkb1 regulates
cell cycle and energy metabolism in haematopoietic stem cells. Nature 468,
653-658.

Nakada, D., Levi, B.P., and Morrison, S.J. (2011). Integrating physiological
regulation with stem cell and tissue homeostasis. Neuron 70, 703-718.

Nakada, D., Oguro, H., Levi, B.P., Ryan, N., Kitano, A., Saitoh, Y., Takeichi, M.,
Wendt, G.R., and Morrison, S.J. (2014). Oestrogen increases haematopoietic
stem-cell self-renewal in females and during pregnancy. Nature 505, 555-558.

Narala, S.R., Allsopp, R.C., Wells, T.B., Zhang, G., Prasad, P., Coussens, M.J.,
Rossi, D.J., Weissman, |.L., and Vaziri, H. (2008). SIRT1 acts as a nutrient-sen-
sitive growth suppressor and its loss is associated with increased AMPK and
telomerase activity. Mol. Biol. Cell 19, 1210-1219.

Nebeling, L.C., Miraldi, F., Shurin, S.B., and Lerner, E. (1995). Effects of a
ketogenic diet on tumor metabolism and nutritional status in pediatric
oncology patients: two case reports. J. Am. Coll. Nutr. 74, 202-208.

Nickoloff, B.J., Ben-Neriah, Y., and Pikarsky, E. (2005). Inflammation and
cancer: is the link as simple as we think? J. Invest. Dermatol. 724, x—xiv.

Nieman, K.M., Kenny, H.A., Penicka, C.V., Ladanyi, A., Buell-Gutbrod, R.,
Zillhardt, M.R., Romero, I.L., Carey, M.S., Mills, G.B., Hotamisligil, G.S.,
et al. (2011). Adipocytes promote ovarian cancer metastasis and provide
energy for rapid tumor growth. Nat. Med. 77, 1498-1503.

Ochocki, J.D., and Simon, M.C. (2013). Nutrient-sensing pathways and meta-
bolic regulation in stem cells. J. Cell Biol. 203, 23-33.

Okabayashi, K., Ashrafian, H., Hasegawa, H., Yoo, J.H., Patel, V.M., Harling,
L., Rowland, S.P., Ali, M., Kitagawa, Y., Darzi, A., and Athanasiou, T. (2012).
Body mass index category as a risk factor for colorectal adenomas: a system-
atic review and meta-analysis. Am. J. Gastroenterol. 107, 1175-1185, quiz
1186.

Oniate, B., Vilahur, G., Ferrer-Lorente, R., Ybarra, J., Diez-Caballero, A., Bal-
lesta-Lopez, C., Moscatiello, F., Herrero, J., and Badimon, L. (2012). The sub-
cutaneous adipose tissue reservoir of functionally active stem cells is reduced
in obese patients. FASEB J. 26, 4327-4336.

Paik, J.H., Ding, Z., Narurkar, R., Ramkissoon, S., Muller, F., Kamoun, W.S.,
Chae, S.S., Zheng, H., Ying, H., Mahoney, J., et al. (2009). FoxOs cooperatively
regulate diverse pathways governing neural stem cell homeostasis. Cell Stem
Cell 5, 540-553.

Passegué, E., Wagner, E.F., and Weissman, I.L. (2004). JunB deficiency leads
to a myeloproliferative disorder arising from hematopoietic stem cells. Cell
119, 431-443.

Pollak, M. (2012). The insulin and insulin-like growth factor receptor family in
neoplasia: an update. Nat. Rev. Cancer 72, 159-169.

Pugh, T.D., Oberley, T.D., and Weindruch, R. (1999). Dietary intervention
at middle age: caloric restriction but not dehydroepiandrosterone sulfate
increases lifespan and lifetime cancer incidence in mice. Cancer Res. 59,
1642-1648.

Rafalski, V.A., Mancini, E., and Brunet, A. (2012). Energy metabolism and
energy-sensing pathways in mammalian embryonic and adult stem cell fate.
J. Cell Sci. 125, 5597-5608.

Rafalski, V.A., Ho, P.P., Brett, J.O., Ucar, D., Dugas, J.C., Pollina, E.A., Chow,
L.M., Ibrahim, A., Baker, S.J., Barres, B.A., et al. (2013). Expansion of oligo-
dendrocyte progenitor cells following SIRT1 inactivation in the adult brain.
Nat. Cell Biol. 15, 614-624.

Renault, V.M., Rafalski, V.A., Morgan, A.A., Salih, D.A., Brett, J.O., Webb, A.E.,

Villeda, S.A., Thekkat, P.U., Guillerey, C., Denko, N.C., et al. (2009). FoxO3
regulates neural stem cell homeostasis. Cell Stem Cell 5, 527-539.

304 Cell Stem Cell 74, March 6, 2014 ©2014 Elsevier Inc.

Cell Stem Cell

Roskams, T., Yang, S.Q., Koteish, A., Durnez, A., DeVos, R., Huang, X.,
Achten, R., Verslype, C., and Diehl, A.M. (2003). Oxidative stress and oval
cell accumulation in mice and humans with alcoholic and nonalcoholic fatty
liver disease. Am. J. Pathol. 163, 1301-1311.

Sato, T., van Es, J.H., Snippert, H.J., Stange, D.E., Vries, R.G., van den Born,
M., Barker, N., Shroyer, N.F., van de Wetering, M., and Clevers, H. (2011). Pan-
eth cells constitute the niche for Lgr5 stem cells in intestinal crypts. Nature 469,
415-418.

Schmidt, M., Pfetzer, N., Schwab, M., Strauss, I., and Kédmmerer, U. (2011).
Effects of a ketogenic diet on the quality of life in 16 patients with advanced
cancer: A pilot trial. Nutr. Metab. (Lond) 8, 54.

Schwitalla, S., Fingerle, A.A., Cammareri, P., Nebelsiek, T., Goktuna, S.I.,
Ziegler, P.K., Canli, O., Heijmans, J., Huels, D.J., Moreaux, G., et al. (2013).
Intestinal tumorigenesis initiated by dedifferentiation and acquisition of
stem-cell-like properties. Cell 152, 25-38.

Seitz, O., Schiirmann, C., Hermes, N., Mlller, E., Pfeilschifter, J., Frank, S., and
Goren, |. (2010). Wound healing in mice with high-fat diet- or ob gene-induced
diabetes-obesity syndromes: a comparative study. Exp. Diabetes Res. 2070,
476969.

Seyfried, T.N., Marsh, J., Shelton, L.M., Huysentruyt, L.C., and Mukherjee, P.
(2012). Is the restricted ketogenic diet a viable alternative to the standard of
care for managing malignant brain cancer? Epilepsy Res. 700, 310-326.

Shackelford, D.B., and Shaw, R.J. (2009). The LKB1-AMPK pathway: meta-
bolism and growth control in tumour suppression. Nat. Rev. Cancer 9,
563-575.

Sherwood, R.l., Christensen, J.L., Conboy, I.M., Conboy, M.J., Rando, T.A,,
Weissman, I.L., and Wagers, A.J. (2004). Isolation of adult mouse myogenic
progenitors: functional heterogeneity of cells within and engrafting skeletal
muscle. Cell 119, 543-554.

Shorning, B.Y., Zabkiewicz, J., McCarthy, A., Pearson, H.B., Winton, D.J.,
Sansom, O.J., Ashworth, A., and Clarke, A.R. (2009). Lkb1 deficiency alters
goblet and paneth cell differentiation in the small intestine. PLoS ONE 4,
e4264.

Shyh-Chang, N., Daley, G.Q., and Cantley, L.C. (2013). Stem cell metabolism
in tissue development and aging. Development 740, 2535-2547.

Signer, R.A., and Morrison, S.J. (2013). Mechanisms that regulate stem cell
aging and life span. Cell Stem Cell 12, 152-165.

Snippert, H.J., Haegebarth, A., Kasper, M., Jaks, V., van Es, J.H., Barker, N.,
van de Wetering, M., van den Born, M., Begthel, H., Vries, R.G., et al. (2010).
Lgré marks stem cells in the hair follicle that generate all cell lineages of the
skin. Science 327, 1385-1389.

Strickler, H.D., Wylie-Rosett, J., Rohan, T., Hoover, D.R., Smoller, S., Burk,
R.D., and Yu, H. (2001). The relation of type 2 diabetes and cancer. Diabetes
Technol. Ther. 3, 263-274.

Tokuda, Y., Satoh, Y., Fujiyama, C., Toda, S., Sugihara, H., and Masaki, Z.
(2003). Prostate cancer cell growth is modulated by adipocyte-cancer cell
interaction. BJU Int. 97, 716-720.

Tomas, F.M., Chandler, C.S., Coyle, P., Bourgeois, C.S., Burgoyne, J.L., and
Rofe, A.M. (1994). Effects of insulin and insulin-like growth factors on protein
and energy metabolism in tumour-bearing rats. Biochem. J. 307, 769-775.

Tothova, Z., Kollipara, R., Huntly, B.J., Lee, B.H., Castrillon, D.H., Cullen, D.E.,
McDowell, E.P., Lazo-Kallanian, S., Wiliams, I.R., Sears, C., et al. (2007).
FoxOs are critical mediators of hematopoietic stem cell resistance to
physiologic oxidative stress. Cell 128, 325-339.

Tsao, J.L., Dudley, S., Kwok, B., Nickel, A.E., Laird, P.W., Siegmund, K.D., Lis-
kay, R.M., and Shibata, D. (2002). Diet, cancer and aging in DNA mismatch
repair deficient mice. Carcinogenesis 23, 1807-1810.

Vigneri, P., Frasca, F., Sciacca, L., Frittitta, L., and Vigneri, R. (2006). Obesity
and cancer. Nutr. Metab. Cardiovasc. Dis. 16, 1-7.

von Roon, A.C., Reese, G., Teare, J., Constantinides, V., Darzi, AW., and
Tekkis, P.P. (2007). The risk of cancer in patients with Crohn’s disease. Dis.
Colon Rectum 50, 839-855.



Cell Stem Cell

Warr, M.R., Binnewies, M., Flach, J., Reynaud, D., Garg, T., Malhotra, R.,
Debnath, J., and Passegué, E. (2013). FOXO3A directs a protective autophagy
program in haematopoietic stem cells. Nature 494, 323-327.

Webb, A.E., Pollina, E.A., Vierbuchen, T., Urban, N., Ucar, D., Leeman, D.S.,
Martynoga, B., Sewak, M., Rando, T.A., Guillemot, F., et al. (2013). FOXO3
shares common targets with ASCL1 genome-wide and inhibits ASCL1-depen-
dent neurogenesis. Cell Rep. 4, 477-491.

Yalcin, S., Zhang, X., Luciano, J.P., Mungamuri, S.K., Marinkovic, D., Ver-
cherat, C., Sarkar, A., Grisotto, M., Taneja, R., and Ghaffari, S. (2008). Foxo3
is essential for the regulation of ataxia telangiectasia mutated and oxidative
stress-mediated homeostasis of hematopoietic stem cells. J. Biol. Chem.
283, 25692-25705.

Yamaza, H., Komatsu, T., Wakita, S., Kijogi, C., Park, S., Hayashi, H., Chiba, T.,
Mori, R., Furuyama, T., Mori, N., et al. (2010). FoxO1 is involved in the antineo-
plastic effect of calorie restriction. Aging Cell 9, 372-382.

Yanger, K., and Stanger, B.Z. (2011). Facultative stem cells in liver and
pancreas: fact and fancy. Dev. Dyn. 240, 521-529.

Yeo, H., Lyssiotis, C.A., Zhang, Y., Ying, H., Asara, J.M., Cantley, L.C., and
Paik, J.H. (2013). FoxO3 coordinates metabolic pathways to maintain redox
balance in neural stem cells. EMBO J. 32, 2589-2602.

Yilmaz, O.H., and Morrison, S.J. (2008). The PI-3kinase pathway in hematopoi-
etic stem cells and leukemia-initiating cells: a mechanistic difference between
normal and cancer stem cells. Blood Cells Mol. Dis. 47, 73-76.

Yilmaz, O.H., Valdez, R., Theisen, B.K., Guo, W., Ferguson, D.O., Wu, H., and
Morrison, S.J. (2006). Pten dependence distinguishes haematopoietic stem
cells from leukaemia-initiating cells. Nature 441, 475-482.

Yilmaz, O.H., Katajisto, P., Lamming, D.W., Giltekin, Y., Bauer-Rowe, K.E.,
Sengupta, S., Birsoy, K., Dursun, A., Yilmaz, V.O., Selig, M., et al. (2012).
mTORCH1 in the Paneth cell niche couples intestinal stem-cell function to
calorie intake. Nature 486, 490-495.

Yoshino, J., Mills, K.F., Yoon, M.J., and Imai, S. (2011). Nicotinamide mononu-
cleotide, a key NAD(+) intermediate, treats the pathophysiology of diet- and
age-induced diabetes in mice. Cell Metab. 74, 528-536.

Yu, J., and Auwerx, J. (2009). The role of sirtuins in the control of metabolic
homeostasis. Ann. N 'Y Acad. Sci. 1773 (Supp! 1), E10-E19.

Zhang, J., Grindley, J.C., Yin, T., Jayasinghe, S., He, X.C., Ross, J.T., Haug,
J.S., Rupp, D., Porter-Westpfahl, K.S., Wiedemann, L.M., et al. (2006). PTEN
maintains haematopoietic stem cells and acts in lineage choice and leukaemia
prevention. Nature 441, 518-522.

Zhang, C.L., Zou, Y., He, W., Gage, F.H., and Evans, R.M. (2008). A role for
adult TLX-positive neural stem cells in learning and behaviour. Nature 457,
1004-1007.

Zhang, F., Wang, S., Gan, L., Vosler, P.S., Gao, Y., Zigmond, M.J., and Chen,
J. (2011). Protective effects and mechanisms of sirtuins in the nervous system.
Prog. Neurobiol. 95, 373-395.

Zhu, L., Gibson, P., Currle, D.S., Tong, Y., Richardson, R.J., Bayazitov, I.T.,
Poppleton, H., Zakharenko, S., Ellison, D.W., and Gilbertson, R.J. (2009).
Prominin 1 marks intestinal stem cells that are susceptible to neoplastic
transformation. Nature 457, 603-607.

Zuccoli, G., Marcello, N., Pisanello, A., Servadei, F., Vaccaro, S., Mukherjee,
P., and Seyfried, T.N. (2010). Metabolic management of glioblastoma multi-
forme using standard therapy together with a restricted ketogenic diet: Case
Report. Nutr. Metab. (Lond) 7, 33.

Cell Stem Cell 74, March 6, 2014 ©2014 Elsevier Inc. 305



	Dietary and Metabolic Control of Stem Cell Function in Physiology and Cancer
	Introduction
	Adult Stem Cells: Units of Tissue Adaptation and Early Transformation
	Intrinsic and Extrinsic Physiology-Sensing in Stem Cells
	Diet and Stem Cell Homeostasis
	Calorie Restriction
	Obesity

	Pathways Regulated by Organismal Diet in Stem Cells
	mTOR in HSCs and Leukemia Initiation
	mTOR in Other Somatic Stem Cells
	LKB1/AMPK
	Insulin Signaling and FOXO
	Sirtuins

	Diet, Stem Cells, and Cancer Incidence
	Calorie Restriction
	Ketogenic Diets
	Obesity

	Conclusion
	Acknowledgments
	References


