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Abstract

Although translational applications derived from research on basic mechanisms of aging are likely
to enhance healthspans and life spans for most of us (the longevity dividend), there will remain
subsets of individuals with special vulnerabilities. Medical genetics is a discipline that describes
such “private” patterns of aging and can reveal underlying mechanisms, many of which support
genomic instability as a major mechanism of aging. We review examples of three classes of
informative disorders: “segmental progeroid syndromes” (those that appear to accelerate multiple
features of aging), “unimodal progeroid syndromes” (those that impact on a single disorder of
aging) and “unimodal antigeroid syndromes,” variants that provide enhanced protection against
specific disorders of aging; we urge our colleagues to expand our meager research efforts on the
latter, including ancillary somatic cell genetic approaches.

TOC Blurb

Studying patients with disorders and genetic mutations that accelerate aging (e.g., Werner
syndrome) or protect against aging (e.g., the APOE2 allele) may contribute to our broader
understanding of aging processes.

A successful translation of the “longevity dividend” concept will require a fuller
understanding of the fundamental mechanisms of intrinsic and extrinsic mechanisms of
biological aging. In this review, we summarize what could be characterized as a medical
genetics approach to the discovery of at least a subset of such mechanisms. That approach
takes advantage of what might be called “experiments of nature”—mutations whose
phenotypes appear to accelerate the ages of onset and the rates of progression of aging and
diseases of aging (i.e., the “pathobiology of aging”). These can be classified in two broad
subtypes—those that mainly impact a single predominant phenotype associated with aging,
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“unimodal progeroid syndromes” (Martin 1982; Martin 2005) and those that impact multiple
phenotypes, “segmental progeroid syndromes” (Table 1) (Martin 1978; Martin 2005). The
latter class of syndromes has been a major focus of our research and has in fact revealed a
fundamental underlying general mechanism of biological aging— genomic instability. We
shall also briefly review the status of research on examples of “unimodal progeroid
syndromes.” Although these studies are much less well developed, they are of potentially
much greater relevance to the longevity dividend initiative. Given the biochemical genetic
uniqueness of individual members of our species, one can anticipate that, despite major
benefits from interventions that slow the intrinsic rates of aging, thus postponing multiple
diseases of aging, many or perhaps most of us may still be handicapped by one or more
“Achilles heels” of susceptibility to specific age-related disorders—susceptibilities that are
functions of both constitutional genetic vulnerabilities, their interactions with environment,
as well as a range of genetic and epigenetic stochastic events (Martin 2012). Although the
disorders we are reviewing result from mutations with very large effects, we still have a
great deal to learn about less penetrant mutations, polymorphic variants, and polygenic
contributions to what may present as more subtle “Achilles heels,” particularly given
deleterious interactions with environmental agents. The same may be true for heterozygous
carriers of autosomal recessive disorders. Our criteria for the definitions of segmental and
unimodal progeroid syndromes have therefore been biased in favor of ascertainments of
strongly expressed phenotypes consistent with accelerated rates of biological aging in one or
more spheres of pathophysiology. There is much work to be performed by medical
geneticists to enhance our understanding of more subtle phenotypic outliers.

This review also makes a plea for a new medical genetics research initiative. By definition,
our clinics only enroll individuals and families in which the mutational experiments of
nature lead to diminished structure and function. We will argue that it is time to also turn our
attention to the discovery of alleles that provide remarkable degrees of enhanced structure
and function for a range of relevant physiologies. Although there are colleagues engaged in
the genetic analysis of human subjects with exceptionally long healthspans and life spans, as
reviewed by Milman and Barzilai (2015), the genetic analysis of individuals displaying
exceptionally robust retention of function in specific physiological domains (cardiovascular,
pulmonary, renal, skeletal muscular, hematopoietic, etc.) has been comparatively neglected,
perhaps with the exception of studies that have examined the genetic basis of resistance to
dementias of the Alzheimer type (DATSs). We shall refer to such yet-to-be-discovered
medical genetic entities as “unimodal antigeroid syndromes,” in keeping with the
nomenclature of “antigeroid alleles” (Finch and Kirkwood 2000; Martin and Oshima 2000).

EXAMPLES OF SEGMENTAL PROGEROID SYNDROMES

Werner Syndrome—The Prototypic Segmental Progeroid Syndrome

Werner syndrome (WS) is perhaps the best example of segmental progeroid syndromes as
the affected individuals undergo multiple features of accelerated aging (Fig. 1A) (Oshima et
al. 2014). It is one of the few examples of adult-onset progeroid syndromes in which aged-
appearances and common age-related disorders begin to manifest in the third decade of life.
Short stature, which starts in early teens, is often the first recognized symptom. Typically,
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patients develop skin atrophy with loss of subcutaneous fat and graying and loss of hair in
their 20s, bilateral cataracts in late 20s or early 30s, hypogonadism and, subsequently, a
series of age-related diseases including type 2 diabetes mellitus, osteoporosis,
atherosclerosis, and a variety of malignancies. WS patients have a disproportionally higher
incidence of sarcomas, however (Goto et al. 1996), suggesting the importance of genomic
instabilities of mesenchymal cells. Severe ulcerations occur in the lower extremities; these
often lead to amputations. They are primarily related to a form of arteriosclerosis known as
medial calcinosis. Interestingly, DATs are not well-recognized features of WS. The most
recent data indicate a median age of death of 54 yr, usually caused by either cancer or
myocardial infarction (Oshima et al. 2014).

WS is a rare autosomal recessive disorder caused by null mutations at the W/RN locus, a
member of the RecQ family of helicases. It encodes a nuclear protein with a 3°—5’
exonuclease domain in its amino-terminal region, a 3'—5" helicase in its central region and
a nuclear localization signal in its carboxy-terminal region (Croteau et al. 2014). The
majority of disease mutations are nonsense mutations and small indels that truncate nuclear
localization signals and/or cause nonsense-mediated RNA decay (Friedrich et al. 2010).
Genomic rearrangements with or without involvement of neighboring loci have also been
identified. With the advancement of next-generation DNA sequencing, WRN heterozygous
disease mutations have been identified in association with at least one other known genetic
disorder (see below, Aicardi—-Goutieres syndrome) (Lessel et al. 2014a).

mTOR inhibitors have been shown to improve cellular growth and to reduce the
accumulation of DNA damage (Talaei et al. 2013; Saha et al. 2014). Astaxanthin, an
antioxidant, has shown improvement of fatty deposition in the liver of one case (Takemoto et
al. 2015). WS induced pluripotent stem cells have been generated in two independent
laboratories and should be very useful for further research on the phenotypic alterations in a
range of somatic cells (Cheung et al. 2014; Shimamoto et al. 2014).

More research is needed on the potential impacts of polymorphic variants and of potential
deleterious interactions in heterozygotic carriers with genotoxic environmental agents
(Ogburn et al. 1997; Blank et al. 2004). Several population studies have already linked the
p.Leul075Phe polymorphism with longevity, where a minor allele was associated with
decreased longevity (Sebastiani et al. 2012).

Other RecQ Helicase Disorders

Bloom Syndrome—Bloom syndrome is a rare, autosomal recessive disorder recognized
by a dermatologist, Dr. David Bloom who described three children with short stature and a
sun-sensitive telangiectatic facial erythema (Bloom 1954). Additional clinical features
include prenatal growth restriction, hypo- or hyperpigmentation elsewhere on the body, an
immunodeficiency, and the following features that overlap with common features of aging: a
paucity of subcutaneous fat, reduced male and female fertility, and increased risk of diabetes
and cancers, particularly types of leukemias, non-Hodgkin’s lymphomas, and carcinomas
seen in the general population (German et al. 1984; Kaneko and Kondo 2004). Bloom
syndrome is more frequent in the Ashkenazi Jewish population owing to a founder effect.
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Bloom syndrome is caused by mutations in one of the five human RecQ helicase genes—
namely, BLM, also known as RECQL 3. Biallelic mutations result in detectable
chromosomal aberrations, including abnormal nuclei in interphase cells and excessive
chromosome breaks, gaps, translocations, and quadriradials. In cells treated with
bromodeoxyuridine (BrdU), the frequency of sister chromatid exchanges in cells from
Bloom syndrome subjects is increased 10-fold compared with cells from controls, and is
considered diagnostic (Chaganti et al. 1974). Thus, BLM functions to suppress
hyperrecombination, and its absence results in genomic instability.

BL M is the only gene that, when mutated, causes Bloom syndrome. The majority of
mutations result in loss-of-function caused by premature truncating, frameshift, splice-site or
deletion mutations. The few causative missense substitutions so far reported are predicted to
affect its helicase activity.

Expression of BLM increases in the S phase and G,/M phase, and is localized to
promyelocytic nuclear (PML) bodies and telomeres in the nucleus. BLM is rapidly recruited
to sites of DNA damage, and can unwind forked dsDNA and anneal ssDNA. In vitro, BLM
stimulates DNA end resection, an exonucleiolytic process that generates ssDNA tails at a
DNA double-strand break (DSB). BLM has been found to interact in vitro with replication
protein A (RPA), which increases the efficiency of BLM for unwinding DNA substrates.
Through direct and indirect protein interactions, BLM functions in DNA repair,
recombination, replication, and thereby contributes to the maintenance of genomic stability
(Wu et al. 2001; Machwe et al. 2011).

Rothmund-Thomson Syndrome—Rothmund-Thomson syndrome (RTS) was reported
in 1887 by a German ophthalmologist, August Rothmund, and in 1936 by a British
dermatologist, Sidney Thomson. Most patients develop erythematous plaques on the cheeks,
which spread to the forehead, ears, and neck. Telangiectasias similar to Bloom syndrome are
common. Later, poikiloderma appear, resulting in dry, atrophic skin. The skin shows a
marbleized appearance of hyperpigmentation and hypopigmentation in sun exposed areas.
Variable features include short stature, graying hair with sparse eyebrows/eyelashes,
childhood cataracts, small saddle-shaped nose, and dystrophic teeth and nails (Mennos and
James 1995). RTS patients are prone to develop osteosarcoma and squamous cell carcinoma
(Drouin et al. 1993). Features that overlap with aging in the general population include
graying hair, cataracts, and cancer risk. There is overlap among the three RecQ helicase
associated human diseases in terms of autosomal recessive inheritance, short stature,
earlyonset of cataracts, skin changes, and increased risk of malignancy. In contrast to the
other two diseases associated with RecQ helicase dysfunction, (WS and Bloom syndrome),
RTS patients do not have increased risk of type 2 diabetes mellitus. Hypoplastic thumbs are
another occasional distinguishing feature.

In 1999, mutations were identified in RECQL4 in a subset of patients with RTS (Kitao et al.
1999). In contrast to Bloom syndrome and WS, in which >85% of patients have mutations in
the designated member of the RecQ helicase family, mutations in RECQL4 can be identified
in approximately two-thirds of RTS cases (Wang et al. 2001). No other germline mutations
causing RTS have been identified to date. After the identification of RECQL4 mutations as
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the cause of RTS, two other disorders with radial defects and short stature were found to be
caused in some cases by RECQL4 mutations: the Baller-Gerold syndrome and
RAPADILINO (Siitonen et al. 2003; Van Maldergem et al. 2006).

Although the RECQL 4 helicase has the helicase domain common to all members of the
RecQ family, it lacks the exonuclease domain of WRN, and lacks the clear nuclear
localization signal of WRN and BLM. Nevertheless, by fluorescence immunostaining,
RECQLA is localized mainly in the nucleoplasm, but also exists in the nucleolus. RECQL4
participates in nonhomologous end-joining. It is also essential for transport of p53 to
mitochondria, where they potentiate the activity of polymerase gamma (De et al. 2012;
Gupta et al. 2014). In contrast to WRN knockout mice, which are born without an apparent
phenotype, the RECQL4 knockout results in early murine embryonic lethality; however, a
mouse model with a deletion of exon 13 has features of RTS (Hoki et al. 2003; Lord et al.
2014). These results underscore differences in the biological functions of the RecQ
helicases. The fact that these proteins are unable to compensate for one another’s functions
further underscores their special differentiations.

Atypical WSs

Laminopathies—After the identification of mutations in WRN in subjects with WS, it
became clear that, although most affected individuals carried biallelic mutations, often
identical by descent, ~15% of individuals thought to have WS on clinical grounds, had no
detectible WRN mutations in coding domains and had normal levels and electrophoretic
mobilities of WRN protein by Western blots.

Operationally, we classified these individuals as having “atypical WS.” These subjects often
did not meet clinical criteria for definite or even probable WS (www.wernersyndrome.org).
For example, the patient might have prematurely gray hair and an aged appearance, but
might lack bilateral cataracts, the most penetrant feature of classical WS. One of the first
candidate genes examined in patients with atypical WS was the lamin A/C gene (LMNA),
dominant mutations at which had recently been discovered to be the cause of childhood-
onset progeria, also known as the Hutchinson—Gilford progeria syndrome (HGPS). In four
out of 26 (15%) of atypical WS subjects within the International Registry of WS, a
deleterious LMNA mutation was found, but the mutations differed from the classic mutation
of HGPS (Fig 1B) (Chen et al. 2003). Two families studied in more detail were found to
have short stature, nonprogeroid appearance in childhood, but with the onset of progeroid
features and the appearance of severe cardiovascular disease in adulthood, in sharp contrast
to the much earlier onsets seen in HGPS. Each subject had a LMNA mutation that was
associated with the production of the pathognomonic “progerin” protein of HGPS, a novel
isoform, which, in HGPS, is the result of a 50-amino-acid deletion. The levels of progerin in
these atypical cases, however, were substantially less than what is observed in HGPS
(Hisama et al. 2011). The relevance of these observations for our understanding of the
pathogenesis of atherosclerosis is highlighted by observations of increasing amounts of
progerin in the media and adventitia of arterial walls and in atherosclerotic plaques as during
human aging (Olive et al. 2010). The unusual degree of adventitial fibrosis in the
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atherosclerotic arteries of HGPS patients, however, is a caveat regarding the relevance of this
disorder for the usual pathogenetic mechanisms of the disease (Olive et al. 2010).

LMNA encodes intermediate filament protein of the nuclear lamina and nucleoplasmic
structures, and are tightly associated with chromatin. Mature lamin A is produced by a series
of posttranslational modification steps including farnesylation, methylation, and cleavage of
18 residues of the precursor protein, termed prelamin. Mutations in zmpste24, a
metalloproteinase, which acts in the cleavage of prelamin, cause a neonatal progeroid
restrictive dermopathy. LAMNA is a “gene with many faces”; it causes more than ten distinct
human diseases. These can be grouped into those with a neuromuscular phenotype (inherited
recessive peripheral neuropathy, Emery—-Dreifuss, and other muscular dystrophies), a
phenotype of dilated cardiomyopathy with cardiac conduction disease, and progeroid or
lipodystrophy disorders (atypical WS, mandibuloacral dysplasia, or familial partial
lipodystrophy type 2) (reviewed in Capell and Collins 2006).

MDPL Syndrome—Germline mutations of the POLD1 gene can cause an autosomal
dominant multisystem disorder known as the MDPL syndrome (mandibular hypoplasia,
deafness, progeroid features, lipodystrophy) (Weedon et al. 2013). MDPL patients begin to
develop prominent loss of subcutaneous fat, a characteristic facial appearance, metabolic
abnormalities, including diabetes mellitus, and progeroid features usually during the first to
second decades of life. Sensorineural deafness is seen in most, but not all cases.
Undescended testes and hypogonadism have been reported in males but females may be
fertile.

The POLDI gene encodes one of the main replicative polymerases, which contains an
intrinsic exonuclease domain and interacts with WRN protein (Kamath-Loeb et al. 2012). Its
primary role is in lagging strand synthesis and also functions as a translesion synthesis
(TLS) polymerase. Unlike POLH, which catalyzes the TLS of the leading strand, POLD1
functions in postreplication repair of the lagging strand during DNA replication. Most
heterozygous POL D1 mutations found in MDPL patients are a deletion (p.S605del) within
the polymerase domain. A single missense mutation located in its exonuclease domain has
also been identified (Weedon et al. 2013; Pelosini et al. 2014). Several germline mutations in
POLD1 exonuclease domains are also known to predispose to cancers, particularly familial
colorectal cancers (Palles et al. 2013).

Ruijs—Aalfs Syndrome—The Ruijs—Aalfs syndrome (RAS) is an early onset genomic
instability syndrome characterized by developmental retardation, skeletal abnormalities, and
a progeroid appearance (Ruijs et al. 2003). It is a rare autosomal recessive disorder caused
by homozygous or compound heterozygous mutations in SPRTN (SprT-like amino-terminal
domain). RAS patients are unusually sensitive to a specific type of malignancy,
hepatocarcinoma, which can develop as early as the late teens (Lessel et al. 2014b).

SPRTN was originally identified as an interacting protein of ubiquitenated proliferating cell
nuclear antigen (PCNA), a protein that is recruited to the sites of UV-induced DNA damage
(Centore et al. 2012). The SPRTN associates with a TLS polymerase n (eta; encoded by
POLH) on UV damage to stabilize the repair complex and enhance TLS. Cells carrying
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SPRTN mutations show hypersensitivities to certain genotoxic agents, consistent with the
role of SPRTNin TLS and in Go/M-checkpoint regulation (Lessel et al. 2014b).

Aicardi-Goutieres Syndrome—The Aicardi-Goutieres syndrome (AGS) is a
progressive neurological disorder characterized by early onset encephalopathy, intellectual
disability, and intracranial calcification involving the basal ganglia (Stephenson 2008).
Hepatomegaly, thrombocytopenia, and chilblains are frequent. AGS is genetically
heterogeneous. Causative genes include 7REXZ, which encodes a 3°—5" TREX1
exonuclease, components of the RNASEH2 endonuclease complex (RNASEHZB,
RNASEH2C, RNASEHZD) and SAMHD1, which encodes a deoxynucleotide
triphosphohydrolase (Stephenson 2008; Rice et al. 2009). The SAMHD1 protein regulates
intracellular pools of deoxynucleotide triphosphates (ANTPs) and also plays a role in
regulation of cell proliferation and survival, and part of the response to DNA damage
(Clifford et al. 2013)

One of the puzzling features of AGS is its pronounced phenotypic variability, which is quite
unusual for autosomal recessive conditions. In particular, phenotypes associated with
SAMHD1 mutations range from “classical” presentations to those with mild intellectual
disability or a nonspecific chronic inflammatory skin condition (Rice et al. 2009; Dale et al.
2010). A Turkish pedigree with a homozygous AGS mutation was identified among subjects
enrolled in the International Registry of WS as having atypical WS (Lessel et al. 2014a).
The patient also carried a heterozygous WRN mutation, raising the possibility that
heterozygosity at the WRN locus may modify AGS phenotypes. Future research should
explore the role of WRN heterozygosity in the modulations of other genomic instability
syndromes.

Mosaic Trisomy 8—Trisomy 8 mosaicism is seen in individuals whose complement is
mosaic for chromosome 8, meaning they have a chromosomally normal cell line, in addition
to a cell line that is trisomic for chromosome 8. Full (nonmosaic) trisomy 8 is generally
considered a lethal condition.

Common features in mosaic trisomy 8 patients include mild to moderate intellectual
disability, agenesis of the corpus callosum, corneal opacities, strabismus, low set ears, a
broad bulbous nose, congenital palate defect, congenital heart defect, hydronephrosis,
cryptorchidism, and stiff joints. Deep vertical grooves of the palms and soles of the feet are
also characteristic (Fineman et al. 1975). The features of mosaic trisomy 8, which overlap
with aging in the normal population include cataracts and joint stiffness.

A remarkable feature of mosaic trisomy 8 is the variability in the clinical manifestations.
The mechanisms that underlie this variability are not fully understood but must be
determined in large degree by the extent and patterns of mosaicism, including tissue-specific
effects. An online support group for rare chromosomal disorders (www.rarechromo.org)
reports 23 adult members with trisomy 8 mosaicism. These subjects show a wide range of
degrees of intellectual disability, from none (one is a college professor) to those requiring
assistance for activities of daily living (Baidas et al. 2004).
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One subject referred to the International Registry of WS was found to have trisomy 8
mosaicism in cultured fibroblast cells (Oshima and Hisama 2014). The WRN gene is located
on chromosome 8p12, which means that individuals mosaic for trisomy 8 are predicted to
have an additional functional copy of WRN. In contrast to the prototypic biallelic loss-of-
function mutations that cause WS, whether and how trisomy for WRN contributes to the
features of trisomy 8 is not yet known.

Hutchinson—Gilford Progeria Syndrome

The two segmental progeroid disorders with the most striking features of accelerated aging
are WS (also termed adult-onset progeria) and the Hutchinson-Gilford progeria syndrome
(HGPS, also termed childhood-onset progeria). Infants born with HGPS are normal
appearing at birth but experience severe growth restriction in the first year of life. The
affected children are always short and thin, and reach a final weight of 11-18 kg (25-40 Ib)
as teenagers (Gordon et al. 1993).

HGPS patients have a characteristic facial appearance, which is distinctive and
pathognomonic to the informed clinician. These constellations of features include a bald
head with loss of eyelashes and eyebrows, prominent eyes, beaked nose, and small jaw.
Widespread loss of “baby fat” leads to prominent veins and an “aged” appearance to the
skin. Additional features include acro-osteolysis, stiff finger joints, enlarged elbow and knee
joints, coxa valga, aseptic necrosis of the head of the femur, as well as medical
complications from severe atherosclerosis, with most deaths historically occurring around
age 12 yr, with the causes of death largely by myocardial infarctions, strokes, or congestive
heart failure. Although loss of hair, loss of subcutaneous fat and cardiovascular disease are
common in the normal aging population, other common feature of aging, including tumors,
cataracts, diabetes, and hyperlipidemia are not usually present in HGPS (Merideth et al.
2008). The paucity of at least some of these features (notably cancer) may simply be related
to the short life spans of these patients.

Two major challenges to the identification of the genetic basis for HGPS were (1) its rarity,
with a prevalence of about one in eight million, and (2) the fact that it nearly always occurs
as a sporadic disorder, therefore creating difficulties for traditional genetic methodologies
such as positional cloning. Cytogenetic abnormalities, however, localized the candidate
region to chromosome 1q, and the cause of HGPS was found to be a de novo recurrent silent
substitution in exon 11 of lamin A/C (LMNA), which activates a cryptic splice site, resulting
in the production of a protein with a deletion of ~50 amino acids at the carboxyl terminus
(Eriksson et al. 2003). This truncated protein (termed progerin) causes a dramatic change in
the shape of the nuclear envelope, thickening of the nuclear lamina, and loss of peripheral
heterochromatin. Progerin also accumulates in fibroblasts and coronary arteries in an age-
dependent fashion in the normal population (McClintock et al. 2007; Olive et al. 2010).

In addition to the alterations of the nucleus, there is strong evidence that the cellular
phenotype of HGPS includes genomic instability. In HGPS fibroblasts, there is a delayed
checkpoint response, and defective response to DNA damage (Liu et al. 2005, 2006).
Furthermore, A-type lamins bind to mammalian telomeres in vivo, and play a role in
telomere maintaining telomere length, structure, and function. LMNA™~ fibroblasts show
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aneuploidy, increased frequency of chromosome breaks, and defects in nonhomologous end-
joining of dysfunctional telomeres (Andres and Gonzalez 2009).

This raises the question, then, of why cancers (a classic feature of many chromosomal
instability syndromes) are not part of the usual picture of HGPS. Osteosarcoma at age 9 yr
was reported in one girl with a missense variant in LMNA that causes a later onset of HGPS,
and is compatible with survival into the fifth decade. It may be, as the investigators suggest,
that in most patients with HGPS the severe atherosclerotic disease with death in the second
decade masks an increased cancer risk, which would be evident at an older age (Shalev et al.
2007).

HGPS is a good example of the productive synergy between families affected by rare
disorders and scientists interested in investigating such disorders. An affected family
founded the Progeria Research Foundation with a mission to discover treatments and,
potentially, cures of HGPS and related disorders of aging (www.progeriaresearch.org).
Despite HGPS being one of the more recent gene mutations discovered to be the basis of a
segmental progeroid syndrome, promising results of a clinical treatment trial of farnesylation
inhibitors were published a mere 11 yr later (Gordon et al. 2014).

Ataxia Telangiectasia

Ataxia telangiectasia (AT) is a member of the group of rare, human diseases that are
characterized by marked chromosomal instability, increased cancer risk and progeroid
features. AT patients are normal at birth, but typically develop difficulty walking in the
second year of life. They gradually develop neurological impairments such as ataxia, ocular
apraxia, dysarthric speech, and choreoathetoid movements. In addition, they have humeral
and cellular immune defects, with frequent sinus or ear infections. The lifetime cancer risk
for AT patients reaches 30%-40%, with the most common childhood malignancies being
acute lymphocytic leukemia, non-Hodgkin and Hodgkin lymphomas. The most common
adult malignancies are T-cell leukemias and solid tumors (Woods and Taylor 1992). The
progeroid features in AT homozygotes include the increased risk of cancer, telangiectasias,
graying hair, skin atrophy, and pigmentation changes. AT individuals have reduced fertility
from abrupt apoptosis of germ cells in response to a defect in meiotic recombination.
Heterozygous female A7M carriers are at increased risk of breast cancer (Thompson et al.
2005).

Chromosomal instability is evident in lymphoid and nonlymphoid cells from AT patients.
Their frequent, spontaneous in vivo chromosomal aberrations include DSBs and telomere
abnormalities (Meyn 1993). Cultured cells from AT patients are exquisitely sensitive to the
cytotoxic effects of ionizing radiation.

The ATM gene was identified by positional cloning in 1995. The majority (85%) of
mutations consists of nonsense and splice site mutations that produce prematurely truncated
proteins (Savitsky et al. 1995). AT deficient cells show defects in multiple cell cycle
checkpoints and in the signaling pathways that activate a network of responses to DNA
DSBs.
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Cockayne Syndrome

Two major forms of arteriosclerosis (atherosclerosis and arteriolosclerosis), hypertension,
age-related renal pathology, presbycusis, cognitive decline, and the loss of subcutaneous
adipose tissue are among the diverse phenotypes that permit the characterization of the
Cockayne syndrome as a segmental progeroid syndrome (Laugel 2013). Mutations in at least
five loci have been associated with this syndrome, CSA, CSB, XPB, XPD, and XPG, thus
documenting pathogenetic overlaps with Xeroderma pigmentosa (Jaarsma et al. 2013). The
XPB locus has been characterized as a 3’—5" DNA helicase, a member of the “super
family 2” (SF2) group of helicases and a subunit of the transcription factor complex TFIIH,
which functions both in transcription and DNA repair (Fan and DuPrez 2015).

About two-thirds of Cockayne patients have mutations at CSB and approximately one-third
at the CSA locus (Laugel 2013). The underlying pathogenesis involves defects in
transcription-coupled excision repair of DNA (Marteijn et al. 2014). Oxidative stress and
mitochondrial dysfunction have also been associated with the Cockayne syndrome and have
been shown to be related to depletion of the catalytic subunit of DNA polymerase gamma,
the enzyme responsible for replicating mitochondrial DNA. That depletion was associated
with the accumulation of a serine protease; of great potential therapeutic significance, the
phenotype could be reversed by a serine protease inhibitor (Chatre et al. 2015).

Fanconi Anemia

An interest in Fanconi anemia as a segmental progeroid syndrome is immediately suggested
by its earlier designation as a “pancytopenia” (Neveling et al. 2009). In addition to multiple
and variably expressed developmental phenotypes, one observes many phenotypes that can
be interpreted as evidence of premature aging, including endocrine abnormalities, gonadal
failure, sarcopenia, osteoporosis, increased susceptibility to infectious agents, and progeroid
features of skin (Neveling et al. 2009). Additional relevant observations have included
nuclear aberrations and diminished replication of cultured fibroblasts (Willingale-Theune et
al. 1989), hypersensitivity to oxidative stress (Liebetrau et al. 1997), mitochondrial damage
(Pagano et al. 2014), and preneoplastic lesions such as leukoplakias of the oral cavity (Grein
Cavalcanti et al. 2015) and early myelodysplasias (Quentin et al. 2011). It has also been
described as “a highly penetrant cancer susceptibility syndrome” (Auerbach 2009). Were it
not for early deaths from bone marrow failure, infectious diseases ad highly malignant
neoplasms, one would likely observe a much larger burden of cancers commonly seen within
the general aging population.

Current evidence points to some 16 distinct genetic loci mutations at which are associated
with the clinical diagnoses of Fanconi anemia (Walden and Deans 2014). Both autosomal
recessive and X-linked modes of inheritance have been implicated (Oostra et al. 2012).
These loci all appear to be involved in a complex hierarchy of gene actions that focus on the
repair of DNA cross-links, a ubiquitin ligase complex for two key substrates and
downstream proteins involved in nuclease-dependent and recombinational functions
(Walden and Deans 2014). DNA cross-linking agents have been associated with endogenous
and exogenous sources of aldehydes. These notably include derivations from the
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peroxidation of lipids, one of a number of postulated major elements of the oxidative
damage theory of aging (Schottker et al. 2015).

Myotonic Dystrophy

Although the name “myotonic dystrophy” (MD) suggests a unimodal progeroid syndrome—
specifically, as a model for age-related sarcopenia (Malatesta et al. 2014), there is a much
broader range of phenotypes. An expert on MD, Peter S. Harper, has stated that “... anything
that can go wrong does go wrong in myotonic dystrophy” (Harper et al. 2001)! This is the
case for both type 1 MD (also known as Steinart’s disease) and a much milder form known
as type 2 MD. These phenotypes (Meola and Cardani 2015) include myocardial conduction
defects, insulin resistance, ocular cataracts, male hypogonadism and frontal baldness,
respiratory failure, and a range of neurological and behavioral disorders, including sleep
disorders (Axford and Pearson 2013; Laberge et al. 2013). Both types of MD are inherited as
autosomal dominants. Although different genetic loci are involved, they may share common
pathogenetic mechanisms, particularly RNA toxicity (Meola and Cardani 2015). DM1 is
thought to be caused by triplet repeat expansions (CTG) in DMPK (dystrophia myotonica-
protein kinase), whereas DM?2 is thought to be the result of repeat expansions in CNBP
(CCHC-type zinc finger, nucleic acid binding protein) and, perhaps, other loci (Meola and
Cardani 2015). When transcribed into CUG-containing RNA, mutant transcripts aggregate
as nuclear foci that sequester RNA-binding proteins, resulting in a spliceopathy of
downstream effector genes and accounting for the pleiotropic features. Avariety of
pathogenetic mechanisms have been suggested (Meola and Cardani 2015), but there is some
concern that these might be downstream events (Bachinski et al. 2014). Once the
fundamental pathogenetic mechanisms have been fully clarified, it will be important to seek
evidence of their roles in normative aging.

Berardinelli-Seip Congenital Lipodystrophy

Given the often profound metabolic disturbances associated with generalized
lipodystrophies, such disorders have been of interest to geroscientists at least since a 1978
review that included the Seip syndrome in a compilation of human genetic disorders of
potential relevance to the pathobiology of aging (Martin 1978). Insulin resistance, fatty
livers, hypertriglyceridemia, type 2 diabetes mellitus, and other progeroid features noted
below warrant its consideration as a segmental progeroid syndrome.

A valuable review of the pathophysiologies of a wide range of both genetic and acquired
lipodystrophies has recently been published, including the several genetic variants of the
Seip syndrome (Nolis 2014). All currently recognized forms of the latter are autosomal
recessive in nature. The type 1 disorder is caused by mutations at AGPATZ, which codes for
1-acylglycerol-3-phosphate O-acyltransferase-2, an enzyme involved in de novo
phospholipid biosynthesis. Type 2 is caused by mutations at BSCLZ2 (Berardinelli-Seip
congenital lipodystrophy 2, also known as Seipin), which codes for a transmembrane protein
that, like AGPATZ, is localized to the endoplasmic reticulum and participates in the control
of lipid droplet formation and adipocyte differentiation. The type 3 disorder involves
mutations at CAV/Z, or caveolin 1, a plasma membrane scaffolding protein and oncogene.
Finally, the type 4 disorder is associated with mutations at P7RF, coding for the polymerase
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| and transcript-release factor, which is required for dissociation of a transcription complex
and is also involved in the organization of the caveolae of plasma membranes. These
mutations result in variable expressions of striking losses of hormal adipose tissue and
abnormal accumulations of lipids in various viscera, including skeletal muscle, liver, and
heart. In addition to the regional atrophy of subcutaneous tissues that is so common in
normative aging, one also observe type 2 diabetes mellitus (Lawson 2009), cardiovascular
lesions (Nelson et al. 2013) often associated with lipid abnormalities, sometimes with
multiple xanthomas (Machado et al. 2013), psychomotor abnormalities (Wei et al. 2013),
and what some regard as secondary abnormalities of mitochondrial oxidative
phosphorylation (Jeninga et al. 2012). Gastrointestinal polyps, a common benign feature of
normative aging, has also been observed (Agrawala et al. 2014).

Like all segmental progeroid syndromes, there are of course discordances with what one
observes in normative aging, the most dramatic of which is the striking muscular
hypertrophy associated with Berardinelli-Seip congenital lipodystrophy.

EXAMPLES OF UNIMODAL PROGEROID SYNDROMES

Dementias of the Alzheimer Type

We use here the nomenclature of “dementias of the Alzheimer type” as a heuristic device to
emphasize the need to consider the hypothesis that there may be several age-related
independent pathogenetic pathways converging on a final common pathway that involves the
processing of the  amyloid precursor protein (APP) for the synthesis of what are currently
considered to be the major neurotoxic moieties—oligomers and fibrils of amyloid
peptides, particularly those derived from AB 1-42 (Ow and Dunstan 2014). Aggregates of
the hyperphosphorylated microtubule-associated protein tau (Nisbet et al. 2015) are often
considered to be downstream pathological events, as is microglia-mediated
neuroinflammation (Tang and Le 2015). Given the striking exponential increases in age-
specific incidence and prevalence of the common sporadic forms of DATSs (Larson et al.
1992), it is surprising that there has been comparatively little attention given to the
underlying intrinsic processes of aging that “set the stage” for the emergence of this
disorder(s).

Although aging is the major risk factor for the emergence of DATSs, by far the most striking
genetic risk factor for the common sporadic late onset forms of the disease is the epsilon 4
allele of the gene that codes for the synthesis of apolipoprotein E (APOE4) (Corder et al.
1993). There are also rare familial, earlier onset forms of the disease caused by autosomal
dominant mutations at three loci involved in the synthesis of amyloid p — the p amyloid
precursor gene (APP), presenilin 1 (PSI) and presenilin 2 (PS2) (Chouraki and Seshadri
2014).

Although the most frequent APOE allele in European and North American populations is the
E3 allele, the E4 allele is thought to be the ancestral allele, as it is found in honhuman
primates and in fossil DNA sequences of two Denisovans, members of an ancient species of
hominids (Mclntosh et al. 2012). An attractive hypothesis for why E4 may have evolved in
nonhuman primates and early hominids and why the allele may persist today is that it may
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protect us from lipotropic pathogens (Martin 1999). There is, in fact, some evidence that the
allele protects against malaria (Fujioka et al. 2013).

A range of potential mechanisms that underlie the vulnerability of E4 carriers to DATSs has
been recently reviewed (Kim et al. 2014). Although a differential effect of APOE alleles on
the clearance of amyloid p has been widely considered, there are several other possible
mechanisms, certainly including those that may be related to an intrinsic deficiency in the
delivery of lipids to maintain synaptic plasticity. Of special interest in this context is
evidence that E4 carriers are deficient in repairing a variety of injuries, including those
involved in the recovery from strokes and myocardial infarctions (Corder et al. 2000).

DATSs has been considered by some investigators to be part of a group of neurodegenerative
disorders resulting from deficiencies in DNA repair, with emphasis on the impacts on
mitochondrial dysfunction for the case of DATSs (Jeppesen et al. 2011). Impacts on cell cycle
regulation and genomic integrity have also been related to APP functions (Chen et al. 2014).
Thus, given further research, at least some forms of DATSs may yet prove to be another
example of a disorder of aging related to genomic instability.

Disease

Parkinson’s disease (PD) affects >one million people in the United States, and >four million
people worldwide. PD is a neurodegenerative disease characterized by bradykinesia, resting
tremor, rigidity, postural instability, and responsiveness to dopaminergic therapy. Additional
features include rapid eye movement (REM) behavior sleep disorder, depression, visual
hallucinations, and dementia (Berg et al. 2014). Idiopathic PD occurs at older ages, is
usually sporadic, and at autopsy, is characterized by neuronal loss (particularly of the
pigmented neurons of the substantia nigra), astrocytic gliosis, and characteristic inclusions
(Lewy bodies and dystrophic neurites). “Parkinsonism” is an umbrella term that includes
monogenic and environmental (toxic) disorders with Parkinsonian features.

Great progress has been made in the identification of monogenic causes of PD, which can be
clinically indistinguishable from idiopathic PD, especially those resulting in juvenile
Parkinsonism (onset before age 20 yr), and early-onset PD (onset before age 50 yr).
However, only ~15% of PD is early-onset (a higher proportion of which are genetically
determined); 85% of PD cases are of the late-onset variety. Mutated genes that cause early-
onset PD include those inherited as autosomal recessive traits (PARKIN, PINK1, DJI) and
those inherited as autosomal dominant traits (SCNA, which encodes a-synuclein, a key
component of the intraneuronal Lewy body inclusions, and LRRK2) (Klein and
Schlossmacher 2006). Identification of mutations in multiple genes sufficient to cause PD
has highlighted the critical roles of sensing redox equilibrium and of mitochondrial
dysfunction, including the importance of maintaining mitochondrial integrity in aging
neurons. Although mutations in the genes causing early onset PD are rare in idiopathic
forms of PD, mutations in the LRRKZ gene encoding a leucine rich kinase cause both late-
onset familial PD as well as 1%—-3% of sporadic late-onset cases of PD (Farrer et al. 2005).

Idiopathic, sporadic, late-onset PD (the most common type) is considered a complex trait. Its
onset is modified by aging and environmental factors that include exposures to neurotoxins,
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caffeine intake, and cigarette smoking. The latter poses the paradox that is protects against
PD despite the characterization of cigarette smoke as a “gerontogen”—an agent that
accelerates multiple features of aging (Martin 1987; Bernhard et al. 2007). Both epigenetic
and genetic factors are of course also considered to contribute to susceptibilities to this
complex sporadic, late-onset disorder. Polymorphic variants in multiple loci have been
implicated, including some bearing mutations involved in early onset familial forms.
Examples include UCHL 1 (PARK?Y), which encodes a ubiquitin carboxy-terminal hydrolase,
and a locus coding for glucocerebrosidase p (GBA) (Nichols et al. 2009; Miyake et al.
2012).

In summary, genetic studies of both familial and sporadic forms of PD (both early-onset and
late onset forms of PD) have yielded a new basis for understanding its pathogenesis and a
wealth of targets for translational research and therapeutic interventions.

Xeroderma Pigmentosa (XP)

Given that virtually all human beings have variable degrees of exposure to ultraviolet light, it
is not surprising that there is overlap in the age-related phenotypes seem in patients with this
set of rare autosomal recessive UV hypersensitive disorders and the sun-exposed tissues of
most of us as we age, including skin atrophy, actinic keratosis, hypo- and hyper-
pigmentations, and a range of common geriatric neoplasms of the skin, including basal cell
carcinomas, squamous carcinomas and melanomas. Concordances with how individuals
usually age are also seen among some of the many eye pathologies in these patients,
including ocular cataracts, drusen, keratitis, and pterygiums. Less intuitive overlaps involve
neurological disorders such as hearing loss, cortical atrophy, ventricular dilatation, and
impaired cognitive functions (Karass et al. 2014). Given this broader array of phenotypes,
some might conclude that XP might be better classified under segmental progeroid
syndromes. There are substantial variations in the extent to which such ancillary features are
expressed, however, whereas the skin lesions are universally present and very severe.
Moreover, although it seems reasonable to expect genomic instability to contribute to
normative central nervous system (CNS) aging and its associated degenerative disorders,
there is as yet no compelling evidence that this is a major contributor. Current research is
more focused on alterations in proteostasis (Powers et al. 2009; Ben-Gedalya and Cohen
2012).

Initially described by a Hungarian physician in 1874, it was not until 1968 when James
Cleaver made the seminal observation that the disease was caused by a defect in DNA repair
(DiGiovanna and Kraemer 2012). We now know that there are eight different genetic loci at
which biallelic mutations are involved in such defective DNA repair. Seven of them (XPA
through XPG) are the result of aberrations in nucleotide excision repair, while the eighth
form is the result of mutations in DNA polymerase 1, which is involved in translesion DNA
synthesis (Karass et al. 2014).

Transcription coupled repair is an area of interest in XP as well as in the Cockayne
syndrome (see the discussion above). TF11H, a nine-subunit general transcription factor,
plays a key role in that modality of DNA repair (O’Gorman et al. 2005).
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Attenuated Familial Polyposis

There is a range of gene mutations associated with highly penetrant precancerous and
frankly malignant neoplasms of the gastrointestinal tract, notably of the colon (Jasperson
2012). These provide potentially informative clues for the role of biological aging in the
genesis of a major type of human cancer, one whose age-specific incidence continues to rise
exponentially well into the eighth decade of life. Mathematical modeling of such data has
given support for the parallel process hypothesis, namely that multiple routes exist to the
formation of cancer (Brody 2009). The complex genetic picture alluded to above is certainly
consistent with that hypothesis. In keeping with the theme of this review, it is not surprising
that there is strong evidence for genomic instability as a dominant factor in the pathogenesis
of colon cancer (Rao and Yamada 2013). Relevant mutations include those involving
mismatch repairs of DNA (Durno et al. 2015) and germ line mutations in PolE and PolD
(Valle et al. 2014)

We have here chosen one example of the multiple pathways to neoplasia—an autosomal
dominant gene mutation that illustrates a type of gene action associated with a late onset
form of colon cancer, one that would therefore more closely fit with what is seen in usual
aging. Although this example, attenuated familial adenomatous polyposis, does not directly
involve aberrations in DNA repair, it is of interest because its mutations are in unusual
domains (3" and 5”) of a gene (APC, adenomatous polyposis coli) (Ibrahim et al. 2014).
More common mutations elsewhere in this gene result in much more virulent, earlier onset
forms of the disorder, which involves the loss of a tumor suppressor mechanism involving
WNT signaling (www.genecards.org/cgi-bin/carddisp.pl?gene=APC).

AGE-RELATED MACULAR DEGENERATION

Age-related macular degeneration (AMD) is the commonest form of blindness among
geriatric patients and is clearly coupled to processes of aging, although environmental
factors, notably cigarette smoking, are important variables (Ratnapriya and Chew 2013).
Allelic variations at some 20 different genetic loci have so far been described as being
pathogenetically significant for the several classifications of the disorder, which may require
“multiple hits” for its full expression (Fritsche et al. 2014). Since the seminal 2005 discovery
of the importance of mutations at the complement factor H locus (Klein et al. 2005), a
number of studies have highlighted the importance of oxidative stress, inflammation and the
immune system in its pathogenesis (Gao et al. 2015), a view that fits with an emerging
theme in geroscience referred to as “inflammaging” (Franceschi et al. 2007).

Osteoporosis

As both females and males age, especially females, there is a gradual loss of bone mineral
density (BMD) such that affected individuals are prone to fractures of bone. Before the era
of modern surgical techniques and effective antibiotic management, a sadly common clinical
geriatric scenario was death from pneumonia of an aging female with some degree of
sarcopenia and problems with balance who, as a result of loss of BMD, suffers a serious
fracture of the hip followed by prolonged immobility. Useful clinical assays of BMD,
including dual energy X-ray absorptiometry (DXA) (Nayak et al. 2015), have permitted
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large-scale epidemiological studies of osteoporosis. Using statistical criteria for the loss of
BMD as compared with healthy young adults, estimates suggest that perhaps 8% of men and
30% of women over the age of 50 are osteoporotic (Kwan 2015).

Although most investigators emphasize a pathogenesis based on an imbalance between the
rates of generation of new bone via the proliferation of osteoblasts and the rates of bone
destruction via the proliferation and activities of osteoclasts, additional factors involving the
endocrine and neuromuscular systems as well as nutrition are thought to be of importance
(Kwan 2015). More than 60 genetic loci have been alleged to be associated with
osteoporosis and some 15 have been associated with susceptibility to fractures, but large
conformational studies will be required, especially given that only ~5% of the heritability is
so far explained by current genetic studies (Clark and Duncan 2015). Given strong evidence
of the involvement of at least three biochemical pathways, however, (Clark and Duncan
2015), it seems likely that advances in precision medicine will indeed be capable of
identifying those individuals at substantial risk and, moreover, clinically useful translational
interventions tailored to affected individuals, some of which will hopefully be guided by
studies of individuals who are exceptionally resistant to the age-related loss of BMD.

Atherosclerosis

Atherosclerosis is a major form of arteriosclerosis (“hardening of the arteries”) (Fishbein
and Fishbein 2009). The literature on atherogenesis, its pathology, and its relationships to
the biology of aging, to the metabolism of lipids, to inflammation, and to genetics is vast.
Only a few major points can be made in the context of this review. The first point to
emphasize is that cardiovascular diseases, predominately ischemic heart disease and strokes
caused by atherosclerosis, remain the major causes of death in our society (www.cdc.gov/
nchs/fastats/leading-causes-of-death.htm). Second, the detection of high frequencies of
calcified arterial lesions among the remains of humans who populated ancient civilizations is
consistent with the hypothesis that it has always been an important disease of our species
(Thomas et al. 2014). Third, aging is quite clearly a major risk factor in the emergence of the
disease (Wang and Bennett 2012). DNA damage and repair, oxidative stress, telomere
shortening, replicative senescence, apoptosis, inflammation, and mitochondrial dysfunctions
are among the many processes of aging that have been associated with the disease (Wang
and Bennett 2012; Sobenin et al. 2014; Wang et al. 2014).

Considering only coronary artery atherosclerosis, some 153 genome-wide associations have
so far been identified, of which 56 have been validated, yet these ~200 loci, even if fully
validated, can explain only ~10% of the genetic variance for the disorder (Bjorkegren et al.
2015). Older classical studies had already identified very significant gene mutations, most
notably those involving the low-density lipoprotein receptor (Goldstein et al. 1975).
Moreover, elsewhere in this review, we have noted the important contributions of mutations
at the WRNand LMNA loci.

To return to the earlier point regarding the ancient origins of the disease, an interesting
hypothesis suggests that atherosclerosis may be a price we have paid for the role of
scavenger receptors of macrophages in the defense against infectious agents (Martin 1998).
That hypothesis was suggested by an experiment in which deletion of a macrophage
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scavenger receptor from a mouse model of atherosclerosis resulted in the anticipated
amelioration of the atherosclerosis (because macrophages bearing oxidized lipoproteins are
key components of atherogenesis), but marked vulnerability of these mice to infectious
agents (Suzuki et al. 1997).

EXAMPLES OF UNIMODAL ANTIGEROID ALLELES

Dementias of the Alzheimer Type

The fact that the APOE4 allele is by far the major genetic risk factor for the sporadic, late-
onset forms of DATSs has been discussed above. The observation that the APOEZallele is
protective, however (Corder et al. 1994), has had comparatively much less attention, as
evidenced by searches of PubMed for “APOE4 and Alzheimer’s disease” versus “APOE2
and Alzheimer’s disease.” As of this writing, those numbers are, respectively, 3201 versus
432. This, plus the fact that it is so difficult to find other well-established examples of
unimodal antigeroid alleles, supports a major theme of this review, namely a plea for the
need of much more research on this topic. For the present example, the importance of such
research is not only relevant to the disease entities in question, DATS, it is also relevant to
the broader issue of gene actions related to the heritability of longevity. The APOEZallele is
among those that contribute to this heritability, which has been estimated to be of the order
of 25%-33% (Drenos and Kirkwood 2010).

A recent review of the role of the APOEZallele in DATS, with the apt title beginning with
“The forgotten APOE allele” considers various potential mechanisms of gene actions for this
forgotten allele (Suri et al. 2013). These investigators consider a very wide range of potential
mechanisms together with lines of supportive and conflicting lines of evidence. These
include resistance of the apolipoprotein to denaturation, more favorable protein—protein
interactions, a role in resisting the transformation of amyloid p monomers to cytotoxic
oligomers, enhanced degradation and clearance of depositions of amyloid B, enhanced
protection of neurons from apoptotic death, enhancement of anti-inflammatory and
antioxidant functions, a role in decreasing the levels of neurofibrillary tangles, and
promotion of synaptic integrity. These inevestigators properly conclude that much more
research is required, including research that differentiates the above properties from that of
the more prevalent E3 allele. Support for gene actions related to enhanced morphologies of
dendrites and antioxidant functions is emphasized.

Atherosclerosis

Given the above reference to evidence for a role of the APOEZalleles in the enhancement of
longevity, readers will perhaps be puzzled by the fact that homozygosity for that allele is
associated with dysbetalipoproteinemia (type I11 hyperlipoproteinemia), a cause of
“accelerated” atherogenesis (Phillips 2014). Thus, one could argue that the wild-type allele
in most developed societies, APOES, could be interpreted as being protective. Given the
complex pathogenesis of this disorder, one can imagine a large number of allelic variants
that are likely to provide even greater protection. An interesting effort to provide support for
that scenario comes from recent in vivo gene expression studies of aortic cells from strains
of pigeons that, under comparable conditions of husbandry and with comparable levels of
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serum cholesterol, are either highly susceptible (White Carneau) or highly resistant (Show
Racer) to the spontaneous development of atherosclerosis (Anderson et al. 2013). Although
there is evidence of a major autosomal recessive gene responsible for these contrasting
phenotypes, the study revealed some 48 differentially expressed loci that fell into multiple
biochemical genetic pathways, including striking divergences in cytoskeletal remodeling,
proteasome activity, cellular respiration, and the immune response, thereby revealing
families of loci for which human polymorphic variants may be of relevance to different
pathways toward relative resistance to the disorder. An independent complementary study on
atherosclerosis-resistant versus atherosclerosis-susceptible Japanese quails revealed seven
loci supporting the pathogenetic importance of cholesterol metabolism (Li et al. 2012). This
has, of course, been well established for human atherogenesis, but deserves much more
investigation regarding alleles providing resistance in human subjects.

There are many potentially fruitful areas of research regarding gene actions that may protect
human subjects from atherosclerosis. One example might involve the differential regulation
of the clonal senescence of cells of the vascular wall, as there is evidence of diminished
clonal proliferation of vascular somatic cells from the abdominal aorta, which shows
substantially more atherosclerosis than the thoracic aorta (Martin and Sprague 1972, 1973).
Of interest in this context is the observation that significantly greater cloning efficiencies
could be obtained from the aortic vascular wall cells from a long lived murine species
(Peromyscus leukopus) as compared the laboratory mouse and that the clonal efficiencies
from both systematically declined during aging (Martin et al. 1983). Variations in telomere
function and structure could be one of the relevant underlying molecular variables (Chang
and Harley 1995; Okuda et al. 2000).

The most recent actionable example of a unimodal antigeroid syndrome related to
atherogenesis derives from observations of exceedingly low levels of LDL cholesterol
associated with loss-of-function mutations at PCSK9, including haploinsufficiency (Awan et
al. 2014; Roberts 2015). Gain-of-function mutations at PCSK9 (proprotein convertase
subtilisin/kexin type 9) were discovered as the third cause of familial hypercholesterolemia
(Awan et al. 2014). Drug companies have now introduced monoclonal antibodies against
that gene product in an effort to emulate the effects of loss-of-function mutations that appear
to protect subjects from atherosclerosis and ischemic heart disease (www.nytimes.com/
aponline/2015/06/09/us/ap-us-cholesterol-drug-fda.html).

Genetic Resistance to Environmental Carcinogens

There is no doubt that one of the secrets to the avoidance of cancer (especially lung cancer)
and to increasing one’s chances of living to the tenth and eleventh decades of life is to avoid
cigarette smoke (Wilhelmsen et al. 2015). But why do some heavy cigarette smokers live
well into their tenth and eleventh decades free of lung cancer (Rajpathak et al. 2011)? There
is a very large literature on candidate polymorphic variants that can provide protection
against some of the large numbers of carcinogenic compounds in cigarette smoke, a review
of which is beyond the scope of this review. Polygenic models (Dragani et al. 1996;Galvan
et al. 2008)are likely to be the most satisfactory approaches to uncovering various patterns of
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resistance and susceptibility as we approach the era of whole gene sequencing and precision
medicine (Esplin et al. 2014)

CONCLUSIONS AND FUTURE DIRECTIONS

We have seen how skilled phenotypic characterizations, when combined with careful family
histories and the modern tools of genomic analysis, has led to the definition of a subset of
heritable disorders that show many, but not all, features consistent with accelerated rates of
aging together with increased vulnerabilities to a range of geriatric disorders. These have
become known as “segmental progeroid syndromes” (Martin 1978). Remarkably,
biochemical genetic studies of these mutations have provided strong support for a
fundamental mechanism of aging—genomic instability (Fig. 1C). This mechanism of aging
appears to have deep evolutionary roots, as exemplified by research on the limited
replicative life spans of budding yeast mother cells (Xie et al. 2015).

We have also given a few examples of genetic disorders that predominately impact on a
single major geriatric disorder—"“unimodal progeroid disorders” (Martin 1982). As such,
they can elucidate biochemical genetic mechanisms, thus opening the door to translational
efforts in prevention and treatment. An exemplary example has been the discovery that all
three autosomal dominant mutations responsible for early onset familial forms of dementias
of the Alzheimer type point to the pivotal role of the differential processing of the p APP
(Nhan et al. 2015).

With an eye toward the future, we suggest new efforts by geneticists and others to begin to
define allelic variants that provide unusually robust resistance to fundamental mechanisms
of aging or to specific physiological domains that typically decline during aging. Although
productive research along these lines is being performed by colleagues who focus on the
genetic basis of unusually long life spans (see Milman and Barzilai 2015), we argue for two
additional avenues of research. The first could involve a somatic cell genetic approach that
uses various types of immortalized human somatic cells. Examples could include searches
for mutations or copy number variations that result in unusual resistance to agents that
produce genomic instability, such as DNA cross-linking agents (Ogburn et al. 1997),
epigenetic drifts in gene expression (Martin 2009), mitochondrial dysfunction (Meyer et al.
2013), or altered proteostasis (Morimoto and Cuervo 2014), each of which have been
proposed as mechanisms of aging. Of greater and timelier clinical significance, however,
would be research that uncovers unusual alleles that could explain the mechanisms of
exceptionally robust resistance to declines in such phenotypes as cognition, sarcopenia,
cardiovascular function, etc. This might be achieved via longitudinal studies performed
during middle ages, when the force of natural selection has waned and when processes of
aging begin to translate into varying degrees of pathophysiology, typically in the absence of
significant comorbidity (Martin 2002). Another approach could involve an initiative
comparable to Seattle’s Sage Bionetworks, which searches for individuals who have genetic
changes expected to cause severe illness but who remain perfectly healthy (en.wikipedia.org/
wiki/Sage_Bionetworks). Why is this important for the longevity dividend initiative, which
argues for a fundamental slowing of the intrinsic rate of aging as a pathway toward the
postponement of “all” forms of age-related pathophysiology? The answer, we believe, is
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given by two of the classical evolutionary biological theories of aging—antagonistic
pleiotropy (Williams 1957) and mutation accumulation (Medawar 1952). Both of these
mechanisms predict what might be called “private susceptibilities” to very particular
domains of aging. These theories predict idiosyncratic expressions of senescent phenotypes
because of the uniqueness of individual genomes, expososomes, somatic mutations, and
epigenetic drifts of gene expression. Thus, although major interventions in basic
mechanisms of aging may well provide the robustness and resilience required for extended
life spans, they may not guarantee freedom from individual “Achilles heels” that result in
departures from robust healthspans.
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Figure 1.
Examples of progeroid patients and selected causal genes for segmental progeroid

syndromes. (A) A 35-yr-old Italian Caucasian male, registry #ROMA1010, with a
homozygous WRN mutation, ¢.867_874delA-GAAAATC (p.Glu290fs) (Friedrich et al.
2010). He had a characteristic ankle ulcer (with bandage). (8) A 23-yr-old African—
American Caucasian female, registry #ATLAN1010 with a heterozygous LMNA mutation,
€.398G>T (p.Arg133Leu) (Chen et al. 2003). Atrophic skin of hands is shown. (C)
Examples of major causal genes of segmental progeroid syndromes associated with DNA
damage repair and response. Mutated loci so far identified among cases of atypical Werner
syndrome (WS) within the International Registry of WS are underlined.
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