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Telomere length shortens with age and predicts the onset of replicative senescence. Recently, short telomeres have 
been linked to the etiology of degenerative diseases such as idiopathic pulmonary fibrosis, bone marrow failure, 
and cryptogenic liver cirrhosis. These disorders have recognizable clinical manifestations, and the telomere defect 
explains their genetics and informs the approach to their treatment. Here, I review how telomere biology has become 
intimately connected to clinical paradigms both for understanding pathophysiology and for individualizing ther-
apy decisions. I also critically examine nuances of interpreting telomere length measurement in clinical studies.

Understanding basic biological mechanisms holds the potential 
to advance clinical paradigms. The emerging impact of telomerase 
and telomere biology in medicine provides a clear example of this 
promise. Research in this area was initially sparked by fundamen-
tal questions about how genomes are protected at chromosome 
ends, and focused on curiosity-driven questions in maize, yeast, 
and protozoa (1). These highly conserved molecular mechanisms 
have now led to unforeseen benefits for understanding idiopathic 
disease and have opened a new area of translational research. Here 
I review the trajectory of the evolving role of telomere biology in 
clinical paradigms and highlight how it has become central to 
understanding the pathophysiology of age-dependent disorders 
as well as for informing new approaches to their treatment.

Telomeres and telomerase
Telomeres define the ends of linear chromosomes. They are made 
up of repetitive DNA sequences that are bound by specialized pro-
teins. The human telomeric DNA sequence is a tandem repeat of 
TTAGGG that extends several kilobases (a mean of 10 kilobases in 
umbilical cord blood) (2–4). The telomere-binding complex of pro-
teins, known as shelterin, together with telomere DNA, functions 
as a dynamic unit that protects chromosome ends from being rec-
ognized as broken DNA, thus preventing their degradation and 
participation in fusion events (5). Telomeres are therefore essential 
for the maintenance of genomic integrity.

Telomerase is the specialized polymerase that synthesizes new 
telomere repeats (6, 7). It offsets the shortening that normally 
occurs with cell division since the replication machinery does not 
copy fully to the ends. Telomerase has two essential core com-
ponents, the telomerase reverse transcriptase (TERT) and the 
telomerase RNA (TR), the latter of which provides the template 
for telomere repeat addition (8–10). In human cells, telomerase is 
the primary mechanism by which telomeric DNA is synthesized 
de novo. As will be discussed, mutations in the TERT and TR 
genes are considered the most common cause of inherited human 
telomere-mediated disease (11). Even with mild perturbations in 
telomerase activity, telomere length homeostasis is disturbed and 
manifests in what has become recognized as a discrete syndrome 
complex, which recapitulates age-dependent disease processes 

(12, 13). As such, these mutations and their clinical consequences 
are the primary focus of this Review.

Telomere length is heritable
Telomeres have long been linked to processes of cellular aging. 
Since the 1990s it has been known that telomere length predicts 
the onset of replicative senescence (14, 15), a permanent state of 
cell cycle arrest that primary cells reach after they undergo a finite 
number of cell divisions (16). The fact that telomeres also shorten 
in vivo in humans with advancing age made a further compel-
ling case for the idea that telomeres play a role in age-related pro-
cesses. The evidence reviewed here shows that telomere shorten-
ing is sufficient to provoke age-related pathology. Several factors 
ensure that telomere shortening is a default state in somatic cells. 
Although telomerase offsets the end-replication problem, its lev-
els are tightly regulated and only a few telomeres are elongated 
in each cell cycle (17). Therefore, even cells that may be relatively 
enriched for telomerase activity, such as hematopoietic stem cells, 
undergo telomere shortening with age (4). The incremental elon-
gation of telomeres by telomerase can also be seen across genera-
tions (18). For both humans and mice, the telomere length of par-
entes determines the telomere length of their offspring (19–21). 
These observations have further established telomere length as a 
unique genotype (at times referred to as “the telotype”) and as a 
source of genetic variation across human populations (22).

Senescence and its emerging role  
in degenerative disease
When telomeres become critically short, they become dysfunctional 
and activate a DNA damage response that resembles double-strand 
breaks (23). The resulting signaling cascade provokes apoptosis 
and/or a permanent cell cycle arrest that, until recently, has been 
considered the primary functional consequence of senescence. Cell 
type–dependent factors determine whether apoptosis, senescence, 
or a combined phenotype predominates in response to dysfunc-
tional telomeres (14, 24, 25), although the molecular effectors that 
discriminate between these pathways are not entirely understood.

Recently, a more complex understanding of the senescence 
phenotype has been emerging and suggests a closer link to dis-
ease mechanisms than was previously appreciated. For example, 
although senescent cells are quiescent in the cell cycle, for rea-
sons that are not entirely clear, their gene expression profile is 
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altered (26). One consequence of this altered gene expression is 
that senescent cells secrete a predictable profile of cytokines, che-
mokines, and proteases into culture media, a phenotype known 
as the senescence-associated secretory phenotype (SASP) (27, 28). 
In vivo, the SASP has been hypothesized to play a role in the clear-
ance of damaged cells (29). Telomere dysfunction is furthermore 
associated with a state of decreased cellular metabolic activity (25, 
30). In mice with short telomeres, defective cellular metabolism 
in the setting of senescence manifests as mitochondrial dysfunc-
tion and aberrant Ca2+ signaling that cause insulin secretory 
defects by pancreatic β cells (25). These defects disturb glucose 
homeostasis in vivo. The fact that cellular senescence is associated 
with defective signaling and metabolism provides new contexts 
for understanding mechanisms of degenerative disease with age, 
particularly because these defects might occur in the absence of 
overt histopathology (25).

Mutant telomere genes cause premature aging disorders
The most compelling evidence that telomeres contribute to aging 
comes from the fact that mutant telomerase and telomere genes 
cause telomere shortening that manifests in age-related pheno-
types (see Telomere syndrome manifestations that overlap with human 
age-related phenotypes). Because telomere shortening is acquired 
universally with age, these disorders have a particular relevance for 
understanding mechanisms of age-related disease. Telomere-medi-
ated disorders show two hallmarks of age-related disease: degenera-
tive organ failure and a cancer-prone state (31). Age-related disease 
is additionally marked by atherosclerosis; however, premature vas-
cular disease has not been reported and does not, in our experience, 
seem to be accelerated in individuals with telomere disorders.

Eight genes have been implicated in monogenic telomere dis-
orders (reviewed in ref. 22). The most prevalent are heterozygous 
mutations in TERT and TR, which cause autosomal dominant 
disease. The dominant mode of inheritance occurs as a result of 
the sensitivity of telomere maintenance to telomerase levels, even 
when only one allele is perturbed (12, 18, 32–35). Mutations in 
TERT and TR usually cause significant morbidity after the repro-
ductive age is reached, and a greater number of offspring are 
affected as a result of their dominant mode of inheritance. They 
are thus estimated to be the most prevalent cause of inherited telo-
mere disorders, comprising at least 90% of cases (11). Mutations 
in genes encoding the X-linked telomerase accessory component, 
DKC1, which is essential for human TR stability, and the autoso-
mal shelterin gene, TINF2, explain a significant subset of pedi-

atric telomere syndrome cases, especially 
in the setting of dyskeratosis congenita, 
which was the first genetic disorder to be 
linked to telomere biology (36–38). Bial-
lelic mutations in the conserved telomere 
component 1 gene, CTC1, which plays a 
putative role in telomere lagging strand 
synthesis, have also been recently impli-
cated in rare autosomal recessive cases 
that also have predominantly pediatric 
presentations (39–41). There remains a 
subset of cases with inherited telomere 
phenotypes for which the mutant genes 
are unknown; their identification is the 
focus of ongoing research.

Recognizing a telomerase mutation carrier
Telomere-mediated disease has diverse presentations that span the 
age spectrum. Their type, age of onset, and severity depend on the 
extent of the telomere length defect. In infancy, severe telomere 
shortening manifests as developmental delay, cerebellar hypopla-
sia, and immunodeficiency, features that are recognized in the 
rare Hoyeraal-Hreidarsson syndrome (42). In children and young 
adults, telomere-mediated disease causes bone marrow failure and 
at times may be recognized in the mucocutaneous syndrome dys-
keratosis congenita, which is defined by a triad of mucocutane-
ous features — skin hyperpigmentation, dystrophic nails, and oral 
leukoplakia (33, 43, 44). Telomere-mediated disease manifests in 
adults as isolated or syndromic clustering of idiopathic pulmo-
nary fibrosis (IPF), liver cirrhosis, and bone marrow failure (31). 
Mutant TERT and TR genes account for 8%–15% of familial and 
1%–3% of sporadic pulmonary fibrosis cases (45–47). Because IPF 
affects at least 100,000 individuals in the United States, it is con-
sidered the most prevalent manifestation of the telomere disor-
ders (11). An individual who carries a telomerase mutation will 
therefore most frequently be clinically recognized as an adult with 
familial pulmonary fibrosis. Adult-onset telomere disease may 
rarely also manifest as sporadic or familial myelodysplastic syn-
drome or acute myeloid leukemia (48–50). The co-occurrence of 
IPF and bone marrow failure within a single family is highly pre-
dictive for the presence of a germline telomerase defect (51).

Although the manifestations of telomere-mediated disease occur 
in multiple organs and may appear clinically different, it has been 
proposed that their shared short telomere length defect unifies 
them under the umbrella of a single syndrome continuum (12, 22, 
31, 45, 46, 51). This molecular classification is significant because 
the telomere defect is present in the germline of these patients and 
thus, even when a single presentation predominates, complications 
that are relevant to managing symptoms and averting complica-
tions may arise in other organs. The regrouping of what have his-
torically been considered unrelated disorders provides new clinical 
insights as these conditions significantly overlap. The consideration 
of the telomere syndromes as a single spectrum exemplifies how a 
molecular classification of disease may help explain previously mys-
terious complications of treatment and refine clinical approaches.

Telomere-mediated disease manifests as stem cell failure 
in high-turnover tissues
The clinical manifestations of telomere shortening can be divided 
into two broad categories: those affecting high-turnover tissues and 

Telomere syndrome manifestations that overlap with human age-related phenotypes

High-turnover compartments Low-turnover compartments
Hair graying Idiopathic pulmonary fibrosis
Hair loss Emphysema
Nail ridging Liver fibrosis and cirrhosis
Periodontal disease Impaired glucose tolerance
Thrombocytopenia Defective insulin secretion
Decreased bone marrow cellularity Insulin resistance
Immunosenescence Osteoporosis
Gastrointestinal intraepithelial lymphocytosis
Increased cancer risk
Chemotherapy intolerance
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those affecting low-turnover tissues. This distinction is important 
for understanding disease patterns because the high-turnover phe-
notypes tend to appear first in pediatric populations and represent 
more severe disease (ref. 51 and Figure 1). For example, telomere 
syndromes in infancy manifest as severe immunodeficiency, which 
affects B cells, T cells, and NK cells, coincident with the extraordi-
nary replicative demands on the adaptive immune system during 
this period of development (42, 52, 53). Bone marrow phenotypes 
tend to appear later in children and young adults as isolated cytope-
nias or aplastic anemia (43, 45, 51, 54). The hematopoietic defects 
have been studied in animal models and represent a stem cell failure 
state whereby short telomere length limits both stem cell number 
and function (33, 51, 55–57). The telomere-mediated bone marrow 
failure phenotype is stem cell autonomous because allogeneic stem 
cell transplantation can reverse this state. The gastrointestinal epi-
thelium, another high-turnover compartment, is also affected in a 
subset of patients who develop an enteropathy marked by villous 
blunting that resembles celiac disease (53). These intestinal phe-
notypes are similarly thought to be caused by stem cell failure that 
appears as villous atrophy in mice with short telomeres (18, 58).

Telomere phenotypes in adults predominantly manifest 
in slow-turnover tissues
More commonly, telomere-mediated disease manifests in slow-
turnover tissues, such as the lung and the liver (Figure 1). These 

phenotypes frequently appear as de novo adult-onset disease, in 
contrast to the pediatric presentations of dyskeratosis congenita 
and related disorders. IPF presents at a mean age between 50 and 
60 years (range 31–87) (35, 45, 47, 51, 59, 60), and telomere-related 
cryptogenic liver fibrosis, based on reported cases, presents at a 
mean of 37 years (range 20–57) (12, 59, 61). The mechanisms of 
these adult-onset disorders can also be distinguished in animal 
models. In contrast to the high-turnover phenotypes that are read-
ily evident in the telomerase knockout mouse, telomere dysfunc-
tion in slow-turnover organs serves as the first of multiple acquired 
“hits” that contribute ultimately to organ failure (Figure 2). For 
example, mice with short telomeres do not develop de novo lung 
phenotypes, but acquire them only after chronic injury such as with 
cigarette smoke (62). Similarly, liver damage is only detected when 
mice with short telomeres are challenged with carbon tetrachloride 
(63). In the endocrine pancreas, telomere dysfunction cooperates 
with genetically induced endoplasmic reticulum stress to cause 
β cell apoptosis and manifest in worsening diabetes severity (25). 
Therefore, in tissues in which adult cell turnover is minimal, telo-
mere dysfunction disturbs organ homeostasis because of cumu-
lative hits in long-lived cells and eventually culminates in what 
appears as irreversible adult-onset disease (Figure 2). The cell types 
responsible for the telomere-induced fibrotic disorders are not 
known, but it has been hypothesized that these disorders, similar 
to the telomere-dependent bone marrow and intestinal defects, rep-

Figure 1
Clinical manifestations of telomere disorders and their onset relative to tissue turnover rate. Shown are representative images of diagnostic histo-
pathology and radiographic studies in patients with telomere-mediated disease (A–D) and 5-ethynyl-2′-deoxyuridine (EdU) incorporation detected 
in corresponding mouse tissues (E–H). The estimated turnover rate of more than 90% of cells is indicated for each pair of images. (A) Photomi-
crograph of a bone marrow biopsy showing an acellular marrow replaced by adipose tissue with only remnants of hematopoiesis, taken from an 
individual with aplastic anemia. Image reproduced with permission from Annual Reviews of Genomics and Human Genetics (31). (B) Histopathol-
ogy of a duodenal biopsy from a patient with telomere-mediated enteropathy shows profound villous atrophy. Image reproduced with permission 
from Aging Cell (53). (C) Abdominal CT scan image from a patient with liver cirrhosis, as evidenced by the nodular liver surface, the caudate lobe 
hypertrophy, and splenomegaly. (D) Lung windows of a chest CT scan from a carrier of the telomerase mutation show classic basilar honeycomb-
ing changes pathognomonic for IPF. (E) Flow cytometry plot of EdU incorporation in the bone marrow after a short (2-hour) pulse, showing that 
nearly one-third of the cells have undergone division. (F) Immunohistochemistry of intestinal section after a EdU pulse (5 days) shows that nearly 
all enteric epithelial cells are positively labeled (brown). (G) Brown staining shows EdU-labeled hepatocytes after EdU labeling (14 days). (H) Image 
of terminal bronchiole shows EdU-positive lung epithelial cells (red) identified by the Clara cell antigen (green) after 14 day label. 
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resent stem cell failure states (45). This framework has important 
implications for treatment strategies, as discussed below.

Evolving phenotypes in autosomal dominant  
telomere syndromes
Telomere length is the primary determinant of disease onset and 
predominant presentation in telomere disorders. This observation 
is supported by the fact that in families that carry mutant telom-
erase genes and display autosomal dominant inheritance, the dis-
ease worsens and appears earlier with each successive generation as 
the telomere length shortens (12, 64). Genetic anticipation due to 
telomere shortening was first recognized in telomerase-null mice, 
which develop worsening phenotypes with successive breeding (18, 
58, 65). In very late generations, mice die at pre-reproductive ages, 
which eventually limits the genetic lineage (19). The severity of the 
genetic anticipation in human families correlates in part with the 
extent of telomerase loss of function — families with functionally 
null telomerase alleles show more evident changes in onset across 
consecutive generations, in contrast to families that carry hypo-
morphic mutations (12, 35). Telomere phenotypes also evolve in 
autosomal dominant telomere syndromes. In older generations, 
slow-turnover disease tends to predominate, with IPF being the 
primary first complication. In later generations, a bone marrow 
failure–predominant phenotype often comes to attention first 
(51). Therefore, a single telomerase gene mutation can have het-
erogeneous manifestations within a given family (51). This evolv-
ing pattern is unique to these Mendelian disorders and distin-
guishes the telomere syndromes from other conditions that show 
genetic anticipation, such as the trinucleotide repeat expansion 
syndromes (66). Clinically, this pattern of inheritance poses par-
ticular challenges to genetic counseling discussions with at-risk 
individuals, as the type and onset of disease may be heterogeneous 
and difficult to predict.

Telomere biology and its role in advancing  
clinical paradigms
Telomere-mediated organ failure typically has a protracted 
course, especially in adults who may have subclinical disease for 
many years before becoming symptomatic (67). In some cases, 
for example with an offending insult such as an infection or an 
exposure to drug toxicities, acute declines can be sustained. In the 
past, this progressive course has led to a view of telomere disorders 

(such as aplastic anemia and IPF) as autoimmune processes, and 
to their empiric treatment with immunosuppression (33). With 
clear causal links to telomere defects, and with a growing apprecia-
tion for the full spectrum of telomere phenotypes, it is now pos-
sible to identify affected patients and thus to refine the treatment 
approach. Patients with telomere-related syndromes are known 
to have a higher incidence of adverse events with cytotoxic thera-
pies (44) which makes the diagnostic considerations particularly 
important. The current treatment for telomere-mediated organ 
failure is primarily supportive, and its complete reversal is feasible 
only with organ transplantation. Below I highlight some examples 
in which telomere biology has affected clinical paradigms.

Genetic stratification prior to bone marrow transplant 
can improve outcome
Patients with telomere syndromes may have subtle cosmetic 
features of aging (e.g., premature hair graying), but dysmorphic 
features are not sensitive and, in our experience, not sufficiently 
robust to make the diagnosis, even with training. In the setting 
of bone marrow transplantation, such diagnostic decisions are 
particularly imperative because patients with telomere syndrome 
have historically had poor outcomes with conventional bone mar-
row transplantation (reviewed in ref. 44). Morbidity and mortality 
occur primarily because of pulmonary and liver toxicity related 
to chemotherapy used in standard conditioning transplant regi-
mens. With appreciation for the broad telomere-related clinical 
spectrum, and with the availability of DNA sequencing and telo-
mere length measurement, improved selection has allowed for 
the testing of reduced-intensity regimens in dedicated studies for 
patients with telomere disorders. This approach has shown prom-
ising short-term outcomes (68).

Considering IPF as a disease of stem cell failure poses  
a challenge to some current approaches
IPF treatment is another evolving area in which telomere biol-
ogy challenges current treatment approaches. IPF is a progres-
sive disorder with a mean survival of 3 years from diagnosis (69). 
No approved treatments for IPF are currently available, and lung 
transplantation is accessible to only a small subset of patients who 
develop end-stage lung disease (less than 5%) (70, 71). Although 
telomerase mutations are the most commonly identifiable genet-
ic cause for familial pulmonary fibrosis, short telomere length 

Figure 2
Model for understanding the mechanisms of telomere-
mediated disease in high- and low-turnover tissues. In 
high-turnover tissues (left), cell replication is the primary 
determinant of disease onset. In contrast, in low-turnover 
tissues (right), other genetic and acquired hits contribute 
to disease onset. In both cases, telomere dysfunction 
induces apoptosis and/or senescence. The senescence 
phenotype may be associated with gene expression 
changes, mitochondrial dysfunction, aberrant Ca2+ sig-
naling, and the SASP.
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in pathological ranges is a common feature even in IPF patients 
without mutations (11). The telomere length defect is likely in the 
germline, as it is concurrently seen in multiple leukocyte subsets 
as well as lung epithelial cells (46). This observation has led to 
the idea that short telomere length may be a risk factor for this 
disease (46). In support of the idea that telomere length might 
play a role in driving apparently sporadic IPF is the observation 
that a subset of IPF patients concomitantly develops cryptogenic 
liver cirrhosis, another telomere-mediated phenotype (46). In the 
past two decades, the idea that IPF may be an immune-mediated 
disease has led to the use of immunosuppressive therapy outside 
and within clinical trials (ref. 72 and references therein). A recent 
phase III trial that randomized patients with IPF to the immuno-
suppressive regimen of N-acetyl cysteine alone, a combination of 
N-acetyl cysteine, prednisone, and azathioprine, or placebo alone 
was stopped early because the mortality rate in the group receiving 
combination treatment was 8-fold higher than that in the placebo 
group (73). The majority of deaths were reported as respiratory in 
nature, but it remains unclear whether they were indirectly related 
to systemic toxicity. Although the role of telomere defects in spo-
radic forms of IPF is not yet fully understood, the lack of efficacy 
combined with the increased toxicity seen in recent immunosup-
pression trials suggests that future clinical approaches to IPF 
treatment should account for the fact that patients with this form 
of idiopathic interstitial pneumonia may be exquisitely sensitive 
to cytotoxic drugs. IPF patients also fare poorly with cancer treat-
ment, an observation that is not commonly noted in patients with 
other lung disorders (74). It has been suggested that the appar-
ently irreversible scarring pattern of IPF may represent a stem 
cell failure state that will not amenable to reversal with immuno-
suppression similar to telomere-mediated aplastic anemia (45). 
Ultimately, fundamental research in lung biology following the 
telomere genetic clues has the potential to open paths to new treat-
ment paradigms for age-dependent fibrotic lung disease.

Defining thresholds for pathological telomere shortening 
in disease contexts
One important breakthrough that has emerged from the study of 
human monogenic disorders is the delineation of clinically mean-
ingful thresholds for telomere shortening. Through the use of the 
telomere length method of flow cytometry and fluorescence in 
situ hybridization (75), the lymphocyte telomere length in patients 
with telomere syndrome can be stratified relative to age-matched 
controls in the population. Early studies that have examined this 
tool in the monogenic telomere disorders suggest that a thresh-

old below the tenth percentile is sensitive, and below the first per-
centile is fairly specific, for distinguishing individuals who carry 
mutant telomere genes from their relatives who are noncarriers 
(45, 46, 76). These ranges have allowed for the use of this validated 
method for testing telomere length in the diagnostic work-up of 
suspected telomere disorders.

The fact that certain age-adjusted thresholds of telomere length 
have predictive value in clinical settings is significant because 
short leukocyte telomere length has been associated with numer-
ous disease states and environmental factors, including chronic 
inflammatory states such as cancer (reviewed in ref. 77), cardio-
vascular disease (reviewed in ref. 20), and acquired states such as 
emotional stress, poor socioeconomic status, and education levels 
(reviewed in refs. 78, 79). Although some of these variables have 
shown statistically significant telomere shortening consistently 
across studies, the biological consequences of this relative short-
ening cannot be equated with the severe telomere length defects 
seen in the monogenic telomere disorders (Figure 3). While the 
differences may be statistically significant, the absolute telomere 
length change in some cases may be small and might therefore 
reflect acquired replicative stress states rather than telomere-
driven degenerative changes such as with the monogenic telomere 
syndromes. This important caveat should be considered in the 
interpretation of telomere epidemiology studies.

The role of telomere dysfunction in human cancer
Clinical observations in patients with telomere syndromes also shed 
light on the role of telomeres in cancer, which until recently had 
been primarily studied in cell culture and animal models. Like other 
DNA repair disorders, telomere disorders are cancer prone; however, 
the overall incidence is relatively low (80). The cancer-related mortal-
ity in patients with telomere syndrome is not known, but it has been 
estimated that 10% of patients with dyskeratosis congenita are diag-
nosed with cancer (54, 80). However, that estimate likely includes 
skin squamous cell cancers, which are prevalent in this group of 
patients and are usually not lethal (54). Cancers in dyskeratosis con-
genita have a predilection for high-turnover tissues, with squamous 
cell carcinomas of the skin and upper aerodigestive tract, myelodys-
plasia, and acute myeloid leukemia being the most common (80). In 
a cohort of adults with IPF with TERT mutations, 10% self-reported 
a history of cancer, although this rate was not adjusted for age or 
other exposures (60). These clinical observations make it clear that 
although telomere syndrome patients are at significantly increased 
risk for developing cancer, degenerative disease accounts for the 
majority of the morbidity and mortality in at least 90% of cases.

Figure 3
Telomere syndromes have defined pathological 
ranges of telomere shortening. Although short 
telomere length (TL) has been associated 
with numerous conditions, in some cases, the 
shortening reflects acquired replicative stress 
states rather than telomere-driven degenera-
tive changes. (A) Putative dataset showing 
large effect size and short telomere length 
outside of the normal age-adjusted range. (B) 
Small and statistically significant change in 
telomere length in hypothetical dataset is less 
likely to reflect a telomere-mediated process.
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The relatively low overall incidence of cancers in patients with 
telomere disorders underscores the fact that in the presence of an 
intact DNA damage response, short telomere length predominantly  
causes cell loss in humans. These observations are in line with 
the long-hypothesized role of telomere shortening as a powerful 
tumor-suppressive mechanism (81). Studies in animal models have 
shown that short telomeres suppress tumorigenesis by mediating 
p53-dependent apoptosis and senescence (82). In mice with short 
telomeres that also lack p53, genomic instability fuels carcinogen-
esis (83–85). Whether short telomere length in human cancers may 
contribute to genomic instability at a low level remains a question 
of ongoing study. Other explanations have been hypothesized to 
underlie the tumor-prone nature of telomere syndromes, such as 
compromised immunosurveillance due to the associated immu-
nodeficiency phenotype (22). The stem cell exhaustion state itself 
has also been proposed to contribute to tumorigenesis, and this 
would explain the tumor-prone nature of stem cell failure states, 
such as occurs with non–telomere-mediated aplastic anemia. The 
clinical study of disease driven by telomere defects provides a 
unique opportunity to refine current ideas about the role of telo-
mere dysfunction in human cancer development and progression.

Summary and outlook for the future
Hypothesized molecular mechanisms for aging in modern biology 
have abounded. These have included stem cell failure, mitochon-
drial dysfunction, genotoxic stress, and epigenetic changes. Recent 
cumulative evidence points to telomere shortening as sufficient 
to provoke all these mechanisms. The manifestations of telomere-
mediated disease, especially in adults, can be subtle and are often 
indistinguishable from the slow, gradual functional decline that 
is a hallmark of aging. The compelling clinical evidence therefore 
points to telomere shortening itself as being sufficient, or perhaps 

more broadly representing forms of genotoxic stress that contrib-
ute to age-related changes.

In the past decade, telomere biology has provided a molecular 
rationale for unifying a group of historically considered unre-
lated disorders under the umbrella of telomere syndromes. The 
rich, context-dependent clinical presentations of these single-
gene disorders and their now appreciated overlap highlight how 
a molecularly based understanding of disease can refine clinical 
care at the bedside. This new understanding underscores how the 
interpretation of increasingly available genetic information might 
require clinical contextualization before it can be readily applied. 
Beyond these conceptual considerations, telomere biology has of 
late brought new tools for diagnosis as well as for understanding 
disease mechanisms in areas that have long been perplexing to 
clinicians. Such novel paradigms are particularly needed when it 
comes to approaching difficult problems such as IPF. The coming 
years will undoubtedly point to new examples of how the biology 
of these DNA ends may advance clinical care.
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