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Telomere Diseases

Rodrigo T. Calado, M.D., Ph.D. and Neal S. Young, M.D.
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Elizabeth blackburn, jack szostak, and carol greider were recently awarded the Nobel Prize
in Physiology or Medicine for their elucidation of the structure and maintenance of
telomeres (the tips of chromosomes). These investigators discovered that telomeres are
DNA sequences with a structure that protects chromosomes from erosion and that a specific
enzyme, telomerase, is involved in their repair after mitosis.12 In this review, we discuss the
medical implications of these discoveries.

Telomeres were causally connected to human disease when mutations in the DKCI gene
were detected in a rare inherited form of bone marrow failure.3 DKCZ encodes a protein of
the telomerase complex.# Telomeres are short in many patients with inherited or apparently
acquired aplastic anemia, and mutations affecting telomerase have been identified in these
forms of aplastic anemia; telomerase mutations also have been associated with fibrosis of
the lungs and the liver. Moreover, the telomerase gene is a susceptibility locus for cancer,
and short telomeres may be risk factors for cardiovascular disease. Thus, a common
molecular mechanism appears to underlie a range of clinical entities. An understanding of
the role of telomeres in disease has important implications for diagnosis, genetic counseling,
clinical management, and therapy.

TELOMERES AND TELOMER ASE

Telomeres and telomerase provide protection against threats to the genome that arise from a
difficulty inherent in the asymmetric replication of DNA. Without telomeres, genetic
material would be lost every time a cell divides. DNA polymerase requires an RNA primer
with a 3" hydroxyl donor group to initiate DNA replication, during which the “end-
replication problem” arises.> The primer dissociates as the DNA polymerase moves along
the template strand, leaving behind a gap at the ends of chromosomes. As a result, the newly
synthesized DNA strand is shorter than the original template. Telomeres and telomerase
ameliorate this problem by providing a repetitive template for enzymatic repair of the ends
of chromosomes, thereby avoiding the loss of genetically encoded information during
mitosis.

Telomeres consist of repetitive DNA sequences coated by capping proteins (shelterin) at the
ends of linear chromosomes (Fig. 1). In human cells, telomeres consist of hundreds to
thousands of TTAGGG tandem repeats in the leading strand.” A single-stranded 3’-
hydroxyl overhang is generated by the catalytic addition of telomeric repeats to the 3" end
and by postreplicative processing of the lagging strand. Shelterin proteins, which coat the
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telomeric DNA sequence,® serve as a molecular signal to prevent the cellular DNA repair
machinery from mistaking telomeres for double-stranded DNA breaks.

When they are too short, telomeres signal the arrest of cell proliferation, senescence, and
apoptosis. This process explains the interruption of proliferation in cultured human cells —
the “Hayflick limit” (Fig. 2).2 If protective mechanisms, such as the 7253 tumor-suppressor
gene, are inactive, thus allowing continued proliferation, telomeres become extremely short
and dysfunctional; end-to-end fusions ultimately cause chromosomal instability. Conversely,
cells transfected with the telomerase gene can proliferate indefinitely.10

To avoid the attrition of telomeres, germ-line cells and some somatic cells produce
telomerase, an enzyme that catalyzes DNA synthesis to maintain telomere length.
Telomerase reverse transcriptase (TERT) uses the telomerase RNA component (TERC) as a
template to synthesize telomere DNA (Fig. 3). The catalytic unit of telomerase contains two
copies each of TERT, TERC, and dyskerin (encoded by the DKCI gene), and proteins that
stabilize the complex.

Telomerase has functions other than elongating telomeres.1! For example, telomerase over-
expression in adult mice mobilizes stem cells and induces stem-cell proliferation in the
absence of telomere elongation by modulation of the wingless in drosophila (Wnt)—£-
catenin signaling pathway.12

Mice in which telomerase genes have been knocked out have been used to model the role of
these genes in higher organisms. However, differences in telomere biology between mice
and humans preclude ideal modeling of human biology in the mouse system. Moreover, in
contrast to mice in the wild, laboratory strains have very long telomeres, and the first
generation of telomerase-knockout mice does not show critical telomere shortening or a
phenotype. Tissue abnormalities usually appear after the fifth generation; by the sixth
generation, mice are infertile and hematopoietic progenitor function is defective.

DISEASES OF TELOMERES
BONE MARROW FAILURE

Hematopoietic dysfunction caused by defective telomere structure and repair has a broad
clinical spectrum. The manifestations may occur from birth to late adulthood, they may
range in severity from no abnormalities or mild hematologic abnormalities to extreme
pancytopenia, and they may be associated with anomalies, as in dyskeratosis congenita.
Telomere mutations are inherited, but penetrance can vary, even within pedigrees.

DYSKERATOSIS CONGENITA

A form of ectodermal dysplasia, dyskeratosis congenita, is characterized by a triad of signs:
dystrophic nails, patchy skin hyperpigmentation, and oral leukoplakia (Fig. 4).
Mucocutaneous findings are present in infancy, and bone marrow failure follows in the first
or second decade; aplastic anemia is usually fatal. There is variation in the clinical
presentation, other organ systems may be involved, and pulmonary disease can be lethal.14
A particularly severe variant of dyskeratosis congenita is the Hoyeraal-Hreidarsson
syndrome of progressive pancytopenia, neurologic manifestations of microcephaly, ataxia,
and growth retardation in young children. Dyskeratosis congenita may occasionally be first
diagnosed in midlife, with only minimally abnormal blood counts.1®

Family studies led to the recognition of mutations affecting telomere maintenance. Most
cases of dyskeratosis occur in boys. Genetic analysis of multiplex pedigrees linked the
phenotype to the Xq28 region, and the gene was named DKC1.3 The encoded protein,
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dyskerin, is a small nucleolar protein that binds to RNA (including ribosomal RNA and
TERC) and affects many cell functions.

After the discovery of DKCI mutations, very short telomeres were detected in all patients
with dyskeratosis congenita.16 Mutations were then sought in the RNA template gene in
autosomal dominant pedigrees.*17 Genetic screening revealed heterozygous mutations in
TERC, homozygous mutations in NOP10'8 and NHPZ? (genes encoding proteins that, like
dyskerin, associate with the complex), and in 7TERT. Recently, mutated 7/NF2was detected
in autosomal dominant dyskeratosis congenitaZ; loss of this protein in the shelterin complex
causes extremely short telomeres.8 There is no clear relation between specific mutations and
phenotype, but patients with the shortest telomeres (as in the Hoyeraal-Hreidarsson
syndrome) tend to have the most severe disease. These data indicate that dyskeratosis
congenita is the result of defective repair or protection of telomeres. An indication of the
complexity of the pathways involved in the disease is the fact that a genetic defect has not
yet been identified in most patients with this syndrome.

There is no agreed-on case definition of dyskeratosis congenita. As a result, there may be
uncertainty regarding the characteristics of a patient with a mutation. We recommend
reserving the diagnosis of dyskeratosis congenita for well-defined kindreds with
abnormalities of the integument and an early onset of visceral-organ involvement.
Laboratory testing to detect dyskeratosis congenita is also problematic. The presence of very
short telomeres in lymphocytes, detected by means of flow cytometry and fluorescence in
situ hybridization in commercial laboratories, appears to distinguish dyskeratosis congenita
from other constitutional syndromes involving bone marrow failure.?!

Telomere dysfunction has several peculiar and important clinical consequences. Some
families show “anticipation,” or worsening manifestations of disease in succeeding
generations as a consequence of inadequate repair of telomeres in germ-line cells.22 With
the exception of DKCI deficiency, which is complete because of X-linkage of the gene,
dominance of the telomere repair defect as a result of heterozygous 7TERCand TERT
mutations is due to haploinsufficiency.2? The remaining normal gene might be induced to
compensate (e.g., by means of sex hormone therapy). Both male and female sex hormones
up-regulate 7ERT expression and telomerase function in cultured hematopoi-etic cells.?4
Within families, genetically normal members may inherit short telomeres from one parent
with the mutation, but it is unclear whether, with their normal telomere repair capacity, they
are at risk for disease. Pedigree interpretation occasionally can be complicated by
mosaicism, and girls and women may have a mild phenotype with a single X-linked DKC1
mutation. 14

The treatment of dyskeratosis congenita has not been studied systematically. Androgens
improve blood counts in about 60% of patients.1> Experience with bone marrow
transplantation in dyskeratosis congenita is limited: children have been cured, but
multiorgan complications often occur.2%26 Regardless of the severity of bone marrow
manifestations or therapy, lifelong monitoring for cancer is imperative.27:28

ACQUIRED APLASTIC ANEMIA

Measurements of telomere length in hematopoietic cells preceded the discovery of the
mutations in dyskeratosis. Studies of clinical specimens were stimulated by the potential role
of telomeres as “mitotic clocks,” or surrogates of the cell’s proliferative history.2° For
example, telomeres of leukocytes are shorter in transplant recipients than in their donors, at
least transiently.3931 In studies that showed that telomere length was short in some patients
with acquired aplastic anemia, it was assumed to be due to proliferative stress on limited
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numbers of hematopoietic stem cells.32:33 After the cause of dyskeratosis congenita was
revealed, this explanation became suspect.

Systematic screening of patients with apparently acquired bone marrow failure showed a
few patients with 7ERC mutations34; they were adults with a diagnosis of acquired disease
and without the physical signs of dyskeratosis congenita.3®> Hematologic abnormalities, if
any, in other family members with TERC mutations were often mild and not progressive,
but the bone marrow was very hypocellular, hematopoietic progenitors were diminished, and
there were elevated levels of circulating hematopoietic growth factors. Bone marrow
transplantation from a histocompatible sibling with an unrecognized 7ERC mutation
culminated in early death from graft failure in one patient; this led to the selection of an
unrelated donor rather than a sibling donor in a second patient.

Mutations in 7ERT were first discovered in patients with aplastic anemia.8-3¢ As with
TERC, most patients were adults with a recent onset of bone marrow failure; in some
patients, there was progression from moderate to severe pancytopenia, and in others, blood
counts remained stable. Family histories were not obvious for blood disease, but
phenotyping of pedigrees showed a range of blood counts in 7ERT mutation carriers. The
failure of organs other than the bone marrow, including the liver and the lung, was also
associated with 7ERT mutations.

Overall, mutations in telomerase genes (but not in DKCI) appear to explain the short
telomeres detected in about 10% of patients with aplastic anemia. Mutations are associated
with short telomere length (adjusted for the patient’s age) of blood leukocytes. The
enzymatic activity of mutant telomerase is decreased. As in dyskeratosis congenita,
heterozygosity causes disease by means of a dominant mechanism of haploinsufficiency.

PULMONARY FIBROSIS

The characteristics of idiopathic pulmonary fibrosis are cough, dyspnea, impaired gas
exchange, and reduced lung volume. Pathologically, there is patchy fibrosis of the lungs and
interstitial inflammation, normal lung alternating with fibrosis, inflammation, and collagen
deposition (Fig. 4F and 4G). In about 20% of patients with dyskeratosis congenita, lung
complications ultimately diagnosed as pulmonary fibrosis develop®; there is often a family
history of interstitial pneumonia.1”-37:38 Respiratory failure is also a common fatal
complication after hematopoietic stem-cell transplantation in patients with dyskeratosis.26:39
These associations led to the discovery of telomerase mutations in about 15% of patients
with familial idiopathic pulmonary fibrosis.#0-42 In these kindreds, there was also bone
marrow failure or liver cirrhosis.*143 Smoking is common among affected patients,
suggesting a role of environmental factors in the development of the disease. Telomerase
mutations are also sometimes present in patients with sporadic idiopathic pulmonary
fibrosis.#1 Many more patients with idiopathic pulmonary fibrosis have short telomeres than
identified mutations, suggesting as-yet-unidentified genetic abnormalities in a higher
proportion of patients.*3

LIVER DISEASE

Some patients with dyskeratosis congenita have liver abnormalities or fatal liver
complications after bone marrow transplantation.1®39 Patients with pulmonary fibrosis and
short telomeres can also have cryptogenic hepatic cirrhosis; this implicates telomere loss in
both fibrotic processes. We have observed that many relatives of patients with aplastic
anemia and a telomerase mutation have liver disease.** Liver diseases associated with 7ERT
and 7ERC mutations are mainly fibrosis with inflammation and nodular regenerative
hyperplasia, a leading cause of noncirrhotic portal hypertension (Fig. 4H and 4l). The
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genetic basis of the peculiar familial association of bone marrow, liver, and lung
disease38:4546 js telomere erosion and telomerase mutations.

In summary, telomere diseases can be viewed as a spectrum, from genes acting as
determinants of the stereotypical dyskeratosis congenita syndrome to genetic risk factors in
specific types of organ failure and fibrosis (Fig. 5A).

TELOMERE ATTRITION AND CANCER
ANIMAL MODELS OF TELOMERE MAINTENANCE AND CHROMOSOMAL INSTABILITY

Chromosomal instability was originally postulated by Boveri in 1914 as a fundamental event
in the origin of tumors.#” This inference from studies of sea urchins is applicable to the
gross derangement in the number and structure of chromosomes in most cancers. Cell
experiments and animal models led to the proposal that telomere attrition is a mechanism for
the loss or gain of chromosomes.*8-52 When telomere maintenance is disrupted in yeast, the
few cells that escape senescence show chromosomal abnormalities; in the absence of
telomerase, mutation rates increase as a result of terminal chromosome deletions and
repeated cycles of break-fusion-bridge rearrangements.>3 In late-generation 7erc-knockout
mice, short telomeres cause chromosomal instability through end-to-end fusions. Apoptosis
removes most of these cells, but they can be rescued if DNA damage is not adequately
monitored. Thus, in 7erc™~ mice that are also deficient in p53, a variety of cancers develop
in association with nonreciprocal translocations, mimicking human malignant conditions.>*

ACCELERATED TELOMERE ATTRITION, INFLAMMATION, AND MALIGNANT
TRANSFORMATION

In humans, studies are often limited by the necessity to measure telomeres in leukocytes, the
uncertain significance of telomere length in tumor cells (in which up-regulated telomerase or
the alternative pathway of telomere repair may allow evasion of cell senescence), and the
difficulty of performing longitudinal assessments. Nevertheless, telomere length has been
linked to several types of cancer. The finding of short telomeres in colorectal cancer
suggested that telomere loss contributes to tumorigenesis and genetic instability of the
malignant cell.® Telomerase deficiency has been detected in the histologically normal
mucosa of patients with inflammatory bowel disease (cancer cells expressed high telomerase
activity).56 Losses of chromosomes in nondysplastic tissue in patients with ulcerative colitis
were associated with telomere shortening and the appearance of anaphase bridges, especially
in patients in whom cancer developed.®’

The major risk factor for esophageal cancer is the chronic inflammation of Barrett’s
esophagus. In one study, the telomere length in leukocytes at first presentation was inversely
proportional to the risk of later esophageal cancer; possible explanations were a genetic
predisposition to defective repair of DNA in mucosa or long-term exposure to oxidative
stress that provokes cell proliferation.58 Short telomeres, visualized directly by means of
fluorescence staining of biopsy specimens of Barrett’s esophagus, and chromosomal
instability associated with dysplastic changes suggest that both are early events in the
development of esophageal cancer.>® Telomeres of leukocytes that are short relative to the
patient’s age have been implicated as a risk factor®0:61 or biomarker for many solid tumors,
but not for all of them; breast cancer is one exception.60-63

Hematologic and other cancers develop in patients with bone marrow failure. In a National
Cancer Institute review of 50 cases of classic dyskeratosis congenita, the authors found
markedly elevated risks of tumors (overall, about 11 times as high as in the general
population), especially head and neck squamous-cell carcinomas, skin and anorectal cancers,
and acute myeloid leukemia.%* In our study of acquired aplastic anemia, the telomere length
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of leukocytes was the major predictor of clonal evolution: almost all patients in whom
monosomy 7 myelodysplastic syndrome and acute myeloid leukemia developed were in the
lowest quartile of telomere length when they first presented with bone marrow failure.5
Because leukemia is linked to 7ERT and TERC mutations in some pedigrees, we screened
multiple cohorts of patients with acute myeloid leukemia.56 Constitutional 7ER7 mutations
were detected in about 9% of these patients and were strongly associated with the risk of
cytogenetic abnormalities. In small studies, telomere length has been associated with the risk
of leukemic transformation from myelodysplasia after chemotherapy and autologous
hematopoietic-cell transplantation,87-89 and short telomeres of blast cells have been
correlated with chromosomal abnormalities.”0.71

TERT AND THE RISK OF CANCER

Genomewide association studies have shown polymorphisms in the 7ERT gene at a higher
frequency than normal in patients with cancer. However, the level of risk is much lower than
in individual diseases or in patient populations that are assessed serially, for malignant
conditions that develop in the setting of inflammation. For example, a massive genomewide
scan of more than 30,000 European patients with cancer and 45,000 control DNA samples
showed an association between the 7TERT locus and 5 of 16 cancers, including basal-cell
cancer of the skin and cancers of the lung, bladder, prostate, and cervix (all tumors that are
caused in part by environmental factors); the overall risks were relatively small (relative
risk, 1.12 to 1.21) but consistent across diverse ethnic populations.’2 Similar statistical
associations have been reproducible for lung cancer in genomewide association studies
involving large European populations’3 and in Chinese patients, in whom risk was also
linked to short telomeres.’* TERT-locus polymorphisms have been associated with
susceptibility to gliomas’3:"® and renal-cell carcinoma’®; they have also been associated
with relative resistance to melanoma’’ and breast cancer.’8

In summary, telomere shortening can be related to the risk of cancer, ranging from high rates
of specific cancers in dyskeratosis congenita to modest contributions to oncogenesis in
general. In some specific inflammatory and immune diseases, telomere attrition may be the
critical factor in promoting the development of cancer (Fig. 5B).

TELOMERES, DEGENERATIVE DISEASES, AND AGING
TELOMERES AND HEART DISEASE

Telomere length has been connected with cardiovascular complications, but the associations
have varied across studies, exploratory epidemiologic surveys often do not correct for
multiple variables, and there is no accepted pathophysiological link.”%-84 In one study,
endothelial progenitor-cell telomeres were shorter in patients with coronary artery disease
than in healthy persons, and intensive lipid-lowering therapy both reduced oxidative DNA
damage and prevented further telomere attrition.8° In one of many epidemiologic surveys,
people with short leukocyte telomeres were at risk for coronary disease, which appeared to
be attenuated by statin therapy.86 In the Cardiovascular Health Study, shortened telomeres
corresponded with a risk of myocardial infarction among younger patients that was three
times as high as the risk among older patients,8” and in the Heart and Soul Study, shorter-
than-normal telomeres were a biomarker for the risk of death in patients with stable
coronary artery disease.88 Telomere length was short in a study involving British patients
with premature myocardial infarction.89 In the Framingham Heart Study, shortened telomere
length correlated with carotid-artery intimal thickening.%°
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TELOMERES AND AGING

Does telomere biology explain physiologic aging in humans?°2:91 Telomere attrition leads to
cell senescence and the Hayflick phenomenon. Telomerase defects affect yeast viability and
replication and account for the shortened life span of knockout mice. In addition, under
specific conditions, telomere length is a “mitotic clock” for a cell’s proliferative history, and
telomere loss is linked to DNA damage by reactive oxygen species, which accumulates over
time. Proteins that are released from dysfunctional cells because of telomere shortening have
been proposed as biomarkers of aging and age-dependent degenerative diseases. %2

Dyskeratosis congenita is sometimes misclassified with aging syndromes such as
Hutchinson-Gilford progeria and Werner’s syndrome, but typical patients with this
condition do not appear old, nor do they prematurely have atherosclerosis, Alzheimer’s
disease, or other classic characteristics of aging such as osteopenia or type 2 diabetes. Many
people with TERT and TERC mutations have normal life expectancies. Telomere shortening
is not uniform among tissues (e.g., the brain and heart show little shortening) or among the
various cells within a tissue. It is not known whether the decline with age in bone marrow
cellularity and lung compliance, as well as nodular regeneration in autopsies of the elderly,
is due to physiologic telomere attrition. Inbred mice, despite their long telomeres, do age.
Decreases in telomere length over a human life span®3 do not establish telomere shortening
as the cause of aging.

MODULATION OF TELOMERASE ACTIVITY

Because telomerase is activated in leukemia and solid tumors, the repair complex has been
targeted in drug therapy for malignant conditions.”® Since telomere shortening is a risk
factor for cancer in patients with dyskeratosis congenita and those with immune-mediated or
inflammatory diseases such as aplastic anemia, ulcerative colitis, and Barrett’s esophagus,
and since telomere attrition may underlie many cancers and degenerative diseases of aging,
strategies to maintain or delay telomere attrition may be useful. Prevention of accelerated
telomere attrition also may be necessary for effective stem-cell therapies.8°

Telomere maintenance and telomerase activation are highly regulated. Although twin studies
show telomere length to be largely genetically determined,®1-82 some modulation is
environmental.83 In tissue culture, exposure to reactive oxygen species appears to accelerate
telomere shortening.84 In vitro, hormones and growth factors affect telomerase activity,%*
including hematopoietic growth factors.9%:9 7ERT can be directly activated by the tumor-
suppressor protein c-Myc,97 and other components of the repair complex are influenced by
specific ubiquitin ligases and protein kinases. Smoking status, diet, socioeconomic status,
stress level, and lifestyle might influence telomere dynamics.62:98-100 The sex hormones
directly increase 7ERT transcription and telomerase activity in human cells.24101 Natural
and synthetic androgens can restore telomerase activity to normal levels in cells in patients
with 7TERT and TERC mutations?4; this probably explains the benefit of these agents in
syndromes involving hematopoietic failure. Sex hormones might be used in the treatment of
other telomere diseases, such as pulmonary fibrosis and hepatic cirrhosis, for which we now
have no effective therapies. Sex-hormone replacement and the use of sex hormones in
pharmacologic doses could also be therapeutic in patients with accelerated telomere attrition
and a known risk of secondary malignant conditions (e.g., after intensive chemotherapy or
hematopoietic stem-cell transplantation). The theoretical desirability of hormone
replacement in older healthy persons to “stabilize” telomere loss would need to be balanced
against the risks of undesirable effects on secondary sex organs and known associated
malignant conditions.
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Figurel. Telomere Structure

As shown in Panel A, telomeres are located at the ends of linear chromosomes; they are
composed of hundreds to thousands of tandem DNA repeat sequences: hexameric TTAGGG
in the leading strand and CCCTAA in the lagging strand in humans. Protective proteins
associated with telomere DNA are collectively termed shelterin (TRF1, TRF2, TIN2, POT1,
TPP1, and RAP1). The 3" end of the telomeric leading strand terminates as a single-stranded
overhang, which folds back and invades the double-stranded telomeric helix, forming the T
loop. As shown in Panel B, telomeres can be directly visualized under the microscope at the
ends of metaphase chromosomes (four telomere signals per chromosome) by fluorescence in
situ hybridization (FISH). (Image provided by Peter Lansdorp, M.D., Ph.D.) Average
telomere length can be measured by several methods: a technique that combines flow
cytometry and FISH (flow-FISH), Southern blotting, and a quantitative polymerase-chain-
reaction (QPCR) assay. Flow-FISH can measure the telomere length in different cell
subgroups, such as granulocytes or CD4+ T lymphocytes; Southern blotting reveals length
and length heterogeneity; and gPCR is a rapid assay that requires very small amounts of
DNA. As shown in Panel C, the average length of telomeres in human leukocytes varies,
ranging from approximately 11 kb at birth (in umbilical-cord blood) to 6 kb at 90 years of
age. Telomere loss is most rapid early in life, and over a life span it is not linear but follows
a third-order polynomial. Data are from Yamaguchi et al.®
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Figure 2. Consequences of Telomere Erosion in the Cell

Telomeres inexorably shorten with every cell division, and telomere attrition is an inevitable
physiological consequence of aging. Telomere shortening also may be iatrogenic; for
example, telomere shortening occurs after bone marrow transplantation, in which highly
proliferative hematopoietic stem cells and progenitor cells reconstitute hematopoiesis.
Environmental factors also may accelerate telomere loss. In addition, telomere attrition may
be genetic; there may be an inherited inability to elongate telomeres as a result of mutations
in components of the telomerase complex. When telomeres become critically short,
inappropriately capped chromosomes or telomere-free ends emerge, which lead to cell
senescence or apoptosis. If the cell overrides senescence and continues to proliferate (e.g.,
because of inactive p53), uncapped telomeres may cause end-to-end fusion of chromosomes,
breakage-fusion-bridge cycles, aneuploidy, and chromosomal translocations.

N Engl J Med. Author manuscript; available in PMC 2012 July 22.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Calado and Young

Page 15

A TERT

E-1ll

| TEN CP QFP T II1 2 A B CD . E-l E-ll EI-IV
N-terminal region Reverse-transcriptase  C-terminal
motifs region

C' 1132 amino acids

B Telorrllerase

Telomere

4 GGGTTAGGTTAGGQ 5 GG
Xccecaatccc,, (AYATUIC )

\ Core pseudoknot
\ (CR2 and CR3)

Template
(CR1)

CR7

Hypervariable CR4 and CRS
region

H/ACA
(CR6 and CR8)

Figure 3. The Telomerase Complex and |ts Components

The enzyme telomerase reverse transcriptase (TERT), its RNA component (TERC), the
protein dyskerin, and other associated proteins (NHP2, NOP10, and GARL1) are shown.
Telomerase catalytically adds TTAGGG hexameric nucleotide repeats to the 3”-hydroxyl
end of the telomeric leading strand, using a specific sequence in the RNA component as the

template. TERT contains three major domains: the N-terminal region, the reverse-

transcriptase motifs, and the C-terminal region, all containing evolutionarily conserved
motifs. TERC contains 451 nucleotides in seven conserved regions (CR1 through CR7),

including the template (CR1), and an H/ACA box, a hairpin nucleotide sequence
characteristic of a class of small nucleolar RNAs involved in RNA processing.
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Figure 4. Pathologic Consequences of Telomere Erosion in Organs and Tissues

The childhood syndrome dyskeratosis congenita is characterized clinically by the
mucocutaneous triad of nail dystrophy (Panel A), reticular skin hyperpigmentation or
hypopigmentation (Panel B), and leukoplakia (Panel C) (reprinted from Alter,13 with the
permission of the publisher). In the bone marrow, telomere shortening confers a
predisposition to aplastic anemia (Panel D, Giemsa stain) and progression to myelodysplasia
and acute myeloid leukemia (Panel E, Giemsa stain). Leukemic bone marrow is
characterized by an increased number of myeloid blasts (arrowheads) and dysplasia or
dyserythropoiesis (asterisk). In the lungs, telomere attrition can be clinically manifested as
pulmonary fibrosis and radiologically characterized by diffuse fibrosis predominantly in the
subpleural region (Panel F). Histologically, fibrotic zones alternate with less affected
parenchyma (Panel G, hematoxylin and eosin). Telomere shortening in the liver has diverse
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histologic appearances, including cirrhosis with inflammation (Panel H, hematoxylin and
eosin) and nodular regenerative hyperplasia (Panel I, reticulin stain).
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Figure 5. Telomere Erosion and Human Diseases

Panel A shows a Venn diagram of mutations of the telomerase complex and human telomere
diseases. Dyskeratosis congenita is the most evident and severe manifestation of genetic
lesions causing telomere diseases, with high genetic penetrance and congenital clinical
manifestations. However, telomerase mutations may be less penetrant and induce single-
organ damage in adults without suggestive family histories and the classic physical signs of
dyskeratosis congenita. Thus, telomerase mutations represent risk factors rather than genetic
determinants in aplastic anemia, pulmonary fibrosis, and liver cirrhosis. Environmental,
epigenetic, and other genetic factors probably contribute to disease development in these
patients. Panel B shows the relationship between telomere shortening and the risk of cancer.
In dyskeratosis congenita, in which genetic penetrance is high, the risk of the development
of cancer — particularly head and neck squamous-cell carcinoma and acute myeloid
leukemia — also is elevated. In addition, patients with aplastic anemia are at risk for the
development of clonal malignant disorders, but the risk is lower than that among patients
with dyskeratosis congenita. Similarly, short telomeres appear to predict the progression of
chronic inflammatory gastrointestinal states to adenocarcinoma. In multiple genomewide
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association studies, the TERT locus has appeared as a significant susceptibility locus for a

variety of cancers, but at relatively low odds ratios. Shaded areas representing diseases and
disease states are not drawn to scale.
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