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Abstract

Premature loss of telomere repeats underlies the pathologies of inherited bone marrow failure 

syndromes. Over the past decade, researchers have mapped genetic lesions responsible for the 

accelerated loss of telomere repeats. Haploinsufficiencies in the catalytic core components of the 

telomere maintenance enzyme telomerase, as well as genetic defects in telomerase holoenzyme 

components responsible for enzyme stability, have been linked to hematopoietic failure 

pathologies. Frequencies of these disease-associated alleles in human populations are low. 

Accordingly, the diseases themselves are rare. On the other hand, single nucleotide 

polymorphisms of telomerase enzyme components are found with much higher frequencies, with 

several non-synonymous SNP alleles observed in 2–4% of the general population. Importantly, 

recent advents of molecular diagnostic techniques have uncovered links between telomere length 

maintenance deficiencies and an increasing number of pathologies unrelated to the hematopoietic 

system. In these cases, short telomere length correlates to tissue renewal capacities and predicts 

clinical progression and disease severity. To the authors of this review, these new discoveries imply 

that even minor genetic defects in telomere maintenance can culminate in the premature failure of 

tissue compartments with high renewal rates. In this review, we discuss the biology and molecules 

of telomere maintenance, and the pathologies associated with an accelerated loss of telomeres, 

along with their etiologies. We also discuss single nucleotide polymorphisms of key telomerase 

components and their association with tissue renewal deficiency syndromes and other pathologies. 

We suggest that inter-individual variability in telomere maintenance capacity could play a 

significant role in chronic inflammatory diseases, and that this is not yet fully appreciated in the 

translational research of pharmacogenomics and personalized medicine.
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INTRODUCTION

Telomeres are nucleoprotein complexes located at the ends of linear chromosomes [1, 2]. 

Composed of tracts of tandem DNA repeats, telomeric DNA associates with sequence-

specific binding proteins, to form a functional telomere. The inability of DNA polymerase to 

copy through the ends of linear chromosomes, known as the end replication problem [3], 

causes the loss of telomeric DNA repeats following each cell division. Loss of telomeric 

DNA accumulates with cell cycles, until a critically short length is reached. At this point, 

further cell division ceases and cells no longer reproduce [4].

Using primary human fibroblasts from embryos and adult sources, Leonard Hayflick first 

illustrated the existence of an upper limit for the replicative potential of cultured human cells 

[5]. Termed the “Hayflick limit”, this describes the number of times normal human cells will 

divide in culture. This limit in cell proliferation was later shown to be determined by 

critically short telomere lengths [6].

Telomeric DNA length acts as a mitotic clock, counting down the number of cell cycles 

before proliferation ceases indefinitely. Hence, the replicative potential of cell lineages are 

determined by the structural integrity of telomeres and the activities of biological pathways 

responsible for maintaining the length of these specialized DNA tracts. In the past decade, 

genetic variations of the components playing critical roles in these biological pathways were 

found to associate with tissue renewal deficiency syndromes [7–9]. In the following sections, 

we will discuss the biology of telomere structure and function, biological mechanisms for 

telomere maintenance, genetic diseases that are associated with telomere dysfunction, and 

the implications of sub-optimal telomere maintenance in tissue renewal deficiency 

syndromes. We believe that inter-individual variability in telomere maintenance capacity 

plays a significant role in several chronic inflammatory conditions, and that this is not yet 

fully appreciated in the translational research of pharmacogenomics and personalized 

medicine.

TELOMERE STRUCTURE AND FUNCTION

Telomeres

Telomeres are short tandem DNA repeats found at the ends of linear chromosomes. In 

humans, they are composed of hexanucleotide TTAGGG repeats, with an average length of 

5–15kb [1, 2, 10]. Telomere repeats are associated with sequence-specific binding proteins 

[2, 11, 12]. Together, telomere repeats and associated binding proteins are organized into 

specialized chromatin structures known as telomere loops (T-loop), detectable by electron 

microscopy [13, 14]. T-loops are formed by the resection of the C-rich strand of telomeres, 

creating a G-rich overhang that loops back and invades the duplex telomeric repeat DNA to 

form a displacement loop [15, 16]. These structures cap chromosome ends, which allows for 

epigenetic modifications distinguishing them from normal chromatin [17, 18].

Telomeres provide physical protection against the actions of nucleases and differentiate the 

natural ends of chromosomes from random DNA breaks [19, 20]. Together, the nuclease-

dependent resection of telomeres to create single stranded overhangs of the G-rich strand, 
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and the inability of conventional DNA polymerase to copy through the ends in lagging-

strand DNA replication, contribute to the loss of telomeric repeats every time the genome is 

replicated [21]. An average of 50–100 base pairs are lost from telomeric DNA tracts with 

each cell division [22]. This attrition accumulates with each replication, until telomeres 

become critically short. At this point, cellular surveillance mechanisms are activated, and 

either proliferative senescence or apoptosis is induced [23, 24]. Proliferative arrest induced 

by short telomeres serves as a tumor-suppressive mechanism: the number of telomere 

repeats sets the upper limit for the number of times a cell lineage can divide. By limiting the 

number of cell divisions, one can prevent the propagation of DNA mutations that underlie 

carcinogenesis [4, 25].

Telomere dysfunction describes the loss of normal capping at chromosome ends. This occurs 

when proliferation continues past the short telomere checkpoint, or when telomere- binding 

proteins fail to associate with these repeats [10, 26]. Uncapped chromosome ends are 

recognized as damaged DNA and set off DNA repair mechanisms [10, 27, 28]. DNA repair 

of chromosome ends with dysfunctional telomeres has detrimental consequences. In contrast 

to the repair of actual damaged DNA, the inappropriate repair of telomeric sites results in 

telomere fusions and gross genomic alterations [1, 29]. In short, the protective role of 

telomeres is essential, as it promotes survival cues, allows for proliferation, and prevents 

genomic instability.

Telomere Binding Proteins

A six-protein complex, shelterin, binds to telomeric DNA repeats. Shelterin binding to 

telomeric DNA is sequence specific; immunofluorescence experiments have shown that 

components of shelterin localize only to telomeres in normal growth states [20, 30, 31]. Of 

the six protein members of the shelterin complex, three directly bind to telomeric DNA. 

These include Telomeric Repeat Binding Factor 1 (TRF1) [32], which binds to the double-

stranded area of the telomere, Telomeric Repeat Binding Factor 2 (TRF2) [33], which binds 

to the double and single-stranded telomeric sequence junctions, and lastly, Protection of 

Telomeres 1 (POT1) [34], which binds to the single-stranded G-rich overhangs. The other 

members of the shelterin complex include TRF1-Interacting Nuclear Protein 2 (TIN2) [35], 

a human version of yeast Repressor/Activator Protein 1 (hRap1) [36] and TPP1 [37, 38] 

(formerly identified as TINT1, PTOP, or PIP1, encoded by the ACD gene). Other proteins 

associate with telomeres non-exclusively, mainly through transient or cell cycle dependent 

protein-protein interactions with members of the shelterin complex [20, 39]. Notably, this 

list includes a large number of proteins found in DNA damage response pathways. 

Numerous members of homologous recombination and non-homologous end-joining 

pathways of double-strand DNA break repair are associated with specific telomere-binding 

proteins, underscoring the importance of these pathways in telomere function [39–41].

TELOMERASE

Telomerase is a ribonucleoprotein enzyme complex responsible for the de novo synthesis of 

telomeric DNA repeats [42–44]. A special type of reverse transcriptase, telomerase extends 

telomere ends by adding T2AG3 repeats templated by its integral RNA subunit [45, 46]. 
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Telomerase activity is rapidly down-regulated following embryonic development, except in 

germ cells, certain stem cell compartments and specific hematopoietic cell types [47–49]. 

The downregulation of telomerase activity in somatic cells is considered to be a tumor-

suppressive mechanism, limiting cellular lifespan and the accumulation of genetic mutations 

that could lead to cellular transformation [25, 50, 51].

In vivo, the telomerase holoenzyme is a megadalton complex [52]. Two subunits of this 

complex are required to reconstitute enzymatic activity in vitro: the telomerase RNA (TER), 

a ubiquitously expressed non-coding RNA, which provides the template sequence for 

catalysis [53–55] and the telomerase reverse transcriptase (TERT), responsible for the 

catalytic activity of the enzyme complex [56, 57]. Enzyme composition is significantly more 

complex in vivo. TER is found in most human tissues and its in vivo stability is contingent 

on its stable association with a chaperone, the H/ACA protein complex [58, 59]. Recently, a 

chain of biogenesis events has been identified: protein factors NAF1 [60, 61] and Shq1 [62, 

63] load the core H/ACA protein complexonto their cognate RNA binding partners, followed 

by Gar1 protein association with the mature H/ACA complex to determine intracellular 

location [64]. The core H/ACA proteins, dyskerin, Nhp2 and Nop10, form a complex that 

binds to and remains in association with telomerase RNA throughout its cellular lifespan 

[63, 65]. TER H/ACA protein complexes are not catalytically active. Enzyme activity is 

conferred by the association of TERT [57, 66, 67]. Helicases, (reptin, pontin) [68], protein 

localization/transport factors (nucleolin [69], PinX1 [70], staufen [71], 14-3-3 [72]), 

chaperone proteins (Hsp90, p23 [73]) and biogenesis accessory factors (TCAB) [74, 75] are 

required to assemble TERHACA RNP and TERT into the telomerase enzyme [76, 77]. 

Finally, the newly assembled telomerase enzyme (TERHACA RNP and TERT) needs to 

associate with transport/accessory factors, including the human Est1 protein [78, 79], 

hnRNPs [80, 81], TCAB [74, 75], as well as members of the shelterin complex, to be 

properly localized to the telomere ends for catalysis [82, 83]. Activity-based purification of 

telomerase holoenzyme in vivo revealed that the active complex has a simple composition, 

including two copies of TERT, TER and dyskerin [84]. However, the purification scheme 

was based on a primer extension assay, and this method may not have identified all 

holoenzyme components that are required to recognize and extend natural telomeres.

In the following sections, we will describe the molecular and functional characteristics of the 

core telomerase components. In contrast to ciliate telomerase, the human telomerase enzyme 

shares nearly all of its biogenesis and regulatory components with other biological 

pathways. Accessory proteins that play a role in the biogenesis of telomerase or regulate its 

activity are listed in Table 1. The specific roles of these factors have been summarized in 

several excellent reviews [63, 76, 77].

Telomerase RNA (TER)

Telomerase RNA is a non-coding RNA with a mature length of 451nt [58, 85]. In contrast to 

many small nuclear RNAs, TER is transcribed by RNA Polymerase II and has a minimal 

341nt Pol II-type promoter upstream of the transcription start site [86]. Binding with the 

proteins NF-Y and Sp1 activates the TER promoter. In contrast, Sp3 binding represses the 

promoter [87]. Induced mutations in the Sp1 binding sites were found to negatively effect 
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TER transcription. While TER is ubiquitously transcribed in all human tissues, up-regulation 

of TER transcription is observed in some cancerous cell lines and tumor samples [88–90].

In addition to providing the template sequence for telomere synthesis, TER has a number of 

secondary structures that are essential for telomerase activity. TER pseudoknot domain (nt 

1–209) contains the telomeric repeat template [91]. Together with the TER CR4-CR5 

domain (nt 241–330), the pseudoknot domain is also necessary for the binding of TERT and 

optimal enzyme processivity [54, 92, 93]. The hairpin-hinge-hairpin-ACA (H/ACA) motif of 

TER at nt 275–451 is critical for its cellular accumulation, 3′ end processing, and 

intranuclear trafficking [58, 94]. Through this motif, TER associates with H/ACA proteins 

dyskerin, Nhp2 and Nop10 at its transcription sites. H/ACA protein binding directs the 

functional development and endonuclease trimming of TER transcripts into a mature form 

[95]. The 3′ terminal hairpin (CR7 domain) within the H/ACA motif in TER contains a 

Cajal body box (CAB box) [96] and a BIO box [97]. The CAB box is essential for the 

accumulation of TER at Cajal bodies in the cell nucleus, while the BIO box is responsible 

for transient association of TER with Sm proteins for RNA maturation [97]. Observed 

deficiencies in the CAB box have indicated that this motif is important not only for TER 

accumulation at Cajal bodies, but also the association of telomerase with telomeres and 

subsequent telomere elongation via telomerase [98, 99].

Telomerase Reverse Transcriptase (TERT)

Telomerase reverse transcriptase (TERT) is a single chain polypeptide of 125 kDa [56, 100]. 

The TERT gene contains 16 exons, spanning more than 37 kb and is found on chromosome 

5p15.33 [101, 102]. TERT is functionally divided into four regions [103, 104]. The N-

terminal domain (TEN, also known as RID1 or NDAT) is believed to play a role in primer 

binding and product alignment [105, 106]. Mutagenesis analysis of specific residues from 

these regions has revealed their involvement in DNA-primer binding specificity [107, 108]. 

Linker-scan mutations along this region also reveal subdomains that are responsible for the 

telomere binding and recognition functions of telomerase. Also known as the N-terminal 

dissociation of telomerase activity domain (NDAT), amino acid mutations in this region 

prevent the catalytically active telomerase enzyme from elongating telomere substrate in 
vivo [109]. The high-affinity RNA binding domain (TRBD, also known as RID2) contains 

several RNA recognition motifs (RRM) and is universally conserved in all known TERT 

sequences [105, 110–112]. Mutations in RID2 result in a loss of telomerase catalytic activity 

due to lost interaction with the RNA template TER [111]. The reverse transcriptase (RT) 

domain is responsible for catalyzing the assembly of the telomeric DNA repeats using the 

TER template [113, 114]. Mutations in any of its conserved aspartic acid residues ablate 

telomerase catalytic activity [114]. In contrast to conventional RT, TERT only minimally 

extends RNA-DNA templates and primer pairs. Catalysis occurs with quantum gains of 6nt 

repeats per catalytic cycle, followed by dissociation of the product or the translocation of the 

enzyme towards the ends of newly synthesized telomere repeats, to be positioned for another 

cycle of catalysis [94, 105]. Finally, studies of the C-terminal domain of TERT (TEC or 

CDAT) have revealed its role in telomerase enzyme processivity, and that it is essential for 

telomere substrate recognition and localization [115, 116].
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TERT expression is down regulated in most human somatic cells following embryonic 

development [49, 94]. The TATA-less TERT promoter spans the genomic region from the 

start codon to 1100 bp upstream [117]. This region exhibits a high GC content, with two 

CpG islands important for promoter activity [102, 117]. Methylation at the CpG islands 

correlates with the transcriptional silencing of TERT expression [118]. However, the idea 

that the TERT promoter is transcriptionally silenced in human somatic cells was questioned 

when Hahn’s group detected an S-phase specific TERT expression, with levels too low for 

telomere maintenance, in primary human fibroblasts [119]. Conversely, activation of TERT 

transcription in cancer is a common phenomenon and has been correlated to the utilization 

of several oncogenic transcription-enhancer binding sites in the TERT promoter [120, 121].

TERT activity is also regulated via alternative splicing. This regulation is variable, according 

to developmental stages in human cells [122]. There are eight known TERT alternate 

transcripts, leading to six TERT protein variants with internal deletions or pre-mature 

truncations [123]. Three of these variants contain premature translation stops upstream of 

the essential RT domain. Accordingly, these variants lack polymerase activity. The other 

three insertional variants terminate upstream of the carboxy-terminal region. TERT’s C-

terminal domain is essential for telomere maintenance in vivo [49], suggesting that these 

variants will not be competent for telomere extension in vivo. Even though none of the six 

TERT alternate transcripts encode a fully functional protein, they may act in a dominant 

negative manner by competitively binding to TER. It is known that the proportion of full-

length transcripts drops dramatically during the process of carcinogenesis, with some cancer 

cell lines expressing over 80% of their TERT transcripts as alternate non-functional forms 

[124, 125].

TERT activity is also regulated by post-translational modifications. TERT phosphorylation 

by Akt (protein kinase B) increases telomerase activity [126], while phosphorylation by the 

c-Abl tyrosine kinase decreases enzyme activity [127]. In addition, phosphorylation of 

TERT is thought to regulate its intracellular localization in T-lymphocytes [128]. Signal 

transduction events following the activation of CD4+ T lymphocytes phosphorylate TERT, 

which promotes its translocation into the nucleus, where telomere synthesis can take place. 

While telomerase has a long biological half-life in human cells [129], following disruption 

of the structural stability of the enzyme complex, TERT is rapidly degraded through the 

ubiquitin/proteasome pathway [130].

H/ACA Binding Proteins – Dyskerin, Nhp2, Nop10 and Gar1

The H/ACA proteins, dyskerin, NOP10, NHP2 and Gar1, play important roles in the 

biogenesis and maturation of noncoding RNA, including ribosomal RNAs and small nuclear 

RNAs [63, 131, 132]. Dyskerin assembles with NOP10 and NHP2, and at a later stage with 

the localization factor Gar1, into a ribonucleoprotein complex [133, 134]. In conjunction 

with H/ACA RNAs acting as guides, this complex mediates the conversion of sequence-

specific uridine to pseudouridine in non-coding RNAs [135–137]. Pseudouridylation 

modifications of these specific non-coding RNA uridine residues are essential for the 

functioning and biogenesis of mature ribosomes and spliceosomes [63, 138, 139]. In 

addition to their integral role in non-coding RNA biogenesis, the H/ACA proteins are 
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telomerase holoenzyme components that bind to the H/ACA motif in TER [54, 58, 132]. 

TER binding to the H/ACA proteins, immediately following transcription, is essential for its 

processing and in vivo stability [24, 67, 140]. Biochemical studies also show that the 

association of NHP2, NOP10 and dyskerin with TER is vital to its steady-state accumulation 

in vivo [141].

Dyskerin (DKC-1)—Dyskerin is a pseudouridinylase that catalyzes the isomerization of 

specific uridine to pseudouridine [142]. DKC1 is located on chromosome Xq28 and consists 

of fifteen exons. A phylogenetically conserved housekeeping gene, it is ubiquitously 

transcribed into a 2.5 kb messenger RNA and translated into a 514 aa (57 kDa) nuclear 

protein dyskerin [143]. Targeted deletion of DKC1 causes embryonic lethality in mice [144]; 

dyskerin homologs are also essential in lower eukaryotes such as drosophila and yeast [142, 

145]. The pseudouridine synthase activity of dyskerin is conferred by the N-terminal 

catalytic core, which contains two motifs of tRNA pseudouridine synthase B (TruB, an E. 

coli. protein). Point mutations of key residues in the TruB domain ablate pseudouridinase 

functions in yeast and drosophila orthologs of dyskerin. The single aspartic acid residue 

(D125 in humans) in the second TruB motif forms the enzyme-substrate intermediate during 

the isomerization of uridine to pseudouridine [146]. The carboxyl-terminal half of dyskerin 

contains the pseudouridine synthase and archaeosine transglycosylase (PUA) domain [147–

149]. Crystallography analysis of the archaea dyskerin ortholog revealed RNA binding and 

recognition signature motifs that defined its functions. Two surfaces in these dyskerin 

orthologs were identified to form the main RRM of the PUA domain. These RRMs are able 

to recognize the minor groove of the lower double-stranded stem of the H/ACA RNA 

hairpins and the ACA 3′ overhangs that are signature motifs in all H/ACA RNAs [150].

Nhp2 (NHP2, NOLA2) and Nop10 (NOP10, NOLA3)—Together with dyskerin, the 

H/ACA proteins Nhp2 and Nop10 are presented at the sites of H/ACA RNA transcription 

and associate with the nascent RNA transcripts from an early assembly stage [151]. NOP10, 

also known as NOLA3, is a small basic protein of 64 aa (7 kDa), translated from a 

ubiquitously expressed 558nt mRNA [65]. Crystallography studies of Nop10 in complex 

with the other H/ACA proteins reveal an extensive interface with dyskerin, and this 

interaction is crucial for dyskerin’s enzymatic activities [149].

Nhp2, also known as NOLA2, belongs to a family of RNA binding proteins. Nhp2 is 

translated from a ubiquitously expressed 867nt mRNA transcript into the 153 aa protein 

(17kDa) [65]. The three H/ACA early assembly proteins, Nhp2, Nop10 and dyskerin, form 

an RNA binding surface, shown by crystallography to interact with the upper stem of 

H/ACA RNAs [152]. Together with the PUA domain of dyskerin, which recognizes the 

lower stem of the H/ACA RNAs [152], these binding surfaces position the H/ACA RNA 

guide residues in the correct conformation with target RNA sequences.

Gar1 (GAR1, NOLA1)—Gar1 is the late assembly component of the H/ACA complex. It 

is found only in the mature H/ACA ribonucleoprotein complex [64]. Known also as 

NOLA1, Gar1 is encoded by a ubiquitously expressed 1.3 kb messenger RNA and translated 

into a 217 aa (24 kDa) protein [153]. Gar 1 replaces the early H/ACA RNA loading and 

chaperone factors Naf1 and Shq1 in mature H/ACA RNP complexes, and is postulated to be 
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involved in substrate loading and the intracellular localization of mature H/ACA complexes 

[64, 154, 155]. Unlike the other three H/ACA proteins, Gar1 deletion does not lead to a 

decrease in the steady state levels of H/ACA RNAs [156]. In concordance with this, there 

are currently no known Gar1 mutations associated with telomere maintenance diseases.

GENETIC DISEASES ASSOCIATED WITH TELOMERE MAINTENANCE 

DYSFUNCTION

Telomere shortening syndromes describe a number of disorders associated with telomere or 

telomerase dysfunction [157]. These diseases have variable clinical presentation and affect a 

multitude of systems, with significant overlap. Hematopoietic dysfunctions are frequent 

clinical presentations of telomere shortening syndromes, underscoring the importance of 

optimal telomere length maintenance in the homeostasis of blood cell lineages. The term 

telomere-shortening syndrome reflects the common molecular etiology of shortened 

telomeres in these disorders. They are increasingly being considered as a continuum of the 

same disease, rather than being distinct pathologies. With the advent of molecular diagnostic 

tools, the list of telomere shortening syndromes is rapidly growing and includes several 

disease states previously considered to be orphan or idiopathic [7, 158]. The genetics and 

molecular etiologies of genetic diseases associated with telomere maintenance dysfunction 

are summarized below.

Dyskeratosis Congenita

Dyskeratosis congenita (DC) is a rare, inherited, multisystem disease characterized by 

premature aging. A triad of epithelial symptoms, including the loss of nails and teeth, 

reticular skin hyperpigmentation, and oral leukoplakia represent the diagnostic 

characteristics of DC [159, 160]. Up to 85% of DC patients develop bone marrow failure 

and this is the primary cause of mortality. In addition to tissue failure, short telomeres 

prompt the development of genomic instability that precedes cellular transformation and 

carcinogenesis [161, 162]. Concordantly, an increased risk of cancer is also well 

documented in DC [163]. There are a number of other symptoms that are characteristic of 

the disease, including excessive tears in the eye, mental retardation, pulmonary fibrosis, and 

osteoporosis [164]. However, proliferative deficiencies in the epithelial and hematopoietic 

compartments are generally considered to be the hallmark features of DC [24, 165].

Autosomal recessive, autosomal dominant, and X-linked recessive forms of the disease have 

been described and are linked to genes that encode components of telomerase and telomere 

associating proteins [159, 166]. Of the various forms of DC, X-linked recessive DC (X-DC) 

accounts for the majority of cases. X-DC is primarily caused by nonsynonymous mutations 

in the DKC-1 gene, which encodes the protein dyskerin [143]. X-DC associated dyskerin 

mutations occur in two major clusters, with the first hotspot between amino acids 30 and 50. 

These residues are located close to the pseudouridinase catalytic domain TruB [167]. A 

second cluster of X-DC mutations is found in the pseudouridine synthase and archaeosine 

transglycosylase (PUA) domain of the dyskerin protein, which is responsible for RNA 

binding functions [150]. Surveys of X-DC patient materials revealed a reduction in steady-

state accumulation of telomerase RNA (TER) [24, 168] and the resultant telomere 
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maintenance defects could be rescued with the expression of a TER transgene [169]. A 

recent study suggested that DC-associated dyskerin mutations affect its association with an 

RNP accessory factor, Shq1, inferring a compromised abilityto associate with H/ACA RNAs 

[170].

The autosomal dominant form of DC (AD-DC) has been linked to heterozygous mutations 

or deletions in TER or TERT [171, 172]. At least eight TER mutations and deletions and ten 

TERT non-synonymous mutations are known to associate with DC. Mutant TER alleles 

encode changes in the domains of telomerase RNA thought to be responsible for its inherent 

stability or enzymatic function [8]. TERT mutations are also associated with reduced 

telomerase activities in reconstitution assays. Harboring a single mutant allele of TER or 

TERT is sufficient to precipitate clinical consequences [160, 171, 172]. Telomerase haplo-

insufficiency has been confirmed by clinical observations, mouse models and biochemical 

data from in vivo reconstitution assays [171,173, 174]. Disease anticipation is seen in AD-

DC, linked to the progressive telomere shortening evident in successive generations of 

families with this disease [171, 175].

Recently, mutations in the shelterin protein TIN2 have also been associated with AD-DC 

[176]. This discovery is the first to implicate mutations of telomere binding proteins 

(members of shelterin complexes) in DC pathologies and reaffirms that DC is primarily a 

telomere maintenance disorder [176]. DC patients carrying TIN2 mutations exhibit more 

severe clinical phenotypes than observed in standard DC pathology [177]. Almost all 

patients with TIN2 mutations develop bone marrow failure, with over 66% diagnosed before 

the age of ten – a much earlier disease onset than is generally expected for AD-DC [177].

Autosomal recessive forms of DC (AR-DC) are characterized by some of the most severe 

clinical phenotypes in the DC spectrum. Homozygous mutations in the H/ACA motif 

binding Nhp2 and Nop10 components of telomerase have been found to be associated with 

AR-DC [178, 179]. These two proteins are integral components of the H/ACA 

ribonucleoprotein complex and a loss of their function, similar to cases of X-linked DC, are 

associated with decreased telomerase RNA levels and compromised telomere maintenance. 

Extremely rare, only three families with homozygous mutations in either Nhp2 or Nop10 

have been identified [178, 179].

Hoyeraal-Hreidarsson Syndrome

Hoyeraal-Hreidarsson syndrome (HHS) is a multi-system disorder characterized by B cell 

and NK cell immunodeficiency, developmental retardation, neurological defects, and bone 

marrow failure. Death usually occurs within the first decade of life [180]. Observations that 

HHS is more frequent in boys and presents with progressive bone marrow failure, led to the 

speculation that HHS may be a variant of DC. Subsequent molecular analyses confirmed 

that individuals diagnosed with HHS showed mutations in DKC1 and TERT [181–184]. 

Patients were also found to have shortened 3′ telomeric overhangs [185]. Given similarities 

in clinical presentation, and genetic lesions in the same genes, HHS is now considered to be 

a severe form of DC [180, 182]. The increased severity of HHS, compared to standard DC, 

is not currently attributed to the genetic pleiotropy of telomere shortening syndromes, or the 

involvement of other genetic modifiers, in addition to dyskerin or TERT.
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Aplastic Anemia

Aplastic anemia (AA) was first recognized to associate with mutations in the pseudoknot 

region of TER. Mutations in the TER pseudoknot region reduce telomerase activity in 

reconstitution assays and disease phenotypes are linked to the haplo-insufficiency of 

telomerase activity [8, 173]. Subsequent studies of patients with aplastic anemia have 

revealed linkage to several TERT non-synonymous mutations, which also lead to telomerase 

activity haplo-insufficiency [186]. Multiple studies have shown that aplastic anemia patients 

have significantly shorter telomeres compared to age-matched controls [8, 186, 187], 

establishing the utility of screening for telomere dysfunctions in the molecular diagnosis of 

AA.

Other Haematopoietic Deficiency Syndromes

TERT and TER heterozygous mutations are also associated with a small number of rare 

hematopoietic disorders. Myelodysplastic syndrome (MDS) is characterized by the 

ineffective production of myeloid lineage blood cells and a predisposition to the 

development of acute myelogenous leukemia [188]. In addition to mutations in two 

transcription factors, RUNX1 and CEBPA, MDS was reported to associate with a TER 

nt322 G→A mutation in a single patient in an NIH study and a TER nt323 C→T mutation 

in a lone Japanese patient [189]. A recent familial study identifying MDS patients harboring 

TER 212 C→G, 309 G→T and TERT R631Q, P785L strengthened the correlation between 

telomere maintenance deficiency and the pathology of MDS subtypes [190]. Paroxysmal 

nocturnal haemoglobinuria (PNH) is a hematopoietic disorder characterized by complement- 

induced hemolytic anemia. This disorder can be acquired spontaneously, or develop in the 

context of existing aplastic anemia. A single patient diagnosed with PNH was found to 

harbor a mutation in the functional Sp1 binding site of the TER promoter (−99 C→G) [191]. 

Biochemical analysis of this promoter mutation confirmed the disruption of Sp1 binding and 

dysregulation of TER promoter activity, dependent on cellular context [191]. The extent to 

which telomere maintenance deficiencies impact PNH pathology will be better understood 

with further epidemiological and biochemical analysis.

Revesz Syndrome

The Revesz syndrome is characterized by bilateral exudative retinopathy, cerebellar 

underdevelopment, growth retardation, and nail dystrophy [192]. Many of these clinical 

features overlap with DC and HHS. Recently, one patient diagnosed with Revesz syndrome 

has been identified to have a mutation in TIN2 [176], a telomere binding protein previously 

associated with the AD-DC, further linking this disorder with telomere maintenance 

dysfunction. Of note, TIN2 mutations associated with the Revesz syndrome are different 

from those associated with DC or aplastic anemia [177].

Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is a form of idiopathic interstitial pneumonia (IIP). It is 

the most common type of IIP, accounting for about 40% of all cases and affects more men 

than women [193, 194]. IPF is characterized as the progressive and chronic formation of 

fibrotic scar tissue in the lungs without any known causative agent. Patients often display 
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chronic dry cough along with exertion-induced breathlessness and 25–50% of patients 

develop clubbing of the digits. IPF is most commonly found in those between 50 to 70 years 

of age, with two thirds of all cases diagnosed in people over 60 years old [193, 195]. The 

average survival time following diagnosis is 2.5 to 3.5 years.

A recent study of familial IPF patients revealed mutations in both TERT and TER indicating 

that telomere dysfunction could be the underlying cause of the disorder in a significant 

proportion of patients [7]. Patients with sporadic IIP and IPF have shorter telomeres 

compared to age-matched controls [196]. Even in IPF patients harboring wildtype sequences 

for TER or TERT, shorter than normal telomere lengths are highly significant in disease 

etiology [197]. Given the chronic nature of IPF and the advanced age at diagnosis, telomere 

attrition could arise from chronic lung inflammation and the increased tissue renewal 

demands compared to healthy individuals. In individuals with underlying genetic variations 

that limit starting telomere length or telomerase function, this accelerated telomere erosion 

could lead to clinical symptoms.

DISEASES WITH INCREASED CELLULAR TURNOVER AND AN 

ACCELERATED RATE OF TELOMERE ATTRITION

Telomere shortening is one of the molecular phenotypes that define a number of genetic and 

inflammation-related conditions [197–202]. In contrast to disorders that have defects in 

telomere maintenance as a primary disease etiology, these disorders are characterized by 

increased cellular turnover, leading to an accelerated rate of telomere attrition (Fig. 1). 

Extensive research has shown a relationship between telomere length and disease 

progression. This section highlights some of the findings that have established this link.

DNA Repair Enzyme Deficiency Syndromes

Genetic diseases with impaired DNA damage repair capacity are frequently associated with 

an accelerated telomere attrition phenotype [198, 203]. Genomic damage from normal 

metabolism, exposure to environmental insults, such as ionizing radiation or toxins, together 

with mistakes accumulated from DNA replication, is detrimental to cell survival. Cellular 

surveillance and repair mechanisms are in place to restore genomic integrity and prevent the 

propagation of these errors. Genetic lesions in repair pathway components lead to an 

unbalanced activation of apoptosis [204]. Increasing the proliferative rate of remaining cell 

populations compensates for the loss of these under-repaired cells. An increased demand on 

cellular renewal is mirrored by a loss of telomere repeats in patients’ somatic cells.

In addition to the increased cellular turnover due to the death of unrepaired cells, several 

DNA damage repair deficiency syndromes impact telomere maintenance directly. Double-

stranded DNA repair proteins, such as ataxia telangiectasia mutated (ATM) kinase [201, 

205], the Mre11- Rad50-NBS (MRN) complex [41, 206], the Werner helicase [207, 208], 

the breast cancer 1 (BRCA1) protein [209, 210] and other participants of the double-

stranded DNA damage repair pathways (reviewed by Jackson and Bartek [204]) are also 

known to participate in normal telomere maintenance homeostasis. Genetic deficiencies in 
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these repair pathway components will directly affect telomere length maintenance, in 

addition to cellular turnover rate changes due to the impairment of DNA repair [201, 206].

Diseases of Chronic inflammation and Infection

Atherosclerosis—Atherosclerosis is the thickening and hardening of arterial walls by the 

accumulation of lipids, white blood cells, and fibrous materials. The disease is also 

characterized by the accumulation of immune cells to artery walls, brought about by the 

inflammation response [211]. The development of atherosclerosis plaques is dependent on 

an increased proliferation of the endothelial compartment in response to an injury. In 

agreement with this, patients with coronary heart disease were found to have shorter 

telomeres in endothelial cells, compared to controls without heart disease [212]. 

Overexpression of TRF2 mutants, and the ensuing telomere dysfunctions, gave rise to gene 

expression profiles in endothelial cells very similar to those observed during the genesis of 

atherosclerosis-related plaques [213]. This data argues that telomere dysfunction may have a 

prominent role in the pathologies of atherosclerosis.

Hypertension—Increased telomere attrition is also reported in cases of neovascularization 

and hypertension, two types of cardiovascular dysfunction that are also associated with an 

active inflammatory response (reviewed in Fuster and Andrés [200]). This led to the idea 

that telomere length may be useful as a quantitative measure for cardiovascular disease risk. 

However, it is unclear whether increased cellular proliferation due to inflammation leads to 

shortened telomeres, or if shorter inherited telomere lengths prompt the development of 

cardiovascular conditions later in life. In support of the intrinsic model, genetically 

engineered mice lacking TER expression were found to exhibit higher blood and urinary 

levels of endothelin-1 and develop hypertension [214]. Given that cardiovascular diseases 

are complex disease states with a wide range of genetic and environmental causes, variations 

in telomere reserves and attrition rates between patients warrant epidemiological analysis to 

illuminate mechanisms.

Hepatitis/Cirrhosis—Hepatitis is characterized by chronic inflammation of the liver, 

caused by the exposure to chemical toxins or biological agents such as the hepatitis C 

viruses. Hepatitis, and other chronic liver diseases, can lead to cirrhosis, liver failure 

characterized by the replacement of normal liver tissue with fibrotic scar tissue [215]. 

Patients with chronic liver disease have significantly shorter telomeres compared to normal 

individuals and there is a negative correlation between telomere length and disease 

progression [216, 217]. In addition, the development of fibrotic scarring in cirrhosis is 

dependent on telomere shortening in hepatocytes, and their subsequent senescence [218].

Rheumatoid Arthritis—Rheumatoid arthritis (RA) is a disorder of chronic inflammation 

that manifests in multiple forms [219]. The most common form of RA attacks joints, 

resulting in the inflammation of the synovium membrane. Immune systems of RA patients 

show signs of premature senescence, and it is generally associated with an increased CD28 

negative T cell population and accelerated telomere loss in peripheral blood mononuclear 

cells [220]. A recent study examined naïve CD4-positive T cells from RA patients and 

revealed an impaired ability to activate TERT transcription [221]. Failure of antigen-
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stimulated induction of TERT expression leads to the premature apoptosis of these naïve T 

cells, which can be rescued by the ectopic expression of the TERT transgene. Dysfunction of 

naïve T-cells in RA patients is a further disadvantage as it compels the existing memory T-

cell population to mount an immune response. It is unclear whether insufficient TERT 

transcription induction in naïve T-cells is a manifestation of the pathologies of RA, or, as the 

authors suggest, an inherent deficiency of TERT induction that precipitates the autoimmune 

syndrome [221].

Chronic Lung Inflammation Diseases—Chronic obstructive pulmonary disease 

(COPD) is a respiratory condition with systemic manifestations, including weight loss, 

muscle dysfunction, atherosclerosis and osteoporosis [222]. COPD is associated with a 

cumulative burden of noxious fume inhalation, and smoking is a predominant risk factor. In 

COPD, chronic inflammation of the lower airways and of the lung parenchyma result in the 

slow destruction of lung tissues and a gradual reduction of airflow [223]. Limitations to 

airflow are rarely reversible and the prognosis worsens with time. Short telomeres were 

found in the peripheral blood leukocytes of COPD patients. COPD patients with emphysema 

have telomere lengths that are significantly shorter than normal controls in alveolar type II 

cells, endothelial cells, peripheral blood mononuclear cells and fibroblasts [224]. Telomere 

lengths in COPD patients were also found to correlate positively with PaO2 and negatively 

with PaCO2, underscoring the role of oxidative stress on telomere maintenance [224].

HIV—Human immunodeficiency virus (HIV) maintains a chronic infection of the CD4+ T 

lymphocytes. Clinical studies of CD4+ T-lymphocytes have not found a correlation between 

infection status and residual telomere length. Instead, HIV-positive individuals are found to 

have short CD8+ telomere lengths, suggesting an increased demand on proliferation of this 

T-cell lineage to battle the HIV infection [225]. Current therapeutic goals in HIV treatment 

aim to reduce the viral load and maintain a functional population of CD4+ T-cells. Termed 

as highly active antiretroviral therapies, these anti-HIV combination therapies usually 

contain three different anti-viral agents with well-studied nucleoside and non-nucleoside 

reverse transcriptase inhibitors (NRTIs and NNRTIs) as backbones [226]. The structural 

similarity between HIV reverse transcriptase and human telomerase reverse transcriptase 

raises concerns about the adverse effects of long-term administration of these anti-HIV 

agents on normal telomere length homeostasis [114, 227].

TELOMERASE POLYMORPHISMS AND DISEASE ASSOCIATIONS

Until recently, large-scale screening of TERT and TER polymorphisms in the context of 

complex diseases has been lacking. This gap in the literature is now being addressed (Table 

2). A genome-wide study has uncovered an association between a TERT SNP and sporadic 

idiopathic pulmonary fibrosis in a Japanese patient group [228]. This SNP (rs2736100) is 

found in intron 2 of TERT. The same SNP also associates with an increased risk of non 

small-cell lung cancers (NSCLC) in a Chinese population [229]. Non-coding intronic 

mutations, through the activation of alternate splicing, or other regulation changes, could 

conceivably affect the cellular functions of the gene product. However, there have been no 

reports on possible alterations in telomerase activity, enzyme functionality, or steady-state 

expression levels with this TERT intron 2 SNP. Alternatively, this SNP could exist in these 
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Asian populations in linkage disequilibrium with another locus that increases susceptibility 

to lung dysfunction. Further epidemiological or biochemical studies will be needed to 

differentiate these two possibilities.

A TERT promoter SNP at −1327 (T→C; rs2735940) is associated with decreased telomere 

length in peripheral blood leukocytes [230]. Biochemical studies using the dual luciferase 

reporter assay corroborate the hypothesis that −1327C is associated with decreased TERT 

promoter activity, and theoretically reduces expression of the TERT protein [230]. 

Homozygous TERT −1327C individuals are also found to harbor an increased risk of 

coronary artery diseases, presumably due to the accelerated loss of telomere repeats from 

reduced telomerase activation [231]. TERT −1327C was found with high allele frequencies 

ranging from 0.31 to 0.67, with higher presentations in Asian, Sub-Saharan African and 

European populations [232, 233].

TERT H412Y is a nonsynonymous polymorphism (rs34094720) observed in a family with 

DC. Two recent studies have found that this SNP, in the N-terminal domain of TERT, led to 

significantly decreased telomerase activity [186, 234]. However, this same H412Y TERT 

isoform was tested previously and showed only a slight decrease in telomerase activity in 
vitro, with no measurable differences in vivo [196]. TERT H412Y has been reported with an 

allelic frequency of up to 2% in a CEPH (Utah residents with ancestry from northern and 

western Europe) population, which is in direct contrast with the known DC frequency of one 

case per million, including all different inheritance forms. The moderate reduction in 

telomerase activity of H412Y TERT suggests that this SNP represents an additional risk 

factor, rather than a monogenic determinant for disease association.

Epidemiology studies have also linked TERT SNPs to increased incidences of acute 

myelogenous leukemia (AML) [235]. AML is the uncontrolled replication of white blood 

cells in the bone marrow that interferes with normal blood cell development. Patients with 

DC and aplastic anemia have a predisposition for developing AML, presumably due to the 

increased genomic instability associated with the loss of telomere length protection. AML is 

therefore considered an alternate progression of disease in bone marrow failure syndromes 

[236]. A recent linkage study revealed that patients diagnosed with AML had a three times 

higher prevalence of TERT A1062T SNP (rs35719940) compared to controls and decreased 

telomerase activity compared to wild type [235]. A subsequent report unveiled a link 

between this A1062T-TERT and other hematological malignancies including diffuse large 

B-cell lymphoma (DL-BCL) and chronic lymphocytic leukemia (CLL), but no significant 

linkage is observed with multiple myeloma (MM) [237]. However, biochemical analyses of 

reconstituted A1062T TERT telomerase activity by different research groups resulted in 

contradictory conclusions [196, 235]. The lack of correlation between these studies may be 

attributed to the variability between laboratory protocols for measuring telomerase activity 

in vitro. Presumably weaker perturbations of telomerase activity by these SNPs could also 

approach the sensitivity limit of current assays, leading to a higher variability in activity 

measurements.

Association to multiple cancers’ susceptibility was shown in several large-scale population 

studies to 5p15.33, a genomic region where TERT and the CLPTM1-L (Cleft Lip and Palate 
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Transmembrane protein 1-like protein) genes reside [238–240]. In particular, a TERT coding 

region SNP (rs2736098) corresponding to a synonymous mutation (A305A) has been 

connected to an increased risk in basal cell carcinoma, as well as a predisposition in lung, 

bladder, prostate and cervical cancers. It is currently not clear whether this TERT 

synonymous SNP exists in linkage disequilibrium with other genetic changes [240].

TER nt58 G→A and nt228 G→A were initially reported to associate with aplastic anemia. 

However, the discovery that these two alleles exist in frequencies of up to 2% and 4% in 

African American populations weakens this disease association. In addition, contrasting data 

were obtained using the telomerase reconstitution assays, with reports of weak or no 

perturbation of in vitro telomerase activities with the introduction of these TER mutations in 

the reconstituted enzyme. Similarly confusing results were found with other identified TERT 

nonsynonymous SNPs. TER nt514 GàA SNP was reported to associate with an increased 

risk of systemic sclerosis, a chronic inflammation disease in connective tissue with unknown 

etiology [241]. This SNP is found immediately downstream of the mature TER sequence but 

the functional significance of this genetic variation is not known.

CONCLUSIONS

Autosomal dominant forms of dyskeratosis congenita (DC) have been associated with an 

earlier onset and an increased severity of disease presentation in subsequent generations. In 

addition to dysfunctional telomerase enzyme, each successive generation of patients inherits 

a shorter starting telomere length from affected parents. This makes the case that telomerase 

dysfunctions precipitate clinical symptoms only when telomere lengths are critically short. 

The high correlation between residual telomere lengths and the onset of clinical events have 

greatly changed the diagnosis of DC-like diseases. Due to variability in the clinical 

presentations of telomere shortening syndromes, recent studies have adopted the use of 

peripheral blood leukocytes (PBL) telomere length measurement as a diagnostic tool for 

DC-like conditions. In the case of chronic inflammation diseases, mean telomere length in 

PBL also serves a predictive role in disease progression and severity. Strong correlations 

have already been established between the progression of disease and mean telomere length 

in PBL for chronic disorders such as hepatitis and cirrhosis.

Could SNPs found in telomere pathway genes account for the progression kinetics of these 

complex diseases? Presumably SNPs in the telomere pathway could either exacerbate or 

alleviate telomere loss alongside primary disease etiology. Recent discoveries in rheumatoid 

arthritis provide some clues: the lack of TERT induction in RA patients’ naïve T cells could 

be an inherent regulatory/transcription activation defect, leading to an exacerbated disease 

phenotype, by depleting functional T-cell populations and increasing reliance on memory T-

cell reactivation for immune function.

We postulate that polymorphisms in telomere pathway genes could alter their function or 

regulation, in a manner that accelerates the telomere loss phenotype in certain complex 

disorders (Fig. 2). Weak perturbations of telomere pathway components are not, on their 

own, sufficient to precipitate clinical symptoms. However, in the presence of other genetic 

predispositions, such as the loss of DNA repair capacity in xeroderma pigmentosum, or with 
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prolonged exposure to strong environmental stresses such as cigarette smoking in the case of 

COPD, SNPs with low penetrance could exacerbate the clinical severity of existing 

conditions, by accelerating the kinetics of telomere loss. Indeed, several TERT polymorphic 

variants have already been identified as susceptibility factors in IPF and AML. With 

increased scrutiny and the availability of large-scale epidemiology studies and analytical 

tools, it is expected that these and other SNPs of telomere pathway components could be 

identified as risk factors for complex diseases.

Several studies have illustrated the utility of telomerase replacement strategies to effectively 

correct DC molecular phenotypes [169, 242, 243]. Hence, telomerase activation strategies 

using small-molecule transcription activators are being heavily pursued [244, 245]. With the 

advent of available tools, it is tempting to speculate that personal therapies of telomerase 

activation/replacement could be tailored to suit individual needs. In addition to reverting 

clinical phenotypes of severe telomerase deficiency syndromes such as DC, temporally 

controlled activation of telomerase could also alleviate clinical phenotypes of diseases 

associated with a high cellular turnover. Currently still being studied in the laboratory, these 

therapeutic tools will undoubtedly revolutionize the clinical strategies against many 

disorders with an underlying deficiency in tissue renewal capacity.
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Figure 1. Telomere Length Dynamics
Telomere length is determined by the sum of various cellular processes. Each one of us 

inherits a starting telomere length from both parents. Activation of the reverse transcriptase 

telomerase, by hormonal and other transcriptional activation events, adds telomeric repeats, 

while genetic or chemical perturbations in this maintenance pathway impairs telomeric DNA 

addition.

Telomeric DNA repeats are lost during each DNA replication cycle, with the inference that 

an increased rate of cellular proliferation and tissue renewal will result in an increased 

telomere attrition rate.
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Figure 2. Telomere Length Maintenance and Disease Progression
Schematic of genetic perturbations in the telomere maintenance pathway and the presence of 

disease pathologies. Clinical symptoms correlate with short telomere lengths, by impaired 

synthesis, or an accelerated loss.
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