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Abstract

There has been mounting evidence of a causal role for telomere dysfunction in a number of
degenerative disorders. Their manifestations encompass common disease states such as idiopathic
pulmonary fibrosis and bone marrow failure. Although these disorders seem to be clinically
diverse, collectively they comprise a single syndrome spectrum defined by the short telomere
defect. Here we review the manifestations and unique genetics of telomere syndromes. We also
discuss their underlying molecular mechanisms and significance for understanding common age-
related disease processes.

Telomeres are DNA—protein structures that protect chromosome ends from degradation and
fusionl. They are therefore essential for the maintenance of genomic integrity. Several
observations have established the role of telomeres in cellular ageing. Because the
replication machinery cannot fully copy to DNA ends, telomeres shorten progressively with
cell division, eventually triggering senescence?. This observation has raised the idea that
the length of telomeres may serve as a ‘molecular clock’ and that the accumulation of short
telomeres with age in humans may contribute to age-dependent processes3. A compensatory
mechanism, primarily the enzyme telomerase, in some settings adds back additional
telomeric DNA*®. This Review highlights how recent discoveries in human genetics have
synergized with the field of telomere biology to unequivocally establish a causal role for
telomere dysfunction in several specific, common and recognizable disease contexts.

The field of telomere research started with a focus on fundamental cellular mechanisms and
in simple model organisms (reviewed in Ref. 6). Observations in the 1990s linked telomere
biology to cancer, which was the first human disease in which telomeres were thought to
have a role. Telomerase activity was found to be upregulated in most cancers’, and since
then telomerase has been pursued as a target in cancer treatment®. In the past decade,
discoveries in the area of human genetics have defined a new and emerging field; its
findings establish a clear role for telomere dysfunction in diverse degenerative disease
states. This field was sparked around the turn of the twenty-first century when the genetic
basis of a rare disorder known as dyskeratosis congenita was elucidated. Unbiased positional
cloning techniques identified mutations in the dyskeratosis congenita 1 (DKCJI) gene, which
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encodes a conserved protein called dyskerin, but initially the function of dyskerin was not
known®. Insights into telomerase biochemistry then revealed that it was as an essential
component of the telomerase enzymel011, This early work has since led the path to the
identification of a number of mutated telomerase and telomere genes using both unbiased
and candidate gene approaches. During the past 5 years, the range of diseases affected by
telomere length disequilibrium has been greatly extended and now encompasses prevalent
disorders that have previously been poorly understood. Among these, the lung disease
idiopathic pul nonary fi brosi s (IPF) — best known until recently by its ‘idiopathic’
adjective — is the most common manifestation of telomere-mediated disease!2. The
cumulative evidence that we review here highlights a group of diverse disorders that share
the molecular defect of short telomere length. Because of their overlapping clinical features,
it has been proposed to consider them as a single syndrome spectrum13, and here we refer to
them as ‘the telomere syndromes.” The telomere syndromes are highly relevant for
understanding age-related disease because the short telomere defect that they share is
acquired with age. Moreover, as we will discuss, they probably represent the most prevalent
monogenic premature ageing disorders.

In this Review, we aim to highlight the clinical spectrum of the telomere syndromes and
present a model within which to understand their diverse clinical manifestations. Because, as
we discuss, telomere length is heritable, the unique inheritance patterns that distinguish
these syndromes from other Mendelian disorders are also discussed. Finally, we examine
how telomere biology provides insights into disease mechanisms in several important
contexts in which novel therapeutic paradigms are needed.

Telomeres and telomerase

Telomere structure

In humans and other vertebrates, the telomeric DNA sequence is a tract of tandem repeats of
the six-nucleotide unit sequence TTAGGG415, These sequences extend for thousands of
bases at chromosome ends, averaging 10 kb in a newborn human’s cord blood8. Telomere
DNA is bound by a specialized group of protective proteins collectively called shelterin’.
The human shelterin complex includes six proteins: telomere repeat binding factor 1
(TRF1), TRF2, repressor/activator protein 1 (RAP1), TRF1-interacting nuclear protein 2
(TIN2), TIN2-interacting protein 1 (TPP1) and protection of telomeres 1 (POT1) (Fig. 1).
The combination of intact shelterin components and a telomere of sufficiently long tract
length is essential to protect a chromosome end from eliciting DNA damage responses,
deleterious degradation or participation in genomedestabilizing recombination or fusion
events (reviewed in Ref. 18). Another complex that is relevant to the disease processes
discussed below, known as CST, comprises three proteins — conserved telomere protection
component 1 (CTC1), suppressor of cdc thirteen 1 (STN1) and telomeric pathway with
STN1 (TEN1) — and is also found at human telomeres!®20 (Fig. 1). CST binds single-
stranded DNA, and CTCL1 is thought to function in telomere and non-telomere lagging-
strand synthesis?1:22. Although the telomere-protective roles of budding yeast CST are
extensively characterized, the functional specificity of CST at mammalian telomeres
remains unclear, and CST may have more general roles in DNA replication?1:22, As
described below, mutations in genes that code for some of these telomere proteins have
recently been shown to cause a subset of telomere syndromes.

Telomerase structure

Telomerase is the specialized DNA polymerase that synthesizes new telomere sequences
onto chromosome ends*523, Telomerase has two conserved components that carry out the
function of telomere repeat addition: the core telomerase protein, TERT, which contains the
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telomerase reverse transcriptase domain, and an essential RNA component, TR (also known
as TERC), which complexes with TERT and provides the template for telomeric sequence
synthesis?3-25, The human telomerase holoenzyme is thought to assemble in the Caj al
body, where TERT and TR form a ribonucleoprotein enzyme complex26. Although TERT
and TR are sufficient to generate enzyme activity /n vitro, telomerase relies on other proteins
for its assembly, trafficking and regulation?6:27. The best-characterized mammalian
telomerase accessory component is the dyskerin proteintl. Dyskerin forms a core complex
with three smaller proteins NHP2, NOP10 and GARL1 (Ref. 28). Dyskerin binds to an H/
ACA box RNA structural motif within TR (as well as small nucleolar RNAs) and is
essential for TR stability and telomerase function /in vivol%11.29 (Fig. 1). Another protein,
the telomerase Cajal body protein 1 (TCABL), binds TR and regulates its trafficking30-31
(Fig. 1). As described below, mutations in the genes that encode the essential telomerase
components — namely, 7ERT, TRand DKCI — are a common cause of human telomere
syndromes.

Elongation of telomeres by telomerase is tightly regulated

Telomere elongation is cell-cycle-regulated; telomerase elongates telomeric DNA by adding
telomere repeats during S phase and into M phase32:33, Responding to cis-regulatory
mechanisms mediated through the telomere DNA-protein complex, telomerase
preferentially elongates the shortest telomeres, so only a subset of telomeres may be
elongated in any cell cycle34. The extent of telomere elongation is highly sensitive to
telomerase levels, as is evident by the hapl oi nsuf fi ci ency for genes encoding
telomerase components that is seen in yeast, mouse and human cells3>-41, Even at wild-type
levels, telomerase generally elongates only a few telomeres in any given cell cycle or
generation34:36, This may be due to unbalanced stoichiometry between telomerase and its
substrates, as well as to other telomerase-independent processes. Even in somatic human
cells that are naturally enriched for telomerase activity, such as haematopoietic stem cells
(HSCs), telomeres typically become shorter with each cell division and with age#243. In
human male germ cells, telomere lengths remain stable or even elongate with age3. The
mechanisms by which telomeres are maintained in germ cell lineages, which are enriched
for telomerase’, are not fully understood.

The limitation on the telomerase synthesis reaction on human telomeres favours telomere
shortening as a general default state and means that telomere shortening generally
accompanies cell proliferation. The constitutional telomere length in humans and mice is
likely to be set early in embryonic development, when telomerase activity is transiently
upregulated®4.

Some biological rationales that underlie the tight regulation of telomerase levels include the
possibility that short telomeres have a protective role as an innate tumour suppressive
mechanism in long-lived, multicellular organisms by limiting the replicative potential of
cells#. This idea is consistent with the fact that telomerase activity is upregulated in most
human cancers, which probably contributes to sustaining their immortality”. Limiting
telomerase levels may also prevent unwanted telomere addition at DNA double-strand-break
sites, which could happen if telomerase competes with appropriate DNA repair
mechanisms#6:47. Another compatible explanation may be that the telomere “clock
mechanism’ is under evolutionary selection because by possibly limiting organismal
lifespan, it ensures a constant infusion of a diverse genetic pool into the population of some
species.
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Telomere length measurement

To understand the links between genetic defects in telomere maintenance, telomere length
and disease pathogenesis, it is important to be able to quantify telomere length. Appreciation
for a unified genetic mechanism for a number of syndromes discussed below has been in
part due to advances in telomere length measurement and in assembling the normal ranges.
Measuring telomere length has unique considerations because in a given cell there are many
telomeres, and each telomere has a unique length. A complete telomere length profile
therefore reflects the mean telomere length as well as the length distribution within a given
cell type (for example, of the 92 telomeres in a human interphase cell). Studies in mice and
yeast have shown that it is not the average but the shortest telomeres that determine cell
responses, suggesting that only one, or a few, overtly short telomeres trigger the DNA
damage response and the consequent checkpoint cascade3448:49, For human fibroblasts, a
threshold of five dysfunctional short telomeres seems to be needed to trigger a senescence
response Jn vitro®Y. The shortest telomeres hence have a genetically dominant role in
determining cellular phenotypes. In human studies, measuring the shortest telomeres in a
population of cells is not readily feasible for practical reasons, and the mean telomere length
in leukocytes or leukocyte subsets is typically measured instead. When examining telomere
measurements within a mixed cell population, it is important to note that this is a surrogate
marker of the mean in a heterogeneous cell population and that telomere length is mosaic,
reflecting the telomere length regulation and replicative history of each cell type51:°2,
Methods that are commonly used to measure telomere length include restriction fragment
analysis, fluorescence /n situ hybridization and PCR-based techniques. These methods are
reviewed in detail elsewhere>3. In the monogenic syndromes discussed below, telomere
length measurement on peripheral blood lymphocytes using fluorescence /n situ
hybridization and flow cytometry is a useful diagnostic tool in certain clinical settings®4-57.

The monogenic telomere disorders

Several discoveries made during the past decade have underscored the importance of
telomere length maintenance in human disease. The initial discoveries primarily came from
studies of rare monogenic disorders of childhood but have more recently come to encompass
common disorders that manifest well into adulthood. Together they can be appreciated as a
single spectrum caused by defects in telomere maintenance. Synergistic with these genetic
discoveries has been a deepening understanding of telomerase and telomere biology that has
helped to define their underlying pathophysiology. In this section, we highlight the clinical
manifestations as well as the unique genetics of the monogenic telomere syndromes.

Although the Mendelian telomere disorders have diverse clinical presentations, they share
an underlying defect of short telomere length. Their grouping together as a syndrome
spectrum is crucial for clinical decisions because the short telomere defect in affected
individuals is present in germ cells and thus simultaneously affects multiple organs even
when one disease presentation predominates. The mutant telomere genes, their prevalence in
disease contexts and the genetic mechanisms by which mutant genes cause telomere
shortening are summarized in Table 1.

Childhood-onset telomere disorders

Dyskeratosis congenita was the first disorder to be linked to a mutant telomere gene911:38,
Its incidence is thought to be rare, estimated at 1 in 1 million individuals. Dyskeratosis
congenita is classically defined by mucocutaneous features: skin hyperpigmentation, or al

| eukopl aki a and nai | dyst r ophy®8. The primary causes of mortality are bone marrow
failure, pulmonary fibrosis and cancer>8. The underlying biology of the cancer-prone state in
dyskeratosis congenita is discussed later in this Review. Although affected individuals do
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not generally have overt progeroid features, they develop progressive and apparently
irreversible organ failure. The organ failure patterns resemble many features of age-related
disease3. In most cases (80%) of dyskeratosis congenita, the organ failure occurs first in the
bone marrow in aplastic anaemia®8->9,

Dyskeratosis congenita is characterized by the short telomere defect11:38:55 However, its
genetic basis and mode of inheritance vary, and X-chromosome-linked-recessive,
autosomal-dominant, autosomal-recessive and de novo cases have all been described®8:59,
Eight mutant genes have been identified in dyskeratosis congenita®:38:39.60-64 and all of
them encode telomerase or telomere protein components (summarized in Table 1).
Mutations in the X chromosome DKCZI gene, which encodes dyskerin, and TRF1-interacting
nuclear factor 2 ( 7/NF2), which encodes the shelterin component TIN2, are the most
commonly identifiable in classic dyskeratosis congenita®. Heterozygous 7/AMF2 mutations
usually manifest in the first decade of life as severe de novo dyskeratosis congenita cases
and are thus only rarely transmitted in an autosomal-dominant fashion62, Mutations in
TERT and TRaccount for less than 10% of autosomal-dominant dyskeratosis
congenita3®:39, Altogether, mutations in four genes — DKCI, TINF2, TERT and TR—
account for most dyskeratosis congenita cases with an identifiable genetic defect. Mutations
in the telomerase accessory proteins NHPZ (Ref. 60), NOP10 (Ref. 61) and TCABI (Ref.
63) have been reported in rare autosomal-recessive families. A recent case report identified
biallelic mutations in CTCZ in a patient with dyskeratosis congenita®. In ~40% of cases,
dyskeratosis congenita remains genetically uncharacterized.

Two other rare disorders with onset in infancy have been linked to severe telomere
dysfunction and mutant telomerase and telomere genes (Table 1). Hoyeraal-Hreidarsson
syndrome is characterized by developmental delay, immunodeficiency and cerebellar
hypoplasia®®. Revesz syndrome is characterized by bilateral exudat i ve ret i nopat hy52.
These more severe telomere syndromes are associated with extensive telomere shortening
and often first present with complications related to immunodeficiency, and bone marrow
failure develops later in life, similarly to dyskeratosis congenita®® (Fig. 2). Recently,
biallelic mutations in C7CZ were identified in patients with Coat s pl us syndr one,
which is characterized in part by exudative retinopathy and intracranial calcifications®6:67,
Both of these features can be seen in Hoyeraal-Hreidarsson and Revesz syndromes. C7C1
mutation carriers have a short telomere length relative to age-matched controls, but whether
this is a pure telomere disorder or a compound defect that is also related to non-telomere
functions of CTC1 remains to be fully determined?2:66, On the basis of their overlapping
clinical findings, Hoyeraal-Hreidarsson and Revesz syndromes (and probably Coats plus
syndrome) represent the same spectrum of disease because retinopathy, intracranial
calcifications and bone marrow abnormalities can be seen in all three disorders and occur in
the setting of very short telomere length. The differing nomenclature of these disorders
probably reflects in part the clinical complications that were first documented before
elucidation of the shared underlying telomere defect.

Adult-onset manifestations of telomere-mediated disease

Telomere disorders most commonly manifest as adult-onset disease and as a consequence of
germline TERT or TR loss-of-function mutations!3. The frequency of these mutations is
highest in individuals with the progressive disorder IPF, which accounts for 8-15% of
familial and 1-3% of sporadic cases®#:56:68.69 |n families, pulmonary fibrosis displays
autosomal-dominant inheritance with age-dependent penetrance. In IPF patients with
telomerase mutations, the mean age of onset is 51 years, although IPF can manifest as late as
the ninth decade of life’%71, IPF is therefore one of the latest adult-onset presentations of a
Mendelian disorder. Because IPF affects an estimated 100,000 individuals in the United
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States alone, lung disease is the most prevalent manifestation of mutant telomere genes2. In
addition, 3-5% of apl asti ¢ anaeni a patients carry mutant 7TERT and 7R genes*1:72.73,
Liver cirrhosis, which is a known complication of dyskeratosis congenita, can also be a first
adult-onset presentation of mutant telomerase genes3?:74. The spectrum of monogenic
telomere-mediated disorders is therefore broad, and the historically coined classic
dyskeratosis congenita criteria identify only a small subset (perhaps less than 5%) of
affected individuals!2.

The telomere syndrome concept

The phenotypic heterogeneity caused by mutant telomere genes (summarized in Table 1)
may initially give the impression that telomere shortening causes isolated cases of IPF,
aplastic anaemia or dyskeratosis congenita. However, affected individuals often have
subclinical disease concurrently in other organs, even when symptoms related to a single
disorder predominate!3:39, For example, patients with IPF who have mutant telomerase
genes are at an increased risk of developing bone marrow failure and liver disease®* 71,
Conversely, individuals with telomere-related aplastic anaemia have an increased incidence
of fatal pulmonary fibrosis when they are exposed to pulmonary toxic drugs in the bone
marrow transplant setting, even though they may have previously had no symptoms®87%,
Indeed, the co-occurrence of IPF and bone marrow failure, along with liver cirrhosis, is
specific to and highly predictive of a germline telomere maintenance defect!3:39.71, The
shared underlying telomere defect in aplastic anaemia and IPF brings together clinical
entities that were previously considered to be disparate and defines a recognizable syndrome
complex that predominantly manifests in adults, in contrast to dyskeratosis congenita.
Recognizing the adult manifestations of the telomere syndrome spectrum is important for
diagnostic and treatment decisions in several common, important clinical settings126.

Telomere syndromes predispose to cancer

Patients with telomere syndromes are cancer-prone. In classic dyskeratosis congenita, where
it has been studied, cancer diagnoses have been estimated to occur at an 11-fold increased
incidence relative to the population in one series’>. However, the cancer-related mortality is
limited to approximately 10% of dyskeratosis congenita cases, with the remaining mortality
attributable to the degenerative disease phenotypes described above. The cancer spectrum in
dyskeratosis congenita has a predilection for high-turnover tissues with an increased
incidence of squamous cell carcinomas of the skin, upper aerodigestive and anogenital
tracts’®. In addition, both dyskeratosis congenita and IPF patients are prone to developing
haematological malignancies, commonly manifesting as myelodysplasia or acute myeloid
leukaemia’0:75:76, Acute myeloid leukaemia is a known complication of aplastic anaemia,
but it may possibly be a first presentation of a germline mutation in 7ERT7 or TRin a subset
of familial leukaemia cases (20%)’7 and, at a much lower frequency, sporadic cases’8.

The biological basis underlying the increased cancer incidence in dyskeratosis congenita
may involve more than one mechanism. Defects in telomere function that lead to the
genomic instability that is seen in some animal models have been implicated as one possible
pathway 9, although in most mouse studies, short telomeres have been found to be cancer-
protective rather than cancer-promoting8%. Telomere length limits the long-term proliferative
capacity of the adaptive immune system in patients with telomere syndromes®1, and this
immunodeficiency in turn may lead to a failure of cancer surveillance. It is also possible that
the increased cancer incidence may be intrinsic to the organ failure state itself, rather than to
the telomere defect per se82. This latter model could explain the inherent increased risk of
malignant transformation in both acquired and inherited forms of aplastic anaemia.
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Genotype—phenotype correlations

Telomere length is a modifier of disease severity

Mutations in 7ERT and TR are the most commonly identifiable defects in monogenic
telomere syndromes. They manifest in an autosomal-dominant inheritance pattern because
complete or partial loss-of-function of one allele is sufficient to perturb telomere
maintenance38:3941, The dominant pattern of inheritance in affected families distinguishes
these essential telomerase genes, with their strict gene dosage requirement, as a rare
exception among the usually recessive DNA repair disorders. They are therefore also
substantially more prevalent. The most compelling evidence for the causal role of telomere
shortening as a primary modifier of disease is that families with mutant telomerase genes
display geneti ¢ anti ci pati on3983, In an autosomal-dominant family with a single
mutant telomerase gene, adults with long telomeres may not develop disease until the
seventh decade, their immediate offspring may show disease in mid-life, and in turn their
progeny may be severely affected in childhood3°. This anticipation closely parallels the
progressive telomere shortening with each successive generation and occurs because
telomeres shorten in germ cells, and the shortened telomeres are transmitted to progeny
along with the mutant telomerase gene (Fig. 3a). Genetic anticipation due to telomere
shortening was initially described in telomerase-null mice that similarly display
progressively worsening phenotypes in late generations®*5, Aside from trinucleotide repeat
expansion, telomere shortening is the only other characterized molecular mechanism of
genetic anticipation in autosomal-dominant disorders.

Telomere length is a modifier of disease type

In autosomal-dominant families, the phenotype also predictably evolves with progressive
telomere shortening. In earlier generations, pulmonary fibrosis is usually the primary
manifestation, whereas in later generations, bone marrow failure in younger individuals is
seen as a first complication’1. On the basis of this evolving pattern, dyskeratosis congenita
— with its classic mucocutaneous features — is predicted to manifest eventually in
subsequent generations’? (Fig. 3b). Thus the entire spectrum of telomere-mediated disease
can be seen within a single family, although the number of generations across which the
disease evolves from a lung-predominant to a bone-marrow-predominant phenotype depends
in part on the degree of telomerase loss-of-function and probably on the initial telomere
length in the founder3%:76, This unfolding pattern of disease in autosomal-dominant telomere
syndromes is unique among Mendelian disorders. It can pose clinical challenges towards
recognizing the genetic basis because in families, older generations may not develop disease
until long after a young family member is diagnosed, and the disease type may be different.
This heterogeneity also makes for complex clinical genetic counselling discussions. The
extent of telomere shortening also correlates with the disease type and severity beyond
autosomal-dominant families13:26.62.86 (Fig. 2). Hence, the degree of telomere shortness is a
determinant of both disease severity and type.

Telomere length is a heritable trait

Evidence from mouse studies

Even when the telomere maintenance genes are intact, there is compelling evidence from
model systems that telomere length — “the telotype’ — is a uniquely inherited
genotype36:82.87 |n most Mus musculus laboratory strains, the mean telomere length is ~50
kb. This contrasts with Mus castaneus mice, a wild-derived strain with a shorter mean
telomere length (~15 kb) and a homogeneous telomere length distribution comparable to
humans. M. castaneus therefore offers an opportunity to model telomere dynamics relevant
to humans in a defined genetic background36-40:88 \When quantified, telomere length is short
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in wild-type offspring of parent M. castaneus mice that have short telomeres, indicating that
telomere length is inherited36:82 (Fig. 3c). Because these offspring mice are wild-type at
every gene locus but have short telomeres, they are referred to as ‘wt*” in the literature36:82,
wt* mice provide a model for testing whether short telomeres on their own are sufficient to
cause disease. Indeed, wt* mice show the same degenerative phenotypes as telomerase-null
mice, albeit in a milder form36:82, Importantly, the telomere-related phenotypes can persist
in wt* mice for several generations, until the telomere length set point is restored8? (Fig. 3c).
The influence of parental telomere length in progeny occurs because telomere elongation,
even at wild-type levels of telomerase, is only incremental during development, and
telomerase restores the length of some, but not all, short telomeres82. Therefore, telomere
length is inherited as a unique genotype, and its inheritance can be uncoupled from the
telomerase and telomere gene loci.

Heritability of telomere length in humans

The heri t abi | i ty of telomere length is also supported by human studies. Progeny of
individuals with 7TERT or TR mutations are known to have short telomeres relative to age-
matched controls even when they do not inherit a mutant gene’%.76:89 (Fig. 3c). It still
remains unclear, however, whether the telomere shortening in these individuals is a risk
factor for telomere-mediated phenotypes. In addition to studies in families, a number of
population-based twin and non-twin studies have shown that parental telomere length
(especially the paternal) influences offspring telomere length with heritability estimates
ranging from 0.36-0.84 (reviewed in Ref. 90). These observations collectively support that
telomere length is a genetically determined trait and that short telomeres are probably
sufficient to cause disease phenotypes within similar thresholds to those seen in monogenic
disorders. Because telomere length is polymorphic in populations and a shorter length
accumulates with age, it is intriguing to consider that the short telotype may contribute to the
m ssing heritability for disorders that are considered to have complex inheritance,
especially those that have an age-dependent penetrance.

Mechanisms of telomere-mediated disease

Dissecting the underlying molecular mechanisms of telomere-mediated disease has
important clinical implications because currently available treatments are limited and do not
reverse the underlying pathology except with organ transplantation!3. On a molecular level,
telomere dysfunction is thought to be a consequence of shortening the telomeric DNA repeat
tracts to the extent that they no longer support a functional shelterin complex18. The short,
dysfunctional telomeres trigger a DNA damage response that resembles the response elicited
by DNA double-strand breaks®1-94. The consequent signalling cascades activate checkpoints
that induce either cellular senescence or apoptosis, and in at least some contexts both
processes occur simultaneously®2:85.91.95 The downstream effector pathways of telomere-
induced senescence are largely p53-dependent®, but there may be involvement of the
retinoblastoma protein (RB) pathway in some settings®’. The effector pathway involved may
be cell- or tissue-type-specific, similarly to the responses to non-telomeric DNA damage®.

Although short telomeres cause similar cellular responses (namely, apoptosis and
senescence) in different tissues, telomere-mediated disease manifests as apparently diverse
disease processes. This is evident in the contrast between the bone marrow failure state of
aplastic anaemia and the scar-forming phenotype of IPF. The telomerase-knockout mouse
has provided an important model for understanding telomere-mediated disease mechanisms
because there is a remarkable convergence with human disease phenotypes (an overview is
shown in Table 2)36:82:84.85.97.99-111 AJthough it was initially clear that high-turnover
tissues are particularly sensitive to telomere length85:101.112 'more recently it has been
recognized that telomere dysfunction causes prominent phenotypes in slow-turnover
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tissues®7:99.100.103 (Taple 2). Clinically, this is most apparent in the high penetrance of
pulmonary disease in telomerase mutation carriers, even though the lung has a slow mitotic
rate®6:99, We propose that at least three primary mechanisms explain the diverse telomere-
mediated disease phenotypes. These are discussed separately below within the organ context
in which they have been considered, although almost certainly overlapping mechanisms
have a role.

Stem cell failure in highly proliferative tissues

Cell turnover is remarkably high in the haematopoietic compartment, where an estimated
109 cells are produced every hourl13, It is therefore not surprising that telomere-associated
disease manifests so prominently in the bone marrow. Haematopoiesis relies on the self-
renewal and differentiation capacity of a well-characterized oligoclonal stem cell
compartment. In both humans and mice, there is clear evidence that short telomeres cause
quantitative and qualitative defects in HSCs, which manifest as stem cell
exhaustion36:41.71.114-117 (Fjg 4). The cellular mechanisms and the downstream effectors of
telomere-mediated stem cell failure are not completely known, but deletion of cyclin-
dependent kinase inhibitor 1a (Cdkn1a), which encodes p21, a transcriptional target of p53,
partially rescues the HSC self-renewal defect in micel1®, In humans, the aplastic anaemia
phenotype can be reversed with al | ogenei ¢ stem cel | transpl ant, indicating that
this telomere-related stem cell failure state is primarily cel | - aut ononous. Telomere
dysfunction also causes stem cell failure phenotypes in other tissues. For example, in the

intestinal epithelium, it manifests as villous atrophy due to a loss of cr ypt st em
cel | 536,101,118

Multiple hits are additive to telomere dysfunction in slow-turnover tissues

In contrast to the bone marrow, in the lung, cell turnover is very slow (2% per week in
murine alveolar epithelial cells)®®. Moreover, the telomere defect alone is not sufficient to
induce spontaneous lung disease in mice99. Instead, a second insult is required, and when
mice with short telomeres are experimentally exposed to cigarette smoke, which is known to
accelerate disease onset in human telomerase mutation carriers, they develop lung disease®.
In this setting, the cigarette smoke causes additive damage to dysfunctional telomeres in
lung epithelial cells. The cumulative effect is likely to reach a threshold of cellular damage
that develops into an airspace destruction phenotype recognized as emphysema. The
requirement for a ‘second hit’ in the lung may be related to the fact that its basal
proliferation rate is very slow, and therefore replicative exhaustion is delayed. Indeed, in
mouse models, short telomeres have been shown to lower the disease threshold to other
exogenous and endogeneous damage, such as -y-irradiation!1? and endoplasmic reticulum
stress due to protein misfolding®’ (Fig. 5a). A model that requires multiple additional hits
for phenotypes to manifest in slow-turnover tissues could explain why telomere-mediated
lung disease represents an attenuated, adult-onset phenotype that is commonly seen after
middle agel2:99,

How telomere dysfunction causes t i ssue renodel | i ng, as seen in fibrosis (in the lung
and liver), as well as air space destruction in emphysema is not fully understood. Because
telomere dysfunction causes epithelial defects in other tissues, it has been hypothesized that
the fibrotic phenotypes may be consequences of epithelial stem cell exhaustion®6. One
model to explain the progressive fibrosis that characterizes these disorders is that epithelial
senescence or apoptosis stimulates a lung-remodelling response®:99. Indeed, some types of
cellular senescence, including the telomere-induced replicative type, are associated with an
in vitrosenescence- associ at ed secretory phenot ype (SASP), where cytokines
and proteases are detected in culture medial2. Differential secretory profiles have also been
detected in sera from mice with short telomeres!2L, Therefore, telomere dysfunction in
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epithelial cells, or perhaps another cell type, might cause parenchymal organ remodelling,
which manifests as fibrosis and/or emphysema?6:54.99,

Exocytosis defects in pancreatic B-cells

Although telomere dysfunction causes obvious histopathology in the bone marrow and
parenchymal organs, there is evidence that in some settings, short dysfunctional telomeres
compromise organ homeostasis even when cell mass is preserved. This mechanism has been
elucidated in adult mouse p-cells of the pancreatic islets, which have a fairly slow turnover
(4% per week). Short telomeres cause spontaneous insulin secretion defects /n7 vivoand in
vitro, even when the B-cell mass is intact®’ (Fig. 5b). Although they appear morphologically
normal, mouse B-cells with dysfunctional telomeres show the hallmarks of senescence. They
have an activated DNA damage response, impaired proliferation, p16!NK4A ypregulation and
altered gene expression®’. The dysregulation of gene expression affects pathways that are
essential for insulin secretion signalling and exocytosis, including mitochondrial function
and Ca?* handling®’. Therefore, it seems that telomere-induced senescence represents more
than a loss of replicative potential and can limit cellular function even when cells appear
morphologically intact®’. Gene expression changes due to telomere shortening also occur in
vitro in fibroblasts undergoing replicative senescencel?2. Notably, impairment of insulin
secretion in the presence of an intact B-cell mass also occurs in the early stages of human
age-related diabetes!23, The fact that the gene expression changes that occur during
telomere-induced senescence cause functional changes in the absence of structural tissue
disruption highlights a novel mechanism by which senescence and its associated gene
expression changes cause disease. Shortened dysfunctional telomeres in other mouse cell
types, such as cardiac myocytes and hepatocytes, have also been associated with decreased
mitochondrial copy number and defective oxidative metabolism103, In these tissues, the
metabolic dysfunction appears to be due to the effect of downregulation of PGC1la, which is
a transcriptional co-activator that is important for mitochondrial biogenesis'93. Future
studies may unravel a role of telomere dysfunction in other secretory tissues, such as the
nervous system, which like the endocrine pancreas manifests an age-dependent functional
decline.

Summary and implications

Telomere syndromes represent an archetype of premature-ageing syndromes because the
short telomere defect they share is progressively acquired with age in humans. Their
recognition as a syndrome spectrum has important clinical implications because it brings
together seemingly unrelated disease states that share the shortened telomere pathology, as
well as overlapping phenotypes. There is compelling evidence that telomere length is
heritable, and because it is a measurable genotype it may eventually be shown to account for
previously missing heritability of a subset of age-dependent complex disorders. Beyond its
canonical phenotypes in high-turnover tissues, telomere dysfunction is sufficient to cause —
and indeed commonly causes — degenerative phenotypes in slow-turnover tissues. These
additional phenotypes now extend the scope of telomere-mediated disease into clinical
contexts of prevalent conditions, such as IPF and diabetes.

The now-evident connections between telomere biology and disease are expected to evolve
in the coming years. As the tools for understanding the basis of Mendelian disorders
continue to abound, novel genes in uncharacterized telomere syndrome cases almost
certainly will emerge. Such discoveries would enrich the understanding of how telomeres
are maintained. With the increasing clinical appreciation of new disease patterns and the
availability of genetic testing, defining how telomere biology can inform individualized
medicine decisions will be important. Another important challenge that emerges from the
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clinical connections we have discussed here will be how to integrate the science of
telomeres into advancing the understanding of a number of untreatable conditions.

Relevantly to the topic of this Review, we emphasize that telomere biology research started
with a curiosity-driven focus on the molecular mechanisms of chromosome biology.
Connections to disease followed decades after the fundamental foundations were laid, in
contrast to much human genetics-initiated investigation. Many of the early discoveries came
from studying simple organisms, such as the protozoan 7etrahymena thermophila and
yeasts, in which clinical implications could not have been prospectively envisioned®. The
emerging appreciation for the scope of telomere-mediated disease now in turn poses new
possibilities to unravel still-puzzling fundamental aspects of telomeres that can inform
clinical paradigms.
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Glossary

Senescence Classically defined as a permanent arrest in the cell cycle in
GO.

Pulmonary fibrosis A scarring disorder of the lung in which alveolar structures are
replaced with extracellular matrix components such as
collagen.

Cajal body A small subnuclear organelle that contains the telomerase
ribonucleoprotein complex, as well as other newly assembled
ribonucleoproteins.

Haploinsufficiency A state in a diploid organism whereby one normal gene copy
is insufficient for normal function.

Oral leukoplakia White patches in the mucosa of the mouth; this is often
considered to be a precancerous state.

Nail dystrophy Abnormal or absent finger nails.

Exudativeretinopathy A condition in which white—yellow spots are seen in the
retina, indicating damage to retina blood vessels. When it is an
isolated finding, it is often referred to as Coats disease.

Coats plus syndrome A syndrome defined by multiple congenital anomalies that are
beyond the retinal abnormalities of Coats disease patients.

Aplastic anaemia A bone marrow failure state characterized by low blood
counts and a paucity of haematopoietic cells in the bone
marrow.

Genetic anticipation A pattern by which a certain phenotype manifests at an earlier

age and with increasing severity with successive generations
in autosomal-dominant disorders.
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Heritability A quantification of the genetic component contributing to a

specific trait.

Missing heritability The state in which the specific genotypes underlying the

inheritance of a certain trait are not known.

Allogeneic stem cell Transplant of stem cells, most frequently bone-marrow-
transplant derived, from an alternative donor to replace a failed organ.

Cdll-

autonomous An effect that is intrinsic to a specific cell type and not to an
independent factor beyond that cell type.

Crypt stem cells Cells in the intestinal crypt that are responsible for the

regenerative capacity of the epithelial protective barrier in the
intestine.

Tissueremodeling The process by which tissue structures change, often in the

setting of recovery from injury or healing.

Senescence-associated The phenomenon by which cultured senescent cells secrete
secretory phenotype growth factors, cytokines and proteases.
(SASP)
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Figure 1. Telomerase and telomere componentsinvolved in human monogenic telomere
syndromes

Components for which mutations have been identified in telomere syndromes are indicated
in bold type and shaded in blue. Shelterin complex components are made up of six
component proteins — telomere repeat-binding factor 1 (TRF1), TRF2, repressor/activator
protein 1 (RAP1), TRF1-interacting nuclear protein 2 (TIN2), TIN2-interacting protein 1
(TPP1) and protection of telomeres 1 (POT1) — which are essential for telomere protection
and for regulating telomere elongation. The telomerase enzyme complex is comprised of
TERT (the reverse transcriptase) and TR (the essential RNA component that contains a
template for telomere repeat addition). TR contains a 3"H/ACA box motif that binds the
dyskerin protein, which is part of a larger dyskerin complex that also consists of NHP2,
NOP10 and GARL. Note that for simplicity, one dyskerin complex is shown per TR
molecule, although two copies are now thought to bind each TR. Telomerase Cajal body
protein 1 (TCABL) binds a Cajal body localization motif in TR and has a role in TR
trafficking and biogenesis. In the Cajal body, TR and TERT assemble into a functional
holoenzyme complex. The CST complex has three components — conserved telomere
protection component 1 (CTC1), suppressor of cdc thirteen 1 (STN1) and telomeric pathway
with STN1 (TEN1) — which are thought to function in part in telomere lagging-strand
synthesis. Figure adapted, with permission, from Ref. 13 © (2009) Annual Reviews.
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Figure 2. Age-dependent manifestations of telomere syndromes

A schematic drawing that illustrates the typical range of telomere lengths by age in, for
example, peripheral blood lymphocytes. At every age, telomere length displays a normal
distribution that is defined by the percentile lines labelled on the right. Telomere length in
individuals with four different clinical presentations across the age range is indicated. The
dashed lines represent a typical age range in which these disorders may first manifest, and
‘G, ‘Gp+ 17 and ‘G, 4 o’ designate three successive generations manifesting with earlier-
onset and evolving disease type owing to progressive telomere shortening.
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Figure 3. Unique genetics of autosomal-dominant telomere syndromes

a | Schema of a typical autosomal-dominant family with an inherited mutation in 7ERT (the
reverse transcriptase) or 7R (the telomerase RNA) showing earlier-onset disease with each
generation, as illustrated by the darkening shades of purple. b | Disease type evolves in
autosomal-dominant families from lung-predominant, which commonly manifests as
idiopathic pulmonary fibrosis (IPF), to bone-marrow-failure-predominant, which presents as
aplastic anaemia or dyskeratosis congenita. ¢ | In mouse and human families, progeny of
telomerase mutation carriers inherit the short telomeres even when they do not carry the
mutant telomerase gene and are designated wt*. Mice with the wt* genotype have mild
telomere-mediated phenotypes, but it remains unclear whether this is the situation for human
cases (as represented by the question mark). The telomere length in human families is
restored in progeny of these individuals. Figure adapted, with permission, from Ref. 12 ©
(2012) Elsevier.
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Figure 4. Short telomer es cause haematopoietic stem cell failure

a | Simplified schema of the haematopoiesis hierarchy with intact telomere length (left
panel) and in the presence of telomere dysfunction (right panel). Telomere dysfunction
causes both quantitative and qualitative defects in haematopoietic stem cells, which cause a
decrease in mature blood forms. Defects in lymphopoiesis also cause immune defects. b |
Histopathology of normal bone marrow biopsy shows intact marrow cellularity and
haematopoietic cellular elements (left panel). In the right panel, a photomicrograph of a
bone marrow biopsy from an individual with aplastic anaemia shows acellular marrow and
replacement of the marrow parenchyma by fat. Panel b reproduced, with permission, from
Ref. 13 © (2009) Annual Reviews.
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Figure 5. M echanisms of telomere-mediated disease in slow-tur nover tissues

a| Telomere length lowers the threshold to endogenous and exogenous damage, which is
hypothesized to precipitate disease in slow-turnover tissues. b | A schematic of an insulin-
producing B-cell showing the mechanism of a telomere-mediated insulin exocytosis defect.
Glucose passively enters p-cells through the glucose transporter type 2 (GLUTZ2; also known
as SLC2A2). Following glycolysis, ATP is generated by oxidative phosphorylation in the
mitochondria. The net cytosolic change of the ATP/ADP ratio leads to closure of ATP-
dependent K* channels and opening of Ca2* channels. The influx of extracellular Ca?*
results in an increase in the concentration of free, intracellular Ca2* ([Ca2*];), which triggers
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the release of insulin from both reserve and back-up pools. Short telomeres cause gene
expression changes in pancreatic islets, which are associated with global metabolic
dysregulation, mitochondrial dysfunction and concurrent defects in glucose-dependent and
glucose-independent Ca2* handling.
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Disease spectrum, frequency of gene mutations and mechanism of telomere shortening in telomere syndromes

Autosomal-recessive dyskeratosis congenita

Gene First diagnosis Mutation M echanism of telomer e shortening Refs
frequency (%)
TERT,  Familial IPF 8-15 . Partial loss-of-function 36, 38, 39, 41,
TR : o 54,56, 68, 73,
Sporadic IPF 1-3 +  Haploinsufficiency 74, 77,111,
. . 116
Aplastic anaemia 3-5
Autosomal dominant dyskeratosis congenita  19*
Familial MDS-AML 20
DKC1 De novo dyskeratosis congenita ? . Partial loss-of-function 9,11, 124,125
X-linked recessive dyskeratosis congenita 15-25% . Decreased TR stability and
biogenesis
Hoyeraal-Hreiderasson syndrome ?
TINFZ  De novo dyskeratosis congenita 15-25~ . Not completely understood 62, 126, 127
Autosomal-dominant dyskeratosis congenita  Rare ) Probably dominant-negative
mutations
Hoyeraal-Hreiderasson syndrome Rare
Revesz syndrome Rare
NOP10  Autosomal-recessive dyskeratosis congenita ~ # Presumed loss of telomerase function 61
NHP2  Autosomal-recessive dyskeratosis congenita £ Presumed loss of telomerase function 60
TCAB1  Autosomal-recessive dyskeratosis congenita £ Impaired TR trafficking; loss-of-function 63
crci Coats plus syndrome 90 Loss-of-function 22,64, 66, 67

*
Refers to frequency of total dyskeratosis congenita patients.

fOnIy two cases have been reported for each of these genes in the literature to date. AML, acute myeloid leukaemia; C7CZ, conserved telomere
protection component 1; DKCI, dyskeratosis congenita 1; IPF, idiopathic pulmonary fibrosis; MDS, myelodysplastic syndrome; 7TCABI,
telomerase Cajal body protein 1; 7/AF2, TRF1-interacting nuclear factor 2.
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Organ-specific disease phenotypes in humans and mice with short telomeres

Tissuetype Disease manifestationsin humanswith
telomere syndromes

Telomer e phenotypesin mice with short telomeres

High-turnover tissues

. B, T and NK cell immunodeficiency®81

Skin Premature hair greying®859 Premature hair greying®0!
Bone marrow Aplastic anaemialt116 *  Ineffective haematopoiesis3®:85.101

*  Quantitative and qualitative HSC defects!14117.118
Immune *  Opportunistic infections'% *  Opportunistic infections

Impaired vaccine and T cell responses®2104

Skewed T cell ratio (CD4* to CD8*)104

Intestinal epithelium  Enterocolitis®5:110

Enterocolitis®?

Villous blunting0?

Slow-turnover tissues

. Avascular necrosis®®

Lung . Premature-onset emphysemal2 Emphysema with cigarette smoke®®
*  Idiopathic pulmonary fibrosis'?
Liver Cryptogenic liver fibrosis—cirrhosist374 Fibrotic fatty liver changes after injuryl02
Bone . Osteoporosis®® Decreased threshold for osteoporosis in Wrr+-deficient micel®”

Endocrine Uncertain

Impaired glucose tolerance owing to defective
insulin secretion®”

Decreased threshold for apoptosis with
endoplasmic reticulum stress in p-cells®’

Acquired insulin resistance with a high-fat diet108

Cardiac muscle

Dilated cardiomyopathy00

Skeletal muscle

Decreased threshold for Duchenne myopathy05

Cancer

Multiple tissue types *  Epithelial cancers (skin and other)’s

. Haematological malignancies (MDS and
AML)™

Gastrointestinal microadenoma3®

AML, acute myeloid leukaemia; ER, endoplasmic reticulum; HSC, haematopoietic stem cell; MDS, myelodysplastic syndrome; NK, natural killer;

Wirrn, Werner syndrome ATP-dependent helicase.
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