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Abstract
It is well known that cancer is one of the main causes of mortality in the aged population. Recent
studies suggest that oncogenic pathways, such as the insulin-like growth factor-1 (IGF-I), Ras, and
Akt/PKB, can contribute to both aging and cancer not only by promoting growth and preventing
apoptosis, but also by promoting DNA damage and genomic instability. Epidemiological studies
suggest that the chronic, low-grade inflammation that accompanies aging also contributes to tissue
damage and tumor progression. Coupled with the accumulation of senescent cells and declining
immune function, this leads to the generation and survival of cancer cells, possibly explaining why
advanced age is the primary risk factor for cancer.
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I. INTRODUCTION
Cancer is one of the most common causes of morbidity and mortality in the elderly
population. The progressive increase in the incidence of many malignant neoplasms with
age makes aging the number one risk factor for cancer.1–3 In fact, 50% of new cancers and
more than 60% of cancer deaths occur in individuals older than 65.4 The strong association
between aging and cancer is also highlighted by the fact that mouse models of lifespan
extension have delayed/reduced cancer incidence,5–8 and humans with growth hormone
receptor deficiency (GHRD) have a normal lifespan and exhibit reduced cancer incidence.9

This suggests that aging at both the intracellular and tissue levels are key factors leading to
cancer cell generation and survival and to the establishment of a tumor mass. Although
advanced age is a potent cancer risk factor,10 this relationship is not straightforward because
epidemiological studies show that cancer rates increase up to age 90 but plateau thereafter.11

In fact, cancer accounts for 40% of all deaths between ages 40 and 70 but for only 4 % of
those amongst centenarians.12 Accordingly, autopsies on Japanese and Italian centenarians
have shown that mortality due to cancer is much lower than expected.13,14
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Several theories have been proposed to explain the possible link between aging and cancer,
ranging from mutation accumulation and activation of oncogenic pathways to senescence
and immunological aging. Here, we review various aspects of the aging-cancer relationship
and attempt to summarize current knowledge in the field.

II. CONSERVED PRO-GROWTH SIGNALING PATHWAYS
Accumulation of genomic damage due to a lifetime exposure to carcinogens resulting in
neoplastic transformation has been demonstrated during aging of mammalian cells.10

However, the contribution of prolonged exposure to carcinogens and of uninduced age-
related intracellular errors and damage to carcinogenesis is debated.15–19 Moreover, cancer
incidence increases rapidly after middle age whether in an 18 month old mouse, a 20 year
old monkey, or a 40 year old human, suggesting that carcinogenesis is not associated with
chronological periods but with both the aging rate and aging state of an organism. In fact,
mutations that delay aging in most cases also reduce or delay cancer incidence.20–23 Not
surprisingly, the signaling pathways that regulate aging also affect genomic integrity, DNA
repair, and cellular apoptosis, which may explain part of their effect on cancer. Studies in
yeast, worms, flies, and mice suggest that these pro-aging pathways are also those activated
by nutrients to promote cellular growth and division indicating that cancer and other age-
related diseases can be partially prevented or postponed by switching from a growth to a
maintenance mode.24 For example, in yeast, lifespan-extending mutations in genes such as
SCH9, the homolog of mammalian S6K, protect against both age- and oxidative stress-
dependent genomic instability,25–27 and the C. elegans daf-2 longevity mutations prevent
tumorigenesis by triggering apoptosis through stress resistance transcription factor daf-16.
The transcriptional targets of daf-16 include genes that influence p53-dependent apoptosis.28

Activating mutations in Ras and Akt/PKB, two of the downstream mediators of IGF-I, and
mutations in the IGF-I receptor itself are among those most frequently detected in human
cancers.29,30 This is in agreement with a potential role for the IGF-I signaling pathway in
promoting age-dependent mutations that lead to the generation of oncogenes and for
oncogenes in exacerbating the generation of additional mutations and changes required for
cancer progression.24 As inhibitors of apoptosis, these oncogenes are thought to promote
cancer by allowing mutated cells to survive and proliferate.30 In addition to promoting the
survival of damaged cells, these oncogenes could also actively promote DNA damage in
both dividing and nondividing cells. In fact, S. cerevisiae, homologs of mammalian TOR,
RAS, AKT, and PKA, promote an age-dependent increase in DNA mutations by elevating
superoxide production and increasing DNA damage independently of cell growth.25,27 ROS-
dependent DNA damage is possibly a major mediator of age-dependent mutations and
cancer in many organisms.24 In support of the conserved effect of certain ROS in DNA
damage and cancer, S. cerevisiae lacking the free radical scavengers superoxide dismutases
1 and 2 (SOD1 and SOD2) have a high frequency of mutations,27,31 and similarly increased
cancers have been observed in mice lacking SOD1 or SOD2.32,33 Thus IGF-I, and the
downstream Ras, Akt/PKB, Tor-S6K, etc. could promote tumorigenesis by increasing
oxidative stress in part by decreasing protective enzymes that scavenge ROS.

Reduced growth hormone/insulin-like growth factor 1 (GH/ IGF-I) signaling in mice
extends their lifespan and delays/reduces the incidence of age-related pathologies.5,7,8,34

Fibroblasts from the long-lived Ames and Snell dwarf mouse models and the GH receptor
knockout models are resistant to hydrogen peroxide and UV light in vitro, thus suggesting
that pro-growth pathways negatively regulate resistance to oxidative stress. Hepatocytes
from Ames dwarf mice also readily undergo apoptosis compared with wild-type cells
following oxidative stress.35 Humans with GHRD have very low IGF-I levels and are
protected from cancers even though they have a normal lifespan.9 Mammary epithelial cells
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incubated with serum from these individuals are protected from DNA damage caused by
hydrogen peroxide compared with those incubated with serum from unaffected relatives.9

GHRD serum also promotes apoptosis and cell death, an effect that is reversed by IGF-I.9

These studies are consistent with a role for IGF-I in promoting ROS-dependent DNA
damage as well as in promoting survival of damaged, precancerous cells.

III. INFLAMMATION, AGING, AND CANCER
Aging is characterized by an increase in the levels of pro-inflammatory markers, resulting in
a state of chronic inflammation or “inflamm-aging.”36 Low-grade, chronic inflammation
increases with age and is associated with all-cause mortality risk in older adults.37

Epidemiological studies suggest a strong association between aging, chronic inflammation,
and various cancers.38,39 In fact, about 15% of cancers are attributable to infectious agents
that are associated with a high degree of inflammation,40 suggesting that the age-dependent
inflammation may also play a key role in malignancies of unknown etiology. As mentioned
in the previous section, the presence of ROS at the site of inflammation can lead to oxidative
damage of DNA resulting in tumorigenesis and cancer progression.24 In the presence of a
high level of inflammatory components, transformed cells are able to escape cell death/
repair mechanisms and continue to grow and proliferate,38 possibly, as discussed above, due
to the activation of anti-apoptotic pathways.

The microenvironment of a developing neoplasm is primarily hypoxic and characterized by
the presence of a vast leukocyte population including neutrophils, dendritic cells,
macrophages, eosinophils, and mast cells, as well as lymphocytes.41 All of these cells are
capable of producing an array of growth factors, cytokines, ROS, MMPs, and soluble
mediators of cytotoxicity, such as TNF-α, interleukins, and interferons.38,39 Leukocytes and
other phagocytic cells can induce DNA damage, by the production of ROS and reactive
nitrogen species. Thus, repeated tissue damage associated with chronic inflammation can
result in permanent genomic alterations. Tumor associated macrophages (TAMs) are an
essential component of the tumor microenvironment and when activated by IL-2, IL-12, and
interferons, can kill tumor cells.42,43 However, they can also produce growth factors and
angiogenic agents that stimulate tumor cell proliferation.44 TAMs also produce IL-10 which
prevents the killing of cancer cells by cytotoxic T cells. Immature dendritic cells that are
derived from macrophages can migrate to the lymph nodes and stimulate T lymphocyte
activation. However, due to their immaturity, they are frequently defective in this
stimulatory capacity.38 Chemokine production by tumor cells is not only used to recruit
inflammatory cells but also to regulate their growth and proliferation. Of the various
chemokines produced by cancer cells some have been linked to aging such as IL-6, TNFa,
COX2, and IL-10.39

IL-6 serum concentrations have been reported to increase with age,45,46 and IL-6 can act as
a growth factor for many cell types. Activation of STAT3 by IL-6 is associated with
inhibition of apoptosis, increased cell cycle gene expression, and activation of androgen
receptor genes.47 Overproduction of IL-6 by tumors can result in increased growth and
metastasis owing to its role as a growth and anti-apoptotic factor48 and high IL-6 levels are
associated with an adverse prognosis in cancers.49,50 The pro-inflammatory cytokine TNFα
also increases with age51 and when chronically produced, can act as an endogenous tumor
promoter. High levels of TNFα are detected in many cancers including breast, ovary,
prostate, bladder, etc.,52,53 where mRNA and protein expression correlate with the grade of
malignancy.

The pro-inflammatory activity of cyclooxygenase, COX, may also play an important role in
the aging process and cancer.54 The induction of NFkB by cellular ROS increases the
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expression of COX-2, the inducible form of COX, which can, in turn, further increase
inflammation and cause tissue damage.54 Notably, the pro-inflammatory alleles of COX-2
are under-represented in centenarians.39 Several studies have shown that the pro-
inflammatory alleles of COX-2 are associated with cancer.55–57 COX-2 can promote cell
proliferation and angiogenesis while inhibiting apoptosis through the production of
prostaglandins, thus contributing to cancer progression.39,58 Use of nonsteroidal anti-
inflammatory drugs, NSAIDs, that inhibit COX-2 are associated with a reduced risk of
malignancies.59

IL-10 is known to play an important role in limiting and eventually terminating
inflammatory responses by inhibiting cytokine production by T and NK cells.60,61

Centenarians, who have escaped cancers and show no signs of inflamm-aging express high
levels of IL-10, which could be responsible for counteracting the effects of pro-
inflammatory molecules.62,63 However, the role of IL-10 in cancer and tumor progression
appears to be contradictory. Tumors from cancer patients have higher IL-10 levels compared
with normal tissue from controls64 and increased IL-10 expression is also seen in metastatic
rather than nonmetastatic tumors suggesting that IL-10 may also contribute to cancer
metastases65 in contrast to its anti-angiogenic properties which may deter cancer.66

IV. IMMUNOSENESCENCE
An age-related decline in immune function is related to the onset of many diseases such as
cancer, diabetes, cardiovascular, and infectious diseases. A young immune system can
prevent cancer by protecting from virus-induced tumors and destroying precancerous cells
but also by promptly reducing inflammation once the infectious threat has been
eliminated.67 Immunosenescence primarily affects the adaptive immune system and results
in a decline in B cell as well as CD4 and CD 8 T cells with a relative increase in NK cells
such that the relative lymphocyte count does not change with aging.68 The most noticeable
changes to adaptive immunity with aging occur in the T cells and are possibly associated
with increased susceptibility to infections, autoimmune disorders, cancers, and chronic
inflammatory diseases.69 Although there is no change in total lymphocyte number, there is a
dramatic change in the representation of different types of lymphocytes.70

Due to involution of the thymus with age, the naïve T cell population progressively declines
and there is an increase in memory T cells.71 Because a diverse repertoire of naïve T cells is
required for mounting an immune response to new antigens, this decrease in the naïve T cell
population is thought to contribute to the increased susceptibility to infections in elderly
individuals.72 Moreover, with aging, there is a progressive increase in clonally expanded
populations of CD8 T cells, due to accumulating antigen exposure, both in mice and
humans,73,74 resulting in an altered naïve to memory cell ratio. Qualitatively, changes are
seen in the CD8 or cytotoxic T lymphocyte population with more cells exhibiting features of
replicative senescence.75 CD8 T cells that have undergone replicative senescence also show
a permanent suppression of the co-stimulatory molecule CD28 both in vitro and in vivo.76

This co-stimulatory receptor is involved in a variety of T cell functions including activation,
proliferation, stabilization of cytokine messenger RNA levels, and glucose metabolism.77In
vivo, it has been shown that elderly individuals have a large proportion of CD8 T cells that
do not express CD28,76 which is used as a biomarker to assess replicative senescence of T
cells in vivo. Studies suggest that an increased proportion of CD8+CD28- T cells is
associated with poor antibody responses to influenza vaccination,78 and seropositivity for
CMV.68,79 Chronic exposure to the CMV, EBV, and VZV viruses results in clonal
expansion and accumulation of CD8 cells that are specific to these viruses.68 In longitudinal
studies, chronic CMV infection has been associated with the “immune risk phenotype,”
which is characterized by an inverted CD4/CD8 ratio due to accumulation of CD8+CD28-
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cells and is associated with a poor response to T cell mitogens.80–83 This inverted CD4/CD8
ratio is absent in centenarians and can serve as a predictor for survival.84

A simplified view of immune surveillance suggests that the innate immune system attacks
cancer cells by recognizing modified self-antigens and triggers an inflammatory cascade
resulting in cancer cell death. It is becoming increasingly clear from mouse models that
innate immune responses act as a first line of defense against tumors.85,86 The role of IFN-γ
in this process was demonstrated using tumor transplantation in mice treated with
neutralizing monoclonal antibodies specific for IFN-γ.85 Mice lacking perforin, an essential
component of T cells and NK cells, develop more tumors compared to control mice.87 More
recently, it was shown that mice deficient in RAG-2, completely lacking natural killer T
(NKT), T, and B cells due to a failure to rearrange lymphocyte antigen receptors, developed
sarcomas much more rapidly and frequently after MCA injection compared to controls.88

An opposing view suggests that immune response to tumor cells may be pro-tumorigenic
and potentiate the growth of the tumor rather than preventing it.89 Thus the immune system
may both prevent and facilitate carcinogenesis and the final outcome of the disease may
depend on complex scenarios.90 As described above, with age, there is an accumulation of
senescent T cells, which, together with age-related thymic involution, limits the naïve T cell
repertoire, resulting in diminished immune surveillance capacity.91 Moreover, chronic
exposure to antigenic stimulation may result in “immune exhaustion” which may also lead
to defective anti-tumor activity with aging. For example, spontaneous tumors are likely to
have co-existed with immune defense systems over extended periods of time and to have
interacted chronically with anti-tumor T cells which may render them unrecognizable as
antigens.91,92 This is in agreement with what is observed in mice and humans where a
significant expansion of CD8 cells and low CD4/CD8 ratio is associated with persistent
infections.80–83

Several cancers are associated with higher proportion of senescent T cells and a poorer
outcome including lung, colorectal, ovarian, lymphoma, and breast.93–97 It is also known
that CD8+/CD28- cells can accumulate in elderly individuals,76 and may repress antigen-
specific CTL responses. Studies have also shown an increase in frequency of the regulatory
CD4 T cell subset (CD4+CD25hi or CD4+Foxp3+) in older individuals, which may or may
not contribute to age-related decline in suppressive activity.98

V. CELLULAR SENESCENCE AND CANCER
Senescence is the irreversible arrest of cell proliferation in response to potentially oncogenic
stimuli.99,100 This process is known to be regulated by two major tumor suppressor
pathways—the p53/p21 and the p16INK4a/pRB.99 Senescent cells accumulate over the
lifespan in mice, nonhuman primates, and humans, indicating that senescence may serve as a
barrier to the development of cancer. Consistent with this idea, senescent cells have been
found in preneoplastic lesions in human tissues.101 One of the major causes of senescence is
a gradual shortening of telomeres with each replicative cycle accompanied by limited
expression of the enzyme telomerase, which is responsible for telomere elongation to reduce
the amount of chromosomal DNA loss during each cell division cycle;102 These two factors
result in critical telomeres shortening and irreversible cellular senescence. Dysfunctional
telomeres elicit a DNA damage response, where the chromosomal ends are perceived as
double strand breaks (DSBs). The DNA damage response activates cell division arrest via
activation of p53.99,103 Senescence can also be induced in response to DNA damage such as
that caused by oxidative stress, activating a DDR response.104 Other stress signaling such as
oncogenic Ras activation (H-RasV12), cytokine signaling, or loss of PTEN can also trigger
senescence.99,105,106
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In addition to being growth arrested, senescent cells exhibit other characteristic properties,
such as the expression of senescenceassociated B-gal (SABgal), vacuolization, and
resistance to apoptosis.100 These cells also exhibit the SASP or senescence associated
secretory phenotype and secrete many pro-inflammatory cytokines, chemokines, growth
factors, and proteases.99 Despite the blocking of tumorigenesis in the senescent cell itself,
the process of cellular senescence may actually contribute to cancer. Indeed, there is
evidence that senescent cells can promote cancer in mice and stimulate malignant
phenotypes in culture. Injection of senescent fibroblasts significantly stimulated the
proliferation of mouse and human epithelial tumor cells in immunocompromised
mice.99,107–109 Several SASP components such as the MMP's, VEGF, interleukins, etc.,
have been implicated in this process.108,109 Therefore, cellular senescence can be both anti-
and pro-tumor growth. As these cells accumulate with age, they can, by virtue of the SASP,
create a microenvironment that favors cancer progression. SASP-induced inflammation can
generate ROS that can cause DNA damage.99

VI. HEMATOPOIETIC STEM CELL AGING
Aging of the hematopoietic system is associated with increased myeloid malignancies,
anemia, and immune dysfunction.110,111 As with other cancers, the incidence of certain
hematopoietic malignancies increases with age.112 As only a small reserve of hematopoietic
stem cells sustains the entire blood system throughout life, it is possible that a functional
decline in the HSC population with age is responsible for these myeloproliferative disorders.
Whole BM and competitive transplantation studies in mice suggest that while the per-cell
activity of HSC's decreases with age, the functional output is preserved due to an overall
increase in HSC numbers. Whole BM from old donor mice was superior in reconstituting
the erythroid compartment of irradiated or unconditioned recipient mice compared to BM
from young mice.113–115 Measurement of HSC frequencies in BM from old vs young
C57BL/6 mice showed an approximately twofold increase in HSC number in old
mice.116,117 Measurement of enriched HSC fractions using cell surface markers to
distinguish true HSC's from multipotent progenitors (MPPs) suggests HSC frequencies that
are between 6- to 17-fold higher in older mice.118,119 However, the higher number of HSCs
not only does not translate in a more effective immune system but is likely to be a central
culprit in the immunosenescence described earlier. In fact, competitive transplantation
experiments using purified HSC's have shown that HSC function on a per-cell basis is
substantially reduced in old mice.120

Studies have shown that lymphopoiesis declines with age in mice and humans.110,121 On the
other hand, there is no decrease in myeloid potential, which may even increase with age,122

resulting in a skewing of the lineage potential from lymphopoiesis to myelopoiesis.
Transplantation experiments in mice have shown that this myeloid bias is maintained even
in young recipients transplanted with old bone marrow cells,123 and xenotransplantation in
immunodeficient mice shows that the bias also exists in aged humans.124 There is a marked
decline in lymphoid function in the elderly and the overproduction of myeloid cells leads to
a pro-inflammatory environment.125 Expression profiling of HSCs confirmed the
downregulation of lymphoid specification genes and upregulation of myeloid specification
genes in old mice123 and humans.124

VII. CONCLUSION
The picture that emerges from the preceding sections is that the multiple factors that
contribute to aging also actively or passively promote cancer. As the individual ages, the
complex interplay between these systems increases the likelihood of carcinogen-esis.
Several of these aging processes confer an early life advantage in terms of growth,
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reproduction, and survival but are deleterious later in life, a concept known as “antagonistic
pleiotropy.” For example, the Ras, Akt/PKB, and TOR pathways promote growth and
reproduction and can block apoptosis but also contribute to DNA mutagenesis and the
ineffective killing of mutated cells (Fig. 1). Also, the strong immunological response to
pathogens early in life is protective but may contribute to the damage of cells and tissues
which may promote the development of cancer later in life (Fig. 1.).

Because of immunosenescence but also the aging of the hematopoietic system, elderly
patients often experience elevated immunosuppression and have a greater risk of
chemotherapy-related death than younger patients, which can limit the dose and frequency
of treatments.4,126,127 Development of novel strategies and drugs aimed at selective host/
patient protection could reduce the side effects associated with a variety of treatments and
also increase the efficacy of the therapy. Studies from long-lived mice and humans have
shown that they exhibit delayed/ reduced cancers indicating that it is possible to identify
strategies that can delay aging and protect from cancers and other age-related diseases.
These strategies may also be useful in enhancing existing cancer treatments in the elderly.
We and others have recently shown that fasting or short-term starvation (STS) reduces
circulating IGF-I levels by 70% in mice and protects normal but not cancer cells from toxic
chemotherapy drugs.128–131 As proto-oncogenes are negative regulators of the protective
changes induced by fasting, the great majority of cancer cells do not respond to fasting/STS,
thus promoting the differential protection (differential stress resistance) of normal cells.
Preliminary studies indicate that fasting is feasible and safe in humans and could protect
patients from chemotherapy.132 Although additional clinical testing is necessary, fasting and
other similar strategies have the potential to be used in enhancing current treatments in the
elderly.

ABBREVIATIONS

GH growth hormone

GHRD growth hormone receptor deficiency

IGF-I insulin-like growth factor 1

SASP senescence associated secretory phenotype

ROS reactive oxygen species

MMP matrix metallo proteinase

IL interleukin

TAM tumor associated macrophage

TNF tumor necrosis factor

COX cyclooxygenase

NK natural killer

STS short term starvation

DSR differential stress resistance

MCA 3-methylcholanthrene

HSC hematopoietic stem cells
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FIGURE 1.
Aging, growth factor signaling, immunosenescence, and cancer. Based on data from
different model systems, IGF-I and downstream signaling proteins Ras and Akt/PKB as well
as chronic inflammation can promote aging and DNA damage thus promoting cancer. The
anti-apoptotic activity of IGF-I, Ras, and Akt/PKB prevents the elimination of mutated/
damaged cells, further promoting tumorigenesis. Aging of the hematopoietic stem cell
system and immunosenescence can provide a favorable environment for the propagation of
malignant cells.
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