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Abstract

Frailty is a complex late life phenotype characterized by cumulative declines in multiple
physiological systems that increases the risk for disability and mortality. The biological changes
associated with aging are risk factors for frailty as well as for complex diseases; whereas longevity
is assumed to be an outcome of protective biological mechanisms. Understanding the interplay
between biological alterations associated with aging and protective mechanisms associated with
longevity in the context of frailty may help guide development of interventions to increase
healthspan and promote successful aging. The complexity of these phenotypes and relatively low
heritability in studies are the main roadblocks in deciphering genetic mechanisms of these age
associated conditions. We review genetic research related to frailty, and discuss the possible
intertwined biology of frailty and longevity.

INTRODUCTION

Human life expectancy has been on a phenomenal rise, and globally, the average life
expectancy increased by 5.5 years between start of this century and 2016. In 2016, the life
expectancy at birth globally was reported to 72 years with a higher life expectancy in women
(74.2 years) compared to men (69.8 years) (http://apps.who.int/gho/data/
view.main.SDG2016LEXREGv?lang=en). The resultant rise in the aging population across
the world has been accompanied by an increase in age associated vulnerabilities to disease.
An important focus of current aging research is to develop preventive measures to increase
the length of time that a person is healthy rather than just being alive (healthspan).

Aging is a complex multifactorial phenotype,! with significant heterogeneity in aging
process between individuals as well as at the tissue level within an individual.2 The
biological hallmarks of aging include genomic instability, loss of proteostasis, telomere
attrition, epigenetic alterations, deregulated nutrient-sensing, mitochondrial dysfunction,
cellular senescence, altered intercellular communication, and stem cell exhaustion.3 The loss
of homeostasis and compromised stress response with aging makes older individuals more
susceptible to various disabilities and diseases. There is an increase in the incidence of
cardiovascular diseases, dementia, stroke, diabetes, and cancer with advancing age. The
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evolving field of ‘geroscience’ is based on the concept that aging is the prime risk factor
associated with most of these complex diseases, and targeting aging itself is critical to
keeping these age-related diseases at bay.*

CONCEPT OF LONGEVITY AND FRAILTY

Longevity is a widely used term for long and extreme lifespan. There is no single universally
accepted age cutoff that is used to define longevity. Researchers have used various
approaches for identifying individuals to study longevity including centenarians (100 years
old), supercentenarians (110 years and older), using predetermined age cutoff (85 or 95
years in various studies) or individuals belonging to the top 10th percentile of survival in
population samples.>® The biology of longevity is complex with genetic, epigenetic, and
environmental factors influencing the attainment of longer lifespan. Family clustering of
longevity has been reported;’ the heritability of the longevity trait was 26% for males and
23% in females in a twin study.8 Higher heritability has been reported with increasing
parental age and extreme longevity while minimal effect was reported if parents died before
the age of 60.° Heritability estimates in family of centenarians was up to 48% in men and
33% in women.510 Yet, more recent studies have contradicted these earlier reports, and
point towards assortative mating (individuals with similar phenotypes mate with one
another) as a major cause for the inflated heritability estimates of longevity.1! These studies
downgrade the heritability estimate to a more modest 10%.11:12 Heritability of aging is
modest when compared to those of complex diseases like type 2 diabetes and Alzheimer’s
disease.b:13 Genetic studies including Genome Wide Association Studies (GWAS) and
candidate gene studies points towards longevity as a polygenic trait influenced by multiple
genes.14

Healthspan is defined as years of life free from disabilities and diseases. The concept of
healthspan and lifespan are not completely overlapping. An increase in lifespan need not
always be accompanied by an increase in healthspan; older individuals may survive in poor
health and limited function for many years due to better access to healthcare and improved
supportive care. Researchers have emphasized the need to decrease the gap between
healthspan and lifespan; adding life to years and not years to life. This window between
lifespan and healthspan is characterized by the accumulation of deficits and disabilities,
which is clinically identified by the concept of frailty. Frailty is a late life phenotype,
associated with low physiologic reserves and increased vulnerability to adverse outcomes
such as disability, hospitalization and death.>:16 Frailty is a multifactorial construct and
involves physical, cognitive, psychological and social domains.17-19

There is a plethora of frailty measurements, and a single standard frailty scale is yet to be
recognized globally.20 Basic criteria to be fulfilled for frailty constructs include accuracy in
capturing clinical aspects of frailty as well as reliably predicting frailty related clinical
outcomes ranging from falls, mortality to patient response to therapies.2! Biological
mechanisms supporting the measure is an important additional quality for frailty construct.
20.21 The 2 common approaches used in research studies define frailty either as a clinical
syndromel” or as a cumulative deficit index.22-24 Most large scale genetic as well as
expression studies were carried out using one of these 2 frailty definitions. The
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Cardiovascular Health Study criteria proposed by Fried and colleagues is widely used to
operationalize the definition of frailty as a clinical syndrome with attributes selected from
existing CHS outcome measures.1’ Frailty is operationally defined by the Cardiovascular
Health Study criteria based on the following 5 attributes: slow gait speed, weak grip
strength, low physical activity, exhaustion and unintentional weight loss. The presence of 3
or more attributes is grouped as frail while the presence of only 1-2 and 0 attributes are
grouped as pre-frail and non-frail states, respectively.1” This syndromic definition of frailty
has successfully predicted incident falls, hospitalization, disabilities, worsening mobility,
surgical outcomes as well as mortality in older adults.17:25.26

Rockwood and colleagues proposed an alternative approach to define frailty as a nonspecific
multifactorial state better characterized by the quantity rather than quality of health disorders
(called deficits) accumulated by individuals during their life course (e.g., signs, disabilities,
symptoms, diseases, laboratory tests, radiographic or electrocardiographic abnormalities).
24.27-29 The cumulative frailty index is a continuous measure calculated by dividing the sum
of deficits in an individual by the total number of deficits assessed; resulting in values
ranging from 0 to 1. Recommended criteria for selecting variables for constructing the
cumulative deficit frailty index include that the selected variables should accumulate with
age, represent health status, and must represent multiple organ systems.2® Exclusion of
variables that saturate early with age such as presbyopia, which is quite common by age 55
years, is recommended. A minimum of 30 variables is recommended for developing the
frailty index,24 and it has been shown to predict deteriorating health status,
institutionalization, and death in aging populations.24

Twins studies point towards a possible role of genetic components in increasing risk for
frailty.30-32 In a study of 3623 individuals from the TwinsUK Adult Twin Registry showed
heritability estimate of 25% and 30% respectively for frailty defined using syndromic and
cumulative deficit frailty index.32 This study also showed significant genetic (0.57) and
environmental (0.44) correlation between syndromic and cumulative Fl. Higher intraclass
correlation of both frailty measures in monozygotic twins compared to dizygotic twins
pointed towards underlying genetics of frailty.32 A study of twins in the United Kingdom
showed that 45% of the inter-individual variation in frailty index was heritable while 52%
was contributed by the environment.30 In support, a study in a Danish population, the
genetic contribution of frailty was estimated to be 43% for an overall Robustness Index
Ratio (RIR) variability.3! The RIR construct was created in this study using Hand Grip
strength (HG), Mini Mental State Examination (MMSE), Activity of Daily Living, and Self-
Reported Health Status. As higher values indicate lower frailty status in this scale, it was
termed as RIR. In the Framingham heart study, comparing frailty/prefrailty status vs no
frailty in participants aged 60 and older, heritability of the combined trait of prefrailty and
frailty was estimated to be 19%.33

In this review we provide an overview of genetic studies of frailty as well as stress the
importance of understanding the genetic determinants of longevity, which might play an
important role in the pathogenesis of frailty. It is worthwhile mentioning that large scale
genetic studies in frailty are very few compared to the massive advances in understanding
the genetics of aging and longevity in recent times.
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GENETICS OF LONGEVITY

Longevity is a complex phenotype influenced by multiple risk factors and events happening
from birth onwards including lifestyle and environmental factors. Though several genetic
studies using different strategies have been carried out, the genetics of longevity is still
poorly understood due to the extraordinary complexity of the phenotype.34 Studies have
shown clustering of long-lived individuals in geographical regions (such as Okinawa in
Japan and Sardinia in Italy) pointing towards a role for lifestyle and environment in
promoting longevity.3® Family clustering of longevity is observed with 27% of variation in
lifespan explained by genetics.38 Most of the genetic studies in this area have focused on
individuals with extreme longevity phenotypes like centenarians, supercentenarians or the
top 1%-10% longest lived individuals in a given population. Other studies have used various
arbitrary cutoff ages to define longevity. A uniform age cut-off is impractical due to the
variation in average lifespan of people in different parts of the world. Moreover, secular
trends in lifespan are noted with an increase in average lifespan seen over time resulting
from improved health care as well as other social factors across the world.3” Another
problem faced by genetic research in aging is the variable age cutoff used for control groups.
In response, recent studies in large cohorts like UK biobank and LifeGen have used parental
longevity as a proxy for the aging phenotype, and have successfully discovered a number of
novel loci associated with parental longevity.>:38 This approach is based on the assumption
that the apparent health and lifespan advantages in individuals with longer parental longevity
may be mediated by inherited genetic factors from their parents.38-40

While multiple studies have been done of different candidate genes and pathways with
aging, only 2 genes have shown consistent association with the longevity phenotype; APOE
gene that is also implicated in Alzheimer’s disease and cardiovascular diseases and FOXO3
gene belonging to the Forkhead box transcription factor (FOXO) family, which have role of
sensors in the insulin\IGF1 signaling.*142 APOE &4 allele is associated with increased risk
for Alzheimer’s disease and early mortality while £2 allele is associated with healthy aging
and longevity.#344 Schachter et al. using a candidate gene approach showed that the APOE
£4 allele was less prevalent and &2 allele frequency was higher in centenarians in France.4®
Various candidate gene studies since then have shown the £4 allele to be associated with
decreased odds for longevity.434448 Association of APOE with longevity was also
replicated globally across diverse ethnicities in candidate gene studies.346:47 FOX03,
belonging to Forkhead Box (FOX) family of transcription factors, plays a role in regulation
of autophagy and cell cycle, and animal studies have linked it to longevity.*} FOXOs and its
homologues have shown to influence longevity across diverse range of species by its
influence in Insulin/IGF1 signaling pathway, which is assumed to be an evolutionary
conserved biological pathway affecting longevity.*8 The FOXOs gene became a target in
human candidate gene association studies based on observations in animal model studies
where FOXO homolog DAF-16 in C. elegans and dFOXO in Drosophila have shown to be
associated with increased longevity.4® In humans, FOXO3 (alias FOXO3A) encoding the
transcription factor forkhead box O-3 (FoxO3) is the most successful candidate gene to be
associated with longevity.#142 These 2 candidate genes were also successfully associated
with longevity in a genome wide association study (GWAS) analysis.>? Other genes with
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inconsistent association with longevity include ACE (angiotensin converting enzyme),
APOCI and APOC3 (Apolipoprotein C), FOXO1, IL6, IL10, KL (Klotho), and CETP
(Cholesteryl ester transfer protein).>1 Most of these genes have not been replicated across
studies, and were not significant in GWAS of longevity phenotypes. As many of these
candidate gene studies were done in small samples and fewer Single Nucleotide
Polymorphisms (SNPs) genotyped, association by chance cannot be completely ruled out.>2

The last decade has seen a surge of GWAS as well as in depth sequencing strategies being
adopted in aging research.>:6:53-55 There are several critical reviews that discuss the GWASs
of longevity phenotype,®9:56 and we provide a brief summary (Fig 1). Most genetic variants
associated with longevity phenotypes in GWAS have been disease associated variants. These
genetic associations point towards causal variants for mortality rather than those that
uniquely improve survival and healthy aging. An interesting genetic association with
longevity in this regard is the 9p21-23 region, a GWAS hotspot for complex diseases that is
also associated with longevity as well as parental longevity.>357 A study looking at the
association of genetic variants with living to and beyond the oldest one percentile of survival
showed associations with the synonymous variant rs3764814 in USP42 (Ubiquitin carboxyl-
terminal hydrolase 42) and the intronic variant rs7976168 in TMTCZ2 (Transmembrane and
tetratricopeptide repeat containing protein2).58 USP42is involved in transcription regulation
targeting p53 by stabilization of p53 at time of stress.?8:%9 Interleukin-6, a cytokine that is
widely associated with most age associated complex diseases, was associated in only one
GWAS with longevity; but this association was not replicated in other studies. An /L6 gene
polymorphism (rs2069837) was associated with longevity in a Chinese population sample
consisting of centenarians and middle age controls.®0

Genome wide association studies of parental longevity in participants in the UK biobank
have shown associations with multiple loci including genes previously associated with
aging, cancer, cardiovascular diseases and Alzheimer’s disease [rs1051730(CHRNAS),
rs1317286 (CHRNAJ3/5), rs429358 (APOE), rs55730499 (LPA), rs1556516 (CDKNZBAS,
CDKNZ2A/2B), rs28926173 (MC2R) and rs11065979(ATXN2)].5:54:55 Cholinergic receptor,
nicotinic, alpha (CHRNAS5-CHRNA3-CHRNB4) gene locus is located in chromosome15q25
region, and the gene codes for ligand-gated ion channels involved in neurotransmission. This
locus is also implicated in smoking initiation and lung cancer.1 £ 24 encodes Lipoprotein(a)
involved in cholesterol and triglyceride transport. Genetic variant in this LPA locus (6926—
27) are mainly implicated in type 2 diabetes, coronary heart disease and stroke.62:63 9p21
locus containing CDKNZBAS alias ANRIL, cyclin-dependent kinase inhibitors 2A/2B
(CDKNZA/ZB) is a GWAS hotspot associated with multiple complex diseases including
cardiovascular disease, cancer, diabetes, dementia etc.4 The CDKN2A/2B are tumor-
suppressor genes involved in the regulation of cell cycle, apoptosis, senescence and aging.%®
MCZR codes for adrenocorticotropic hormone (ACTH) receptor involved in blood sugar
regulation and immune system.%8 Binding of ACTH to its receptors triggers production of
glucocorticoid hormones (cortisol, corticosteroid) from the adrenal glands.

Longevity is a complex polygenic trait, and genetic studies are yet to establish its complete
biology.614 Recent large scale efforts have yielded multiple loci and genes associated with
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longevity. While many of these gene variants have not shown consistent associations with
longevity across studies, they play important functional roles, and are worth further study.

GENETICS OF FRAILTY

Initial genetic investigations of frailty like other complex traits targeted specific candidate
genes and pathways. A major limitation in understanding genetics of frailty was the lack of a
uniform definition for this condition. As discussed earlier, the 2 common methods used to
define frailty are syndromic and cumulative deficit models of frailty. There has been a rapid
growth in understanding the genetics of numerous traits in the past 2 decades following the
completion of human genome project and the massive development of sequencing and
genotyping technologies, bringing down cost and speed drastically. GWAS in complex traits
like hypertension, coronary heart disease, Alzheimer’s disease, osteoarthritis, depressive
symptoms and diabetes mellitus has revealed a multitude of significant genetic variants in
multiple pathways.6” Many of these traits also have been associated with frailty in
epidemiological studies.58 These observations suggest the possibility of shared etiologies
and genetic risks of frailty with these diseases.

Candidate gene studies.

Candidate gene studies in frailty were built on observations of expression studies of frailty
and aging, which pointed towards pathways associated with dysregulation in protein levels
in inflammatory and endocrine pathways.8970 Higher expression of inflammatory cytokines
such as C-reactive protein (CRP), IL-6 and tumor necrosis factor-alpha (TNF-a) have been
associated with frailty defined by both syndromic and cumulative deficit approaches.’>72 A
metanalysis involving 32 cross sectional studies (n = 23,800) and 3 longitudinal studies (n =
3402) found serum IL-6 and CRP to be associated with frailty at cross-section but the 3
longitudinal studies showed that these inflammatory markers did not predict incident frailty.
73 In other studies, lower expression of insulin-like growth factor 1(IGF-1) and
dehydroepiandrosterone sulfate (DHEA-S) are associated with frailty pointing towards
endocrine dysregulation as a possible mechanism.”*

The primary focus of candidate gene studies in regard with frailty has been on inflammation,
focusing on SNPs in cytokine genes (Table 1). In the English Longitudinal Study of Ageing,
promoter variant rs1800629 in the proinflammatory cytokine gene 7N/Fwas associated with
frailty using the syndromic frailty definition.”> While in the same cohort, rs360722 in the
proinflammatory /L 18 cytokine gene and 2 SNPs (rs4679868 and rs9852519) in the /L12
gene were associated with frailty using the cumulative deficit score.”® While none of these
variants survived Bonferroni correction in both analyses, /L18is still a promising gene with
respect to understanding the biology of frailty. A higher IL-18 level is implicated in poorer
physical performance and worse activities of daily living in older adults.”” C-reactive protein
(CRP) is most consistent cytokine associated with frailty in expression studies. TT genotype
of SNP rs1205(1846 C>T) in the 3’UTR region of CRPgene as well as higher CRP
expression was associated with frailty in 3778 Australian community dwelling older adults.
78 Interestingly the T allele of this SNP was associated with decrease in the expression of
CRP. Another study involving 1723 elderly participants in the Rugao Longevity and Ageing
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Study study in China failed to replicate the association of this SNP with frailty.”® IL-6
expression is associated with frailty, aging and other age associated traits such as
cardiovascular diseases, Alzheimer’s disease, type 2 diabetes and functional decline.80-82
But at genetic level, none of the studies have shown strong association of genetic variants in
the /L6 gene region with frailty.83 Another important anti-inflammatory cytokine /10
promoter polymorphism rs1800871 and rs1800896 was associated with the syndromic
definition of frailty in 984 participants (368 nonfrail/309 prefrail/307 frail) at the allelic and
haplotypic level involving these 2 SNPs.84

In one of the candidate gene studies in frailty, 1354 SNPs in 134 candidate genes having
roles in physiological processes including apoptosis, cellular homeostasis and senescence
were genotyped in 349 participants in the Womens Health and Aging Study. The syndromic
definition of frailty was employed. No SNP survived multiple testing corrections in this
study.8

Higher Klotho concentrations have been shown to be protective against frailty phenotype as
well as being associated with lower likelihood of exhaustion,8¢ which is one of the
components of the CHS frailty phenotype.l” An association of rs1207568 (G-395A), a
variant in the promoter region of Klotho gene, with frailty among 632 oldest-old participants
(mean age = 93.5 + 3.2 years) was reported.8”

APOE coding for Apolipoprotein E is a pleiotropic gene involved in physiological functions
ranging from lipoprotein metabolism, inflammation, and oxidative stress as well as CNS
physiology. Apolipoprotein E (APOE) 4, 3 and £2 alleles are the most studied genotypes
with regards to various adverse outcomes such as Alzheimer’s disease, stroke, hypertension,
and cardiovascular diseases. The &4 allele acts as risk allele for Alzheimer’s disease while
£3 is considered neutral and £2 allele has been shown to have a cognitive protective effect.
88,89 The role of APOE genotype with frailty has been confusing with mixed results in
previous reports.90-92 |n the first extensive study looking into relationship between APOE
genotype and frailty, no association between APOE genotype and frailty (independent of the
frailty definition adopted) was seen in 1452 older adults aged 70 years and above.?0 The
authors concluded that APOE was not a ‘frailty gene.” This observation was repeated in a
GWAS carried out in the UK biobank; the APOE &4 variants were not associated with frailty
in 164,610 participants aged 60-70 years.9 On the other hand, all the major longevity
associated GWAS have pinpointed the APOE locus making it the most replicated longevity
associated gene in humans.#6:93 Interestingly, a recent study carried out in 1234 participants
(65-99 years) in the Hellenic Longitudinal Investigation of Ageing and Diet study
(HELIAD) showed that APOE &4 allele carriers have over 2-fold higher odds of frailty
(syndromic definition) compared to noncarriers.%2 One possible reason for the inconsistent
results might be differences in age range of participants in these studies. A decrease in the
frequency of 4 homozygotes (4 e4) with aging has been reported; from 2.7% in
participants aged 60 years or less to 0.8% for those aged 85 years and above.?* The low
prevalence of 4 allele with age might be because it is a risk factor for multiple complex
diseases besides Alzheimer’s disease, shortening survival of &4 allele carriers in the
population.9®
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Candidate gene and pathway-based studies have had limited success in deciphering the
genetics of frailty. Genetic studies based on gene expression changes have inconsistent
results with some showing association with frailty or provided negative results.%6 These
expression studies are inconclusive as changes in the protein levels might be related to the
physiologic deterioration seen with aging, and not necessarily causal for frailty. Frailty being
a highly polygenic trait, candidate gene studies might be too conservative to understand the
underlying biology unless we have more robust predictors of frailty at the expression level.

We implemented a hypothesis-based strategy in a recent study. We took advantage of the fact
that frailty is closely associated with age associated complex diseases including
cardiovascular disease, diabetes and dementia.®’~9% GWASs have successfully identified a
large number of SNPs in diverse loci across genome associated with these complex diseases.
100 |nterestingly there are also few GWAS hotspot loci associated with multiple complex
diseases. Based on the association of frailty with multiple complex diseases, we screened all
common variants present in 9p21-23 region, a GWAS hotspot associated with multiple
phenotypes including cardiovascular disease, diabetes, glaucoma, AD, aneurysms
(intracranial and abdominal aortic) as well as cancers.54 We discovered a novel association
of SNP rs518054 located in the enhancer region of NF/B gene at allelic and haplotypic level
with the syndromic frailty phenotype.101 AF/B codes for transcription factor involved in cell
differentiation, have antiapoptotic effect as well as involved in stem cell maintenance in
adult tissues and act as epigenetic regulator.101

Such strategies are pivotal in developing hypotheses keeping in mind the shared etiology
between different traits as well as pleiotropic effect of SNPs and gene. Growing evidence
from GWAS:s also suggest that variants in the noncoding region might play a role through
short range(promoter,3’UTR) as well as long range (enhancer) interaction with the gene.
Even the changes at the expressional level of proteins as well as RNA might be regulated not
only by variants which are located in genes as well as promoter and 3’UTR but also through
epigenetic changes and variants present in the enhancer regions involved in long range
interaction with promoter. Genetic studies in frailty have focused mainly on the common
variants (MAF > 0.02) in the genome. The missing heritability might be also due to the rare
variants across the genome, which has to be targeted by in-depth sequencing. Another major
drawback has been again inconsistencies in frailty definitions across studies.

Genome Wide Association Studies (GWAS).

Only a few GWAS have been done to discover the genetic antecedents of frailty (Table 2).
91,102 1n a GWAS on frailty that included 8539 participants from United States (discovery
cohort: Health and retirement study) and 5251 participants from United Kingdom
(replication cohort: English Longitudinal Study of Ageing), SNP rs6765037 located in the
intergenic region in Chr3g21.3 was associated with the cumulative deficit frailty index in the
discovery cohort.202 This SNP was located in the 5’ region of (Kelch repeat and BTB
Domain containing 12) gene. However, the finding could not be replicated in the replication
cohort. Second top SNP rs7134291 in this study located in the GR/N2B gene showed
suggestive association in both discovery (P=1.81 x 1075) and replication (P= 0.034)
cohort.102 GRINZB codes for glutamate binding NR2B subunit, and is expressed in human
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cerebral cortex. SNPs in GRIN2B gene have been associated with developmental delay93
and intellectual disabilities.104

A recent study in the UK Biobank involving 164,610 participants aged 60-70 years is the
largest GWAS to date carried out for frailty.91 Frailty was defined by the cumulative frailty
index. In this GWAS, 26 independent genetic variants at 24 loci were associated with frailty.
Most of these loci were associated with cardiovascular disease, body mass index, smoking
and personality traits like depression and neuroticism. Most frailty index associated variants
were located in genes involved in neuronal functions. Novel loci associated exclusively with
frailty include loci harboring CSMD3 (CUB and Sushi multiple domains 3), ANK3
(Ankyrin 3) and TMOD3 (Tropomodulin 3), which are involved in dendritic development,
neurotransmission and cognitive function respectively.® Pathway analysis showed that the
synapse maintenance pathway was associated with frailty.91This finding might point towards
possible cognitive determinants of frailty or shared biology with cognition.105:106 \/arious
studies have shown frailty as such as well as main components of the frailty construct (e.g.
slow gait speed) is related to cognitive complaints and dementia.197-109 Further studies need
to be carried out to examine possible shared biology between frailty and cognitive
syndromes.®! Loci implicated in longevity in previous studies including APOE, TERT,
FOXO3A and CDKN2BAS/CDKNZA/CDKNZB were not associated with frailty in this
GWAS. Heritability of frailty index using SNPs in this study was estimated to be 14%.91
One minor shortcoming of this study is the narrow age range (60-70 years) of participants,
which may have resulted in missing out deteriorating frailty after age 70. The third GWAS in
frailty involving 3626 participants from the NIHR BRC Twins UK BioResource consisting
of female twins failed to show any variant to be associated with cumulative frailty index.110
Inclusion of only genetically related female twin participants in this GWAS might have led
to negative results.110

More large scale approaches similar to the GWAS in the UK biobank is needed to provide a
better picture of the underlying genetics of frailty.91 Frailty may be formed by the
culmination of more pathways than assumed before.1” Individual components of the
cumulative frailty index consist of complex diseases ranging from cardiovascular diseases,
stroke, cancer, diabetes to chronic lung disease in addition to signs and symptoms of
diseases. There is a possibility of different biological pathways getting activated in frailty,
leading to a mosaic phenotype, which is difficult to capture at the population level. Frailty
status can be an outcome of various primary drivers. The same score on the cumulative
frailty score in different individuals could be achieved by different components like diabetes,
cardiovascular diseases or neurological changes. Each of these traits possesses its own
unigue genetic components with certain amount of shared genetic components evidenced by
the presence pleiotropic effects of SNPs and genes.11! Interestingly, the largest GWAS in the
UK biobank too showed association of loci previously implicated in diverse traits.%! These
phenotypic complexities along with missing heritability might be a barrier to understand the
underlying biology of frailty as GWAS focus only on common variants. Rare variants as
well as epigenetic changes might play an important role in frailty. At present, all GWAS in
frailty were carried out in Caucasian populations in the United Kingdom and United States.
91110 | jfe expectancy also varies with different ethnicities as well as geographical location.
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112 This point towards the possibility of unique genetic as well as epigenetic signatures for
age associated traits like frailty in diverse environments.

Most of the GWAS to date have used cumulative index for defining frailty.%2:102110 There js
a need for GWAS to be carried out using syndromic definition of frailty in large cohorts like
the UK biobank. A comparative analysis of pathways as well as genes using multiple
definitions of frailty may discover unique pathways and genes associated with the frailty
concept independent of the definitions used. More large scale efforts are needed in
deciphering the genetics of frailty.

Other approaches.

Other genetic approaches like Mendelian randomization have been adopted to understand
causal risk factors and shared genetic basis of other traits with frailty. Mendelian
randomization approaches work on the principle that genetic variants that have robust effects
or associations with modifiable exposures or risks that alter disease occurrence or outcome
through modulation of specific exposure only. Genetic variants thus act as instrumental
variable (1V) proxy for the exposure which might include biomarkers (e.g. HDL, LDL,
triglyceride, and cholesterol).113 Basically, this approach looks for the impact of genetically
determined risk factors on the outcome thus making it free from confounder effects. This
approach has shown success in understanding risk factors associated with frailty.
Instrumental variables created using genetic variants to instrument ‘life-long lowering of
low-density lipoprotein cholesterol (LDL-C)’ showed association of genetically predicted
life-long lowering of LDL-C with decreased frailty in 378,161 participants in the UK
biobank.114 Two Vs were used in this study to predict ‘life-long lowering of low-density
lipoprotein cholesterol (LDL-C),” and both were associated with frailty. The larger 1V set
consists of 274 independent or untagged SNPs associated (P < 5.0 x 10-8) with LDL-C
concentrations in GWAS.11> Thef second one is a more conservative smaller 1V set
consisting of only 50 SNPs associated with LDL-C but without strong association with any
other lipids.1# In the Rugao Longevity and Ageing Study from China, Mendelian
randomization approach was implemented by using single SNP (rs662799) in the APOAS5
gene as IV for predicting triglyceride levels. But genetically predicted triglyceride level was
not associated with frailty phenotype as well as longevity in this study.116

Recent large GWAS have shown that most complex traits including age associated traits are
highly polygenic and influenced by genetic variants in multiple region across the genome.117
Individual level genetic predisposition to a trait is captured by polygenic score (PGS), which
is based on the effect size of SNPs derived from trait specific largest GWAS. These
approaches have successfully found PGSs for multiple risk factors to be associated with
various outcomes including aging.118 Polygenic score for higher education has been
associated with parental longevity.118 In the Health and Retirement Study, higher PGSs for
educational achievement and well-being were found to be associated for younger subjective
age; whereas higher PGSs for neuroticism, body mass index, waist circumference, and
depressive symptoms were associated with higher subjective age of the participant.119
Subjective age in this study was defined as age felt by the individual relative to their
chronological age and was computed as proportional discrepancy score by subtracting
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chronological age from felt age and then dividing that by chronological age.120 Frailty is
influenced by multiple risk factors.12! It will be of interest to look for the relationship
between the genetics of these risk factors represented as polygenic scores with frailty. For
example, neuroticism, a personality trait characterized with emotional instability and
negative effect, is assumed to be a risk factor for frailty.122 A recent study has found higher
PGS for neuroticism to be significantly associated with in UK biobank and Swedish twin
registry.123 Also, higher PGS for neuroticism predicted frailty in these large cohorts.123
Similarly low education level is associated with increasing the odds of being frail in the
elderly population compared to high education levels.124.125 |n the Health and Retirement
Study, PGS for education attainment in 7064 participants was associated with frailty defined
using both cumulative frailty index as well as the syndromic model of frailty.126 The
association was weaker with advancing age, and was most evident till 75 years.126 The effect
of PGS of educational attainment was absent after 80 years.126

In a large GWAS on frailty carried out in the UK biobank, the authors calculated PGS for 35
traits including only the most robust SNPs for each trait identified in previous GWAS
studies.9? Interestingly PGS for educational attainment, BMI, waist to hip ratio, parental
age, grip strength were associated with frailty index scores.®! Higher BMI and WHR PGS
were associated with higher levels of frailty pointing towards effect of genetic predisposition
of obesity on frailty.%1 The PGSs for higher education and parent survival had protective
effects on frailty levels.9

INFLUENCE OF LONGEVITY ON FRAILTY

Both aging and frailty are complex phenotypes with shared etiologies that may influence
each other at the genetic level. At the phenotypic level, frailty increases with age, and age
itself is a risk factor for frailty. Succumbing to frailty increases the rate of biological aging
with an attendant increase in the incidence of comorbidities that eventually lead to death.
The concept of longevity focuses on increase in lifespan to extremity like centenarians and
super centenarians.

Though a clear overlap is seen with aging and frailty at the phenotypic level, the biological
overlap is less clear-cut given the divergent etiologies associated with aging and frailty.
There are 2 assumptions or hypothesis to be tested to understand genetics of frailty with
respect to aging/longevity.

1 Are genetic risk factors associated with aging also a risk factor for frailty?

2. Do genetic factors associated with longevity have a protective effect against
frailty?

For the first assumption, frailty genetics work the same as with other complex diseases (e.g.,
diabetes, cardiovascular diseases) with age acting as a risk factor though specific
independent genetic risk also exist with diseases. There are few large genetic studies in
frailty with most extant studies being candidate gene-based focusing on common variants in
inflammatory and hormonal pathways. These studies have identified frailty related pathways
shared with complex diseases as well as aging. In a recent large GWAS, many traditional
aging related genetic variants such as APOE, 9p21.3, TERT and FOXO3A were not
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associated with frailty.91 While candidate gene studies have shown contradictory results with
APOE &4 associated with frailty in some but not all studies.®%-92 Our study found a novel
association of frailty with a SNP near 9p21.3 locus. Previously implicated SNPs with aging,
cardiovascular diseases and diabetes in this locus were not associated with frailty.191 Larger
genetic studies will be needed to delineate the frailty associated biological pathways and to
understand the shared etiology between aging and other complex diseases.

The second assumption is that longevity promoting genes and genetic variants will have a
protective effect against frailty. Longevity genes are involved in compensatory mechanisms
that limit or repair the age associated damages (Fig 2).1 Studies have shown that individuals
with exceptional longevity as well as their offspring possess resilience towards a wide range
of complex disorders such as cardiovascular disease and Alzheimer’s disease. They also lead
longer and healthier lives compared to their counterparts without personal or parental history
of exceptional longevity.39:40.127-129 Offspring of centenarians have lower prevalence of
heart disease, hypertension and diabetes as well as better self-rated health compared to age
matched controls.130.131 A protective role of parental longevity in physical function has also
been reported.132133 The apparent health and lifespan advantages posed by individuals with
longer parental longevity may be mediated by genetic factors.3? In the Louisiana Health
Aging study, offspring of long-lived parent (at least one parent was age 90 or older) had 31%
lower frailty index compared to offspring of short-lived parents (Both parent dead before age
76).134 Yearly acceleration in frailty index was higher in offspring of short-lived parents
(2.7%) compared to offspring of long-lived parent (2.0%). Heritability of the frailty index
was estimated to 0.39, and possible genetic predisposition for frailty was assumed.134 In
another large study including 29,905 participants the same trend was observed with parental
longevity having more protective effect in male offspring compared to female offspring. This
is in line with previous observations that the impact of genetic factors on longevity is more
pronounced in males compared to females.135> GWASs as well as candidate gene studies
carried out in frailty have failed to establish strong genetic relationship between frailty and
longevity.

CONCLUSIONS AND FUTURE PERSPECTIVES

Frailty and longevity are complex phenotypes with multifactorial origins. The genetic
components of longevity and normal aging have not been completely elucidated.
Understanding the relationship between longevity and frailty will be furthered when we find
unique genetic signatures for longevity and frailty. Large GWASs have found genetic
variants associated with longevity, but the low number of studies that have replicated initial
observations raises questions about the reliability and consistency of the initial findings. The
complexity or uniqueness of extreme longevity is very difficult to be explained completely
with few genetic variants discovered till date. The complexity of the frailty as well as
missing heritability has made it difficult to determine its underlying genetics. The frailty
phenotype is complex compared to other age associated complex diseases. But recent large
frailty GWAS studies like those done in the UK biobank give us hope that we are moving in
right direction. In the future, in-depth next generation sequencing strategy via whole genome
or exome sequencing as well epigenetic studies might provide a more nuanced picture of
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frailty genetics. It is still early days for the frailty genetics field though leads from aging and
longevity genetic studies are promising.
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ANRIL antisense non-coding RNA in the INK4 locus

APOE Apolipoprotein E
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Di%‘ferent models for interaction of longevity and frailty. (a) In usual survivor longevity
associated protection conferred by Geroprotector, including longevity factors (green) is less
and accumulation of insults (red) leads to decrease in healthspan as well as lead to
disabilities, frailty, and comorbidities finally leading to death. (b) In long-lived healthy
individual have more Geroprotectors acting throughout life preventing insults as well as
increasing stretch of healthspan as well as life span. Frailty and other comorbidities are
confined to small time span. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)”
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