1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Transl Res. Author manuscript; available in PMC 2021 July 01.

-, HHS Public Access
«

Published in final edited form as:
Transl Res. 2020 July ; 221: 65-82. doi:10.1016/j.trsl.2020.03.013.

Frailty and aging in cancer survivors

Kirsten K. Ness”, Matthew D. Wogksch
Department of Epidemiology and Cancer Control St. Jude Children’s Research Hospital Mail Stop
735 262 Danny Thomas Place Memphis, TN 38105

Abstract

There are over 15 million survivors of cancer in the United States whose rates of frailty, an aging
phenotype, range from just under ten to over eighty percent. Frailty impacts not only disease
survival, but also long-term function and quality of life in children, adolescents, and in all adults
diagnosed and/or treated for cancer. This review explains frailty as a construct and model of
physiologic well-being. It also describes how frailty at diagnosis impacts cancer outcomes in adult
populations and enumerates the prevalence of frailty in different populations of cancer survivors.
Biological mechanisms responsible for aging and potentially for frailty among individuals with or
who have been treated for cancer are discussed. Finally, promising pharmaceutical and lifestyle
interventions designed to impact aging rather than a specific disease, tested in other populations,
but likely applicable in cancer patients and survivors, are discussed.

Introduction

Survival following a diagnosis of cancer has increased over the past seven decades, such that
69.8% percent of persons with a cancer diagnosis will survive five years.[1] This
achievement is related to improved screening methods and early detection, to advances in
surgical techniques and radiation delivery, and to discovery of new and effective
pharmaceutical agents. Cure, however, is not without consequences. Among the over 15
million individuals living in the U.S. today with or after a cancer diagnosis, 66% will have at
least one additional chronic health condition.[2] Some of these conditions will predate the
cancer diagnosis, and be exacerbated by cancer and/or its therapies, potentially impacting
survival. Other conditions will be new, or a direct result of cancer and or exposure to cancer
treatment modalities. Either way, individuals with or who have survived cancer are at risk
for frail health, a phenotype characterized by reduced physiologic reserve and/or an
accumulation of conditions that impact both function and longevity.[3] This review explains
frailty as a construct and model of physiologic well-being, describes the impact of frailty on
cancer outcomes in adult populations, enumerates the prevalence of frailty in different
populations of cancer survivors, discusses potential biological mechanisms responsible for
frailty among individuals with or who have been treated for cancer, and briefly outlines
promising pharmaceutical and lifestyle interventions for frailty that are likely applicable in
cancer patients and survivors.
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The development of frailty is a consequence of normal aging. However, it is a dynamic
construct. Persons move in and out of frailty states, increasing or decreasing their
vulnerability to adverse outcomes, the most extreme of which is death (Figure 1).[4] Frailty
describes a state of reduced physiologic reserve, and can be modeled in populations,
including those with and who have survived cancer, either phenotypically or as an
accumulation of deficits. Frailty is used clinically to classify persons with cancer at risk for
poor outcomes, and after cancer therapy to identify cancer survivors at risk for early
morbidity and mortality.[3] The phenotypic approach (typically referred to as the Fried
criteria), originally described in the Cardiovascular Health Study, [5] a sample of 5,317 men
and women 65 years of age or older, includes assessment of sarcopenia, decreased muscle
strength, poor endurance, slow walking speed, and low physical activity. In this aging
population, 7% of cohort members had three or more of these impairments and were
classified as “frail”, and 47% had two of these impairments and were classified as “pre-
frail.” Adjusted hazard ratios for falls, disability, hospitalization and death after seven years
of follow-up ranged from 1.2-1.8 when persons with frailty were compared to those with no
frailty. This or a modification of this phenotype is documented in other cohorts of older
adults and/or persons with chronic disease.[6-13]

Frailty is also characterized using an accumulation of deficits approach, where a frailty
index is defined as the proportion of a total number of “things that individuals have wrong
with them.”[14] his approach considers symptoms, signs, disabilities, diseases, and
abnormal laboratory measurements as deficits. Deficits are tallied, and sometimes weighted,
from readily available survey or clinical data, often employing a combination of self-report
and directly measured items like those included in a Comprehensive Geriatric Assessment.
[14, 15] Rates of frailty are reported to vary from 11% among older adults[16] to a median
of 42-43% among cancer survivors.[4, 17] However, accurate enumeration of frailty
prevalence on a global level is difficult, as most studies are done in high income countries,
and do not always use the same definition of frailty. De Souto Barreto[18] suggests that
frailty should be operationalized locally so that definitions can take into account the unique
characteristics of a given population. This approach seems reasonable, as in nearly every
study examining frailty, no matter what the measure, associations between frailty and
adverse outcomes are consistent; individuals who are frail are at higher risk for development
of chronic disease and for mortality.[4]

Frailty at diagnosis and acute treatment outcomes

Frailty prior to or concomitant with cancer diagnosis can impact both acute outcomes, long-
term function, and perceived health. Acute outcomes are most commonly reported and are
summarized among older adults with cancer in a systematic review published in 2015.
Twenty-two studies were included in the review with seven reporting adverse outcomes
associated with frailty. These include mortality, post-operative treatment complications and
poor tolerance to chemotherapy.[17] In more recent studies, focused on cancer survivors,
Shahrokni et al. [19] documented frailty using the Memorial Sloan Kettering Frailty-Index
(MSK-FI; an 11 point tally of self-reported functional status (impaired or not), and ten co-
morbid conditions: diabetes, chronic obstructive pulmonary disease, hypertension,
cerebrovascular accident, transient ischemic attack, congestive heart failure, peripheral
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vascular disease, cognitive dysfunction, myocardial infarction and coronary artery disease)
in 1,137 patients with cancer, 51.2% female, who were 75 years of age or older and referred
to the geriatric service prior to surgical management. Higher scores on the MSK-FI were
associated with increased post-surgical length of stay, increased risk for intensive care unit
admission and one-year mortality. Using a similar measure, the modified Frailty Index,
Franco et al.,[20] in a cohort of 138 patients with Stage 1/I1 Non-Small-Cell Lung Cancer
treated with Stereotactic Body Radiation Therapy, reported a negative association between
frailty, prevalent among 72.7% of patients, and overall survival. Frailty was also associated
with non-cancer related deaths over three years of follow-up. Using only a single measure of
impaired physiologic reserve, gait speed, Pamoukdjian et al.[21] reported a 5.6 (95%
Confidence Interval (Cl) 1.6-19.7) fold increased hazard of death among 96 older adult
outpatients with cancer (mean age in the cohort was 80.6+5.6 years) with gait speeds <0.8
meter/second (m/s) when compared to 94 with gait speeds = 0.8 m/s.

Frailty at diagnosis and long-term outcomes

Associations between frailty at diagnosis and health care utilization, long-term functional
outcomes and perceived health are reported in survivors of breast and colorectal cancer.
Williams et al. conducted geriatric assessments on 125 older adults with cancer at diagnosis
and followed them for five years to assess hospital or long-term care admissions. In this
group of older adults (mean age 74 years), prefrailty/frailty were associated with a 2.5 fold
increased risk of hospital and a 1.9 fold increased risk of long term care admissions.[22]
Mandelblatt et al. evaluated associations between frailty at diagnosis and cognition in two
separate cohorts (N=344, N=1,280) of women with non-metastatic breast cancer, and found
that frailty was negatively associated with measured cognition at baseline[23] and self-
reported cognitive decline over 24 months[23] and 7 years.[24] Using the European
Organization for Research and Treatment Cancer Quality of Life Questionnaire Core 30
(EORTC_QLQC30), Ronning et al. evaluated the association between frailty and quality of
life (QOL) over time in 68 persons with colorectal cancer referred for surgery. QOL scores
were lower among frail (35% of the cohort) than among non-frail survivors at baseline, and
at three- and eighteen-months post surgically.

Prevalence estimates of frailty among survivors

The prevalence of frailty among cancer survivors ranges from 7.9% in adult survivors of
childhood cancer in their fourth decade of life[25] to 59% among older adult survivors of
adult onset cancer in their seventies and eighties (Table).[26] In addition to sex and age,
frailty in cancer survivors is associated with cancer type, treatment exposures, chronic
disease, lifestyle and access to care. Rates in childhood cancer survivors in their 30s and 40s
(7.9-47.0%) approximate those of community dwelling older adults in their sixties,
seventies and eighties.[25, 27-32] Rates in survivors of adult cancers are even higher,
ranging from 9.1-59.0%, often double and sometime nearly quadruple the rates of frailty in
age, sex and race matched populations.[19-21, 23, 24, 33-40] Potentially, because in the
general population, females have less capacity to regenerate muscle than do males, [41]
female cancer survivors are more likely to be frail than male cancer survivors.[25, 29] As
estrogen deficiency also influences muscle recovery, [42] females whose cancer therapy
impacts estrogen production are at particular risk.[27] Among childhood cancer survivors,
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those with brain tumors, bone tumors and Hodgkin lymphoma (HL) are at greatest risk for
frailty.[25, 29] Treatment related risk factors for frailty among cancer survivors include
radiation to the brain, abdomen and pelvis, extremity amputation, lung surgery, platinum
exposure,[25, 29] hematopoietic stem cell transplantation, [28, 31, 33] and among males
with prostate cancer, androgen deprivation therapy.[36, 40] Growth hormone deficiency,[30,
32] surgical or chemotherapy induced premature ovarian insufficiency,[27] graft versus host
disease,[28, 33] and the presence of severe, disabling or life threatening neurologic or
cardiopulmonary conditions[25, 29, 36] are also associated with frailty or its’ components.
Smoking, obesity and sedentary behavior are also identified risk factors for frailty in cancer
survivors.[25, 29, 32, 34, 43]

Frailty, chronic conditions, and mortality in survivors

Frailty among cancer survivors is associated with increased risk for adverse events,
including hospitalization, new onset chronic disease and mortality. In a cohort of over
27,000 community dwelling adults 45 years of age and older, Moore et al. reported that
frailty is a mediator of the association between cancer history and hospital admission for
community acquired sepsis.[38] In the St. Jude Lifetime Cohort, we documented a 2.6 (95%
Cl 1.2-6.2) fold increased hazard for death and a 2.2 (95% CI 1.2-4.2) fold increased hazard
for new onset chronic conditions among childhood cancer survivors (mean age 33.6+8.1
years, 50.3% male) who were frail when compared to those who were not frail. Using a
similar performance based phenotype (where 2 of 5 criteria indicate prefrailty, and 3 or more
of 5 criteria indicate frailty), Brown et al.[35] evaluated associations between prefrailty,
frailty and mortality among 416 older adult (median age 72.2 years) cancer survivors who
participated in the Third National Health and Nutrition Examination Survey. Mortality
varied by frailty status with median survival of 13.9 years among non-frail (53.6% of total),
9.5 years among pre-frail (37.3% of total) and 2.5 years among frail (9.1% of total)
survivors. Others have used a single measure of impaired physiologic reserve, specifically,
sarcopenia, to predict outcomes in cancer survivors, Lee et al, using data from the Korean
National Health and Nutrition Examination Survey, reported increased cardiovascular
disease risk in male cancer survivors with compared to those without sarcopenia (RR 2.67,
95% CI 1.18-6.56),[44] and increased risk for metabolic syndrome among both male and
female survivors with sarcopenia when compared to those without sarcopenia (RR 2.76,
95% ClI 1.92-3.97). Villasenor et al.[45], followed 471 breast cancer survivors for a median
9.2 years, and found that the hazard of death was 2.86 (95% CI 1.67-4.89) times higher in
women with sarcopenia compared to those without sarcopenia.[46]

Potential biological mechanisms for frailty among survivors

Recent research advances document that the rate of aging in the general population is
controlled by genetic pathways and biochemical processes conserved in evolution. Lopez-
Odin et al.[47] describe potential hallmarks that explain aging across organisms. These
include genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
dysregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication (Figure 2). These processes are likely
interconnected and have different relative contributions to aging and related functional
states. In patients with cancer, where cure requires interventions that do not spare normal
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tissue (or cellular function), intrinsic damage is possible and may accelerate one or more of
these processes (Table 2).[48] Aging processes are also likely to vary among cancer
survivors, based on germline genetic variations in both the genes that control longevity,[49]
and those associated with biological response to cancer therapies. [50-58] DNA integrity
and stability are challenged by administration of chemotherapy and radiation. Chemotherapy
agents interfere with DNA synthesis, replication and transcription, tubulin polymerization
and mitotic spindle formation. Chromosomal deletions, insertions, inversions, translocations,
aneuploidy, polyploidy and endoreduplication are possible. lonizing radiation breaks DNA
molecules by generating single and double strand breaks. Lesions are repaired by non-
homologous end joining, resulting in both numerical and structural chromosomal damage.
[59] Evidence to support the persistence of chromosomal damage in cancer survivors is
provided by studies evaluating HL survivors whose lymphocytes show evidence of
chromosomal abnormalities years following treatment,[60-63] and studies demonstrating
relative telomere shortening in young adult survivors of childhood acute lymphoblastic
leukemia[64], high risk neuroblastoma,[31] and in a cohort of childhood cancer survivors
with mixed diagnoses.[65] Epigenetic alterations are also evident in cancer survivors where
DNA methylation patterns in blood among adult survivors of adolescent and young adult
onset HL differ from those of their unaffected monozygotic twin,[66] DNA methylation
signatures in T-cells of childhood cancer survivors treated with total body radiation and
hematopoietic stem cell transplant are altered and associated with over-activation of cytokine
signaling pathways,[67] and DNA methylation loci that are associated with obesity in the
general population are also associated with obesity in survivors of childhood onset ALL.[68]

Impaired protein homeostasis is not yet well documented in cancer survivors, although one
group of investigators report differences in mitochondrial protein content in a small group of
childhood ALL survivors when compared to healthy controls. These authors indicate that
their findings suggest changes in regulation of mitochondrial processes associated with
inflammation, oxidative stress and apoptosis, and that these disordered processes are
associated with post-cancer therapy increased risk for cardiometabolic disorders.[69] More
data is needed to confirm these findings. However, dysregulated nutrient sensing is a well-
known problem in cancer survivors, particular those whose somatotropic axis is directly
impacted by cranial radiation.[30] Growth hormone insufficiency is not uncommon,[70, 71]
with resultant dysfunction in the insulin and insulin-like-growth-factor signaling (11S)
pathway and the ability of cells to detect glucose. While downregulation of this pathway in
animal and human models of dietary restriction increases longevity, presumably because
involved cells have slower rates of growth and metabolism, such is not the case in aging, and
among cancer survivors, where downregulation appears to be a protective mechanism to
lower rates of cellular damage.[47] Cancer survivors with disordered metabolism are at
greater risk for cardiovascular disease,[72] cancer recurrence[73] and mortality.[74]

Evidence for mitochondrial dysfunction in cancer survivors is reported in several studies.
Kober et al. studied gene-expression in peripheral blood among 50 breast cancer survivors
treated with paclitaxel, 25 who had peripheral neuropathy (PN) and 25 who did not. When
compared to those without PN, those with PN had differential expression of four genes
related to mitochondrial dysfunction, and perturbation of ten pathways identified in the
Kyoto Encyclopedia of Genes and Genomes database.[74] Ruiz-Pinto et al. also found
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genetic evidence of mitochondrial dysfunction in breast cancer survivors with anthracycline
induced cardiomyopathy using exome array analysis. Survivors with a minor T-allele in
electron transfer flavoprotein beta subunit (£/78) had a higher risk of cardiomyopathy. EFT
is located in the inner membrane of mitochondria and acts as an electron acceptor of energy
production from amino and fatty acids.[75] Finally, Lipshultz et al. reported higher
mitochondrial copy number per cell in childhood cancer survivors exposed to doxorubicin
without compared to those exposed to doxorubicin with the cardio-protectant dexrazoxane.
These authors suggest that this may represent persistent clonal expansion of mitochondria in
response to early damage during doxorubicin administration.[76]

Markers of cellular senescence and associated inflammatory markers are evident in survivors
of breast cancer, survivors of childhood cancer, and among survivors of hematopoietic stem
cell transplant (HCT). Sanoff et al. report increased levels of senescence markers p16/NK4a,
ARFmMRNA, and senescence associated cytokines VEGFA and MCP1 among 33 women
with stage I-111 breast cancer immediately after treatment and 12-months later. Independent
assessment of pZ16/NK4a expression in another cohort of 176 breast cancer survivors 3.4
years after treatment show an average of 10.4 years of additional biological on top of
chronological aging.[77] Alfano et al. also reported increased levels of inflammatory
cytokines in breast cancer survivors (N=209) compared to non-cancer controls (N=106).
Cytokine levels were associated with comorbidities in this population who were on average
55 years of age.[78] Survivors of childhood ALL (N=10) treated with radiation,[79] and
HCT survivors (N=63) also demonstrate increased expression of p16/NK4a, associated with
radiation exposure, with higher doses of chemotherapy prior to transplant, and with
autologous versus allogeneic HCT.[80] Evidence of stem cell exhaustion is provided by a
study of 14 of 15 long-term survivors of HCT, whose lymphocytes demonstrate a significant
decrease in ability to differentiate and proliferate, which is, along with telomere shortening,
phenotypically consistent with an aged immune system.[81]

All of these alterations in cellular integrity and behavior that occur with aging culminate by
affecting intercellular communication. Disrupted intracellular communication alters
neurohormonal signaling, with resultant chronic inflammation, declining
immunosurveillance, and a compromised intercellular environment. This milieu is not
benign and influences the structure and function of all of the body’s tissues.[47] This
hypothesis is supported in a preliminary study by Walter et al.,[82] who document increased
tumor cell levels of advanced glycation end products (AGES), reactive metabolites produced
during normal metabolism, among women with estrogen receptor positive (ER+) breast
cancer when compared to those with ER- breast cancer. AGEs are thought to modify the
genome, interfere with protein function/crosslinking, resulting in aberrant cell-signaling.[83]
These processes are relevant in aging and disease,[84] and likely contribute to the potential
accelerated aging landscape in cancer survivors after treatment, although this is difficult to
disentangle in survivors of adult onset cancers. Adults have chronic disease and may have
elevated levels of inflammatory markers or excessive accumulation of lifestyle associated
reactive metabolites prior to cancer diagnosis, which in some cases may have contributed to
the development of the malignancy.[85] Adult survivors also have a lifetime of exposure to
chronic psychological stressors, including a cancer diagnosis, which also contribute to
increased levels of systemic inflammation and an impaired immune response.[86] Survivors
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of childhood onset cancer offer a unique opportunity in this research arena, as most of them
do not have an accumulation of somatic damage or chronic disease when they are diagnosed
with cancer. Mechanisms triggered by exposure to cancer and cancer related therapies may
be easier to isolate in younger cohorts. Preliminary work in this area is scarce, but the
published work indicates that inflammatory markers are present in groups of childhood
cancer survivors and are related to other aging biomarkers as discussed above.[31, 64, 67]
Nevertheless, there has been little work done to comprehensively characterize the complex
associations between the multiple and interrelated hallmarks of aging in childhood cancer
survivors. Almost no work has been done to correlate biomarkers of aging to function or
frailty in children or young survivors of childhood cancer. Research to elucidate these
mechanisms in cancer survivors is needed.

Interventions to prevent or remediate frailty

Frailty is a construct that includes many components, thus, interventions to prevent or
remediate frailty in cancer survivors need to either be multi-focal, or those that globally
address aging and its multiple biologic processes. There are not yet any published clinical
trials in cancer survivors where preventing or remediating frailty, either as a phenotype or an
accumulation of disease, is the primary outcome. Certainly, chronic disease in cancer
survivors is managed medically, with appropriate pharmaceutical agents, and with lifestyle
counseling. However, in aging populations, pharmaceutical interventions that specifically
target aging appear to be more effective in preventing or remediating age-related disorders
compared to treatments that target a specific disease. This approach has potential in cancer
survivors, particularly for prevention.

Recent data from the aging literature describe a number of promising pharmaceutical
approaches (Table 3). These include molecular compounds that mimic caloric restriction
(CRM), that increase nicotinamide adenine dinucleotide (NAD™) levels, that eliminate
senescent cells, and that inhibit the receptor for advanced glycation end-products (RAGE).
One study documents the feasibility and safety of rapamycin, an inhibitor of mMTOR
(mechanistic target of rapamycin) that prolongs life in animal models without requiring a
reduction in food intake, for short periods in older adults who are otherwise healthy,[87] and
another study is underway evaluating the effects of metformin on aging.[88] Metformin is a
powerful modulator of glucose metabolism, decreases insulin levels and insulin like growth
factor type | (IGF-1) signaling, inhibits mTOR and mitochondrial complex 1, activates
AMP-activated kinase (AMPK) and reduces DNA damage.[88] Human data supporting the
efficacy of resveratrol and SRT2104, sirtuin-activating compounds, to treat age related
conditions, including type 2 diabetes, loss of physical abilities and cognition are mixed.[89-
93] However, a recent study indicates that chronic nicotinamide riboside supplementation is
tolerated, elevates NAD+ levels in healthy middle aged and older adults, and appears to
lower blood pressure in persons with pre-hypertension.[94] NAD+ is an enzyme cofactor
that declines with aging, critical for cellular energy metabolism, DNA repair and cellular
response to oxidative stress.[95, 96] Justice et al., [97] reporting first in human results,
indicate that intermittent administration of dasatinib and quercetin (DQ) to clear senescent
cells is feasible, safe and improved physical function in persons with idiopathic pulmonary
fibrosis, a progressive fatal cellular senescence associated disease. Finally, several studies in
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humans have utilized RAGE inhibitors (TTP488) in an attempt to slow cognitive decline in
persons with Alzheimer’s Disease. [98-100] Pharmaceutical trials like these are needed in
cancer survivors.

Successful exercise, physical activity and dietary interventions that preserve or improve
physical function in middle aged and older adult cancer survivors, like the pharmaceutical
trials described above, also address an overall aging phenotype. A review of 38 randomized
trials published in 2016 indicates structured exercise intervention improves parameters of
physical function (e.g. increased distance walked in six minutes, more chair rises in a set
time) and fatigue, and that these improvements are related to better quality of life in middle-
aged and older adult cancer survivors.[101] This review in cancer survivors is consistent
with a another systematic review that includes a meta-analysis of 66 randomized trials
targeting prevention or treatment of frailty as a primary outcome in adult populations with
and without chronic disease. Across 21 randomized trials including 5,262 participants and
eight interventions (physical activity, physical activity with protein or nutritional
supplementation, psychosocial or cognitive training, pharmacotherapy, multifactorial,
geriatric comprehensive assessments, nutrition only), physical activity, when compared to
standard of care or placebo, was associated with reduction in frailty (standardized mean
difference —0.92, 95% CI -1.55-0.29), and both physical activity and physical activity with
nutritional supplementation were the two most likely interventions (using the surface under
the cumulative ranking curve technique: 100%, 71% respectively) to reduce frailty.[102]

Lifestyle interventions among survivors also show promise when targeting biomarkers of
aging. Caloric restriction (500-1000 kilocalorie/day deficit) and moderate physical activity
among survivors of solid tumors and hematological malignancies (N=60) randomized to
intervention reduced blood insulin concentration of —7.7+£3.5 pU/mL compared to controls.
Similar results are reported in rural breast cancer survivors (N=34), where a 1000 kcal/day
deficit combined with progression to 225 minutes of moderate intensity exercise per week
resulted in greater than 10% weight loss and a 16.7% reduction in fasting insulin levels.
[103] Caloric restriction also impacts telomerase activity in cancer survivors. Ornish et al.,
in a study that implemented lifestyle changes (calorie restriction, moderate intensity aerobic
exercise, stress management activities and increased social support) in men with low grade
prostate cancer (N=30) report an increase in telomerase activity from 8.05+3.5 to
10.38+6.01 standard arbitrary units after the initial three month intervention period,[104]
and over five years of follow-up.[105] In another study, breast cancer survivors (N=125)
with body mass index values =25 kilograms per square meter who were a mean age of 58+8
years, those randomized to a six-month weight loss intervention (lifestyle, exercise and
nutrition components) had a mean increase in relative leukocyte telomere length (LTL) of
3% compared to a 5% decrease in the usual care group.[106] Two randomized studies report
changes in DNA methylation patterns among survivors of breast cancer after short term diet/
lifestyle interventions when compared to controls,[107, 108] and several studies report
improvements in biomarkers/pathways associated with nutrient sensing,[109] metabolism,
[110] inflammation[111], cellular signaling[82] among breast cancer and colon cancer
survivors after diet and physical activity interventions.
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There are over 15 million survivors of cancer in the United States whose rates of frailty, an
aging phenotype, range from just under ten to over eighty percent. Frailty impacts not only
disease survival, but also long-term function and quality of life in children, adolescents, and
in all adults diagnosed and/or treated for cancer. Biological evidence to support frailty as an
aging construct is strong; biomarkers of aging are prevalent in cancer survivors, where
identification of responsible biological pathways is extremely important, because it provides
targets for pharmaceutical or nutraceutical interventions, while also providing intermediate
markers of eventual disease. Earlier markers of disease onset are employed in screening to
identify persons at high risk for future adverse outcomes, and in research, where
interventions are delivered not after disease appearance, but before to either prevent or delay
disease onset. Data from the aging literature identifies potential pharmaceutical strategies to
address frailty in cancer survivors, however, clinical trials are needed to test safety and
efficacy (Figure 3). Lifestyle interventions that include physical activity, exercise and/or
caloric restriction have been evaluated in some cancer survivors, are associated with both
improvements in physical function and with moderation of specific biomarkers of aging.
Multiple delivery approaches and intervention doses are employed, making it difficult to
provide survivors and clinicians with clear direction in survivors at risk for, or who develop
frailty. More research is needed to identify the most effective intervention modalities and
doses. Nevertheless, while the clinical community awaits the results of ongoing
pharmaceutical and lifestyle based clinical trials, it seems prudent that at-risk survivors
would be referred to professionals with expertise in diet and exercise prescription.
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Figure 1.
Hypothesized trajectories of aging-related consequences of cancer and cancer treatment.

Transl Res. Author manuscript; available in PMC 2021 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ness and Wogksch

Page 17

Figure 2.
Hallmarks of Aging.
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Genetic mechanisms that contribute to early aging

Cancer types and treatments associated
with reduced physiologic reserve

Biological processes responsible
for reduced physiologic reserve

Biological markers that predict mortality

Figure 3.
Future Research Directions.
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Understanding aging processes will
allow:

* Screening for those at high risk of
reduced physiologic reserve

* Intermediate markers of disease
* Targets for prevention and
intervention development (both

lifestyle and pharmaceutical)

* Biomarkers of intervention outcome
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Table 2.

Specific hallmarks of aging and evidence in cancer survivors

Hallmark of Aging

Evidence in cancer survivors

Genomic instability

Chromosomal abnormalities are documented in Hodgkin Lymphoma survivors [59-63]

Telomere attrition

Relative telomere shortening is documented in survivors of childhood leukemia, high risk neuroblastoma and is
associated with chronic disease in survivors of childhood cancer [31, 64, 65]

Epigenetic alterations

DNA methylation patterns differ between survivors of Hodgkin Lymphoma and their monozygotic twins, are altered
in T-cells and associated with over-activated cytokine signaling pathways of survivors of childhood cancer treated
with hematopoietic stem cell transplantation, and are associated with obesity in survivors of childhood onset acute
lymphoblastic leukemia. [66—68]

Loss of proteostasis

Differences in mitochondrial protein content are documented in survivors of childhood acute lymphoblastic
leukemia when compared to healthy controls.[69]

Dysregulated nutrient
sensing

Growth hormone deficiency is common in cancer survivors whose hypothalamic-pituitary axis is exposed to
radiation.[70, 71] Downregulation of metabolism in cancer survivors is thought to be a protective mechanism to
spare cellular damage.[47]

Mitochondrial
dysfunction

Differential expression of genes related to mitochondrial function are reported in breast cancer survivors with
peripheral neuropathy and cardiomyopathy.[75, 112]Children treated with anthracyclines dexrazoxane, a cardio
protectant) have higher mitochondrial content per cell than those who had anthracycline exposure with no
dexrazoxane.[76]

Cellular senescence

Markers of cellular senescence and associated inflammatory cytokines are evident in breast cancer survivors,
survivors of childhood acute lymphoblastic leukemia, and those treated with hematopoietic stem cell transplant.[77—
80]

Altered intercellular
communication

Increased tumor cell levels of advanced glycation end products (AGEs), reactive metabolites produced during
normal metabolism, are documented among women with estrogen receptor positive (ER+) breast cancer when
compared to those with ER- breast cancer.[82]
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Pharmaceutical agents with potential to target aging processes
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factor signaling, inhibits mTOR and mitochondrial complex 1. activates
AMP-Kinase and reduces DNA damage

Agent Mechanism Targets
Rapamycin Inhibits mammalian target of rapamycin (mTOR). » Loss of proteostasis
» Dysregulated nutrient sensing
* Mitochondrial dysfunction
»  Stem cell exhaustion
Metformin Modulates glucose metabolism, decreases insulin and insulin like growth Genomic instability

Loss of proteostasis
Dysregulated nutrient sensing
Mitochondrial dysfunction

Nicotinamide Riboside

Precursor for NAD+ (NAD regulates the energy balance, stress response, and
cellular homeostasis through sirtuins, PARPs and various redox enzymes)

Genomic instability
Dysregulated nutrient sensing
Mitochondrial dysfunction

Dasatinib and Senolytic e Cellular senescence
Quercetin
TTP448 Receptor for advanced glycation end-products inhibitor * Intracellular communication

Genomic instability
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