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Abstract: Telomeres are crucial structures that preserve genome stability. Their progressive erosion 

over rounds of DNA duplication determines senescence of cells and organisms. In a classic view, 

telomere biology impinges on intracellular signaling pathways regulating DNA damage repair and 

cell cycle arrest, but new roles of telomeric proteins and transcripts emerge from recent literature. 

Telomere biology diseases are human disorders associated to telomere attrition. This review wants 

to overview the recent findings in the field of telomere’s metabolism and to deepen molecular mech-

anisms of inherited and acquired telomeropathies, explaining new critical connections between te-

lomeric factors and disease pathogenesis. 
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1. Telomeres structure and function 

Telomeres are specialized structures at chromosome ends deputed to protection and 

preservation of genetic information. Evolutionarily, telomeres are deemed to originate 

from introns recombination in circular DNA molecules, generating non-coding extremi-

ties[1].The presence of terminal non-coding DNA overcame the progressive loss of genetic 

material at each cell division round, due to the incomplete replication of linear DNA mol-

ecules[2]. Telomeres are in fact constituted by non-coding repeated DNA. Telomere re-

peats are species-specific G-C rich conserved sequences, (in human 5’-TTAGGG- 3’) that 

terminate with a G-rich (or in some species both G and C-rich) overhang[3]. The overhang 

is fundamental for telomere stability since its capacity to invade the duplex and to form a 

cap-like structure (the T-loop) is at the basis of telomere protection[4][5]. In fact, the loss of 

G-overhang was shown to cause a rapid induction of DNA damage response (DDR) in 

cells. To allow the cell to discriminate between induced DNA lesions and natural 
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extremities, telomeres are covered by the shelterin complex. The complex is composed by 

six proteins: TRF1, TRF2 and POT1 bind telomeric DNA directly, while TPP1, TIN2 and 

Rap1 act as a bridge among the shelterin factors, holding fast the structure of the complex 

itself [6]. The member of the shelterin complex have distinct function directed to different 

DDR signaling and repair pathways [7] and are involved in regulation of telomere elonga-

tion [8]. 

When telomeres undergo massive erosion or genotoxic stresses causing loss of telomeric 

repeats, the protection complex is insufficiently bound, and DDR is activated leading to 

cell arrest and senescence[9]. Dysfunctional telomeres are recognized as DNA damage and 

repaired unproperly by Homologous Recombination and canonical or non-canonical Non-

Homologous End Joining, generating telomere aberration such as fusions or loss of telo-

meric repeats. In precancerous lesions, where cell cycle checkpoints that arrest cells upon 

DNA damage are altered, telomere instability generates mis-segregation and chromosome 

breakage during mitosis, giving rise to secondary rearrangements that fuel genetic insta-

bility[10]. Thus, telomere protection is considered a tumor suppressive element. Other-

wise, telomere length maintenance is a pre-requisite for cancer development since telo-

mere attrition during cell divisions must be buffered in actively replicating cancer cells, in 

order to maintain an unlimited proliferative potential. Cancer cells in fact re-activate te-

lomerase enzyme or alternative mechanisms to elongate telomeres during cancer progres-

sion.[11] 

It has been known from years that inherited telomere length is correlated with lifespan of 

cells and organisms, and that telomere length is reduced over age [12]. Telomere shorten-

ing and dysfunction is a hallmark of ageing, since telomere attrition causes stem cell ex-

haustion impairing tissue renewal. In addition, mounting evidence support a role for telo-

mere’s dysfunction in ageing pathologies where a critical role is played by inflammation 

[13]. Recently, an extensive analysis of telomere length (TL) in different human tissues 

types and individuals clearly showed a significant correlation of TL with genetic back-

ground, gene expression and ageing. Furthermore, this analysis clearly showed that telo-

mere shortening mediates aging related gene expression [14]. For longtime telomeres have 

been considered as silent chromatin territories. Recently, telomeres were discovered to be 

transcribed into long non-coding RNAs (lncRNAs). Telomere transcription is associated 

with telomere stability, DNA damage response and aging. TERRA are lncRNAs tran-

scribed from subtelomeric promoters which are involved in telomere stability. They are 

regulated by the methylated state of subtelomeres and are strongly upregulated in ALT 

cells. They remain associated to telomeric chromatin forming R-loops which increases the 

predisposition to hyper-recombination of ALT telomeres[15]. Upon DNA damage at telo-

meres, damage induced long non coding RNAs (dilncRNAs) are transcribed bidirection-

ally starting from the DNA lesions, they are precursor of small non coding RNAs (named 

DDRNAs) and mediate the efficient transduction of signalling cascade driving cell arrest 

and repair[16][17]. Transcription mediated telomere damage is also responsible for the ex-

pression of senescence associated cell phenotypes[18].  
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Telomeres are difficult to replicate regions, being constituted by heterochromatin and 

prone to fold into secondary structures like G-quadruplexes, t-loop, I-motifs[19]. In addi-

tion, the presence of long non-coding RNA transcribed from subtelomeric promoters, that 

stably interact with DNA duplex forming R-loops, [20] make this chromosome fields en-

riched of topological enzymes necessary to assist replication, transcription, histone modi-

fication. Telomeres are in fact considered as “difficult to repair” chromatin, that conse-

quently accumulate irreparable DNA damage causing senescence and aging.[21] In this 

regard, mutations affecting helicase, topoisomerase, histone acetylation and methylation 

cause telomere’s dysfunction and consequently aging associated phenotypes.  

This review wants to overview and deepen molecular mechanisms of inherited and ac-

quired telomeropathies, explaining new critical connections between telomeric proteins 

and disease pathogenesis. 

 

1.2. Telomere length homeostasis. 

Some cells, like gametes, cancer and stem cells, have developed a successful strategy to 

overcome the replication end problem through the expression of telomerase, a ribonucle-

oprotein involved in counteracting the shortening of telomeric ends. Telomerase expres-

sion is strictly controlled throughout human development: if embryo stem cells have a 

high activity of telomerase, in the most adult somatic cells telomerase is not detectable, 

with the exception of lymphocytes in bone marrow and peripheral blood and a cluster of 

epithelial cells in the skin, hair follicle, endometrium and gastrointestinal tract [8] [22] [23].  

If mutations that make telomerase inefficient happen during the embryogenesis process, 

cells will be generated with short telomeres right from the beginning, making highly prob-

able the occurrence of telomeropathy [24] [25]. 

Telomerase is a holoenzyme able to maintain telomeres length, re-synthesizing telomeric 

repetitions that are lost at each replication cycle [26]. It was discovered in 1985 in the ciliate 

Tetrahymena thermophila and it was called “telomere terminal transferase” to highlight its 

capacity to add telomeric sequence repeats [27]. Nowadays, human telomerase structure 

has been defined; it is a ribonucleoenzyme formed by hTERT, the reverse transcriptase that 

represents catalytic enzyme core, hTERC, the lncRNA used as a template for telomere elon-

gation, and a series of specie-specific accessory proteins: dyskerin, NHP2, NOP10, rep-

tin/pontin, Gar1 and TCAB1 (Fig.2) [28][29][30][31]. Accessory telomerase proteins regu-

late telomerase activity, biogenesis and localization and are involved in many biological 

processes [32]; dyskerin, for example, is a pseudouridine synthase localized mainly in the 

nucleus, where it can participate in the formation of telomerase, Cajal body ribonucleopar-

ticles (scaRNPs) and H/ACA small nucleolar ribonucleoparticles (snoRNPs), playing an 

important role not only for telomeres, but also for rRNA processing [33].  
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2. Telomeres and cancer 

Telomeres length maintenance is a pre-requisite for cancer development,[34] recently, a 

pan-cancer genomics study detected TERT expression in ~75% of tumor samples. In these 

samples, telomerase reactivation occurred by point mutation (31%) or methylation (53%) 

in the hTERT promoter.[35] Activation of telomerase coincide with other pro-oncogenes 

changes in adult somatic cells in the early steps of cancer development [11]. The pro-onco-

genic activity of telomerase is not restricted to telomere elongation but involves interac-

tions between hTERT subunit and signaling pathways controlling cell survival and trans-

formation like c-myc, WNT/catenin, NF-kB, but the number of identified cross-talks be-

tween hTERT and intracellular signaling is constantly growing. [36] Telomerase reactiva-

tion mechanisms include promoter mutation and epigenetic modification, gene amplifica-

tion, rearrangements of gene locus, [37] and enzymatic activity is directly correlated with 

cancer cell proliferation and stemness. [38] Other telomeric proteins are found mutated or 

deregulated in cancer. POT1(Protection of Telomeres 1) is an essential component for telo-

mere stability, [39] it binds both the ds and the ssDNA at telomeres interacting with other 

shelterins (namely TPP1 and TRF1), counteracts G-quadruplex formation [40] and attenu-

ates ATR driven DDR. Germline and sporadic mutation of POT1 are associated with dif-

ferent human cancers. POT1 is frequently mutated in aggressive forms of chronic lympho-

cytic leukemia. Furthermore, germline POT1 mutations have been shown to underlie a 

number of hereditary familial cancer syndromes involving CLL, glioma, melanoma and 

colorectal cancer and angiosarcoma. [41]. Telomere binding proteins are overexpressed in 

cancer, this is not simply explained by telomere re-elongation, in fact, some aggressive 

cancers present an unbalance between telomere length and telomere binding protein ex-

pression, which can be at the basis of the presence of dysfunctional telomeres generating 

genome instability [42] [43]. TRF1 is over-expressed in early stages of pancreas tumorigen-

esis and glioblastoma progression in mouse models [44] and TRF1 SNPs were found asso-

ciated with increased risk of skin cancer in human[45]. TRF1 is considered a validated tar-

get in gliobastoma treatment and TRF1 inhibitors are currently under pre-clinical evalua-

tion [46]. TRF2 is upregulated in several human cancers, it is involved in angiogenesis 

through different pathways and immune escape[47][48][49][50]. Recently, alterations of 

the shelterin complex were recently assessed in 9125 tumor samples in 33 different human 

cancers. TRF1 and POT1 amplification and TRF2-RAP1-TPP1 co-amplification/deletion 

were found associated with cancer progression defining broad molecular signatures linked 

to several intracellular pathways involved in oncogenesis[51]. Data collected in endome-

trial cancer patients suggest instead an inverse correlation between TERRA expression and 

cancer progression[52].  
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3. Telomeropathies 

 

Telomeropathies are divided into two groups: 

• Primary telomeropathies are a spectrum of telomere biology disorders occurring 

when genes that preserve telomeres are mutated. This category is represented by 

three different forms of DC: Hoyeraal-Hreidersson syndrome, Revesz syndrome 

and Coats Plus syndrome; 

• Secondary telomeropathies are characterised by mutations on proteins involved 

in DNA damage response (DDR), such as Fanconi anemia, Werner syndrome, 

Rothmund-Thomson syndrome and Bloom syndrome [53][54].  

 

3.2 Dyskeratosis congenita 

Dyskeratosis congenita (DC, also referred to as Zinsser-Engman-Cole syndrome) is a rare 

disorder (prevalence: 1 case in 1 million people) characterized by a spectrum of symptoms 

like reticular hyperpigmentation, nail dystrophy, unusual skin pigmentation, eye and den-

tal anomalies, oral leukoplakia [55] and cancer predisposition that affect cells with high-

turnover progenitor [56] [57] [58]. DC’s patients have in fact a high probability to develop 

solid tumours and leukaemia [59] and usually death occurs for bone marrow failure (BMF) 

or pulmonary disorders [60]. 

The genetic basis of DC are to be found in mutations on key genes for telomere mainte-

nance and for telomerase synthesis and activity [61] that cause in DC’s patients a shorter 

telomere length than healthy individuals [62]. It presents three possible patterns of inher-

itance, according to which gene is mutated: X-linked, autosomal dominant or autosomal 

recessive [63] [64]. DC is also classified as ribosomopathy, because DC’s patients present 

dysfunctions in ribosomes’ synthesis and activity [61].  

Generally, DC affects males three times more commonly than females because the more 

frequent mutation occurs on DKC1 gene on X-chromosome, linked to X-recessive inher-

itance [58] [65]. DKC1 encodes for dyskerin, a pseudouridine synthase involved in RNA 

modification [66]. Dyskerin is a member of H/ACA box snoRNPs family that includes ri-

bonucleoprotein complexes formed by one H/ACA snoRNA and four proteins: dyskerin, 

GAR1, NHP2 and NOP10 [67]. When rRNA target must be modified, H/ACA snoRNA 

binds target throughout sequence-specific base pairing and dyskerin enzyme is activated, 

allowing rRNA maturation and functioning [67].The protein components of H/ACA 

snoRNPs complexes are also important because they constitute together with hTERT and 

hTERC another H/ACA RNP complex called telomerase (Fig.2) [66].  

DKC1 was the first discovered gene involved in dyskeratosis congenita [68], but nowadays 

we know 10 other genes, whose mutations have a direct or indirect impact on telomeres 

length: TERC, TERT, NPM1, TRF1-interacting nuclear factor 2 (TINF2), adrenocortical 
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dysplasia (ACD), conserved telomere maintenance component 1 (CTC1), NHP2, NOP10, 

poly(A)-specific ribonuclease (PARN), regulator of telomere length 1 (RTEL1) and 

WRAP53 [69] [64]. We can divide these genes into five groups (Table 1): 

● Telomerase genes. TERC and TERT are two genes that encode, respectively, for 

telomerase RNA hTERC and for telomerase reverse transcriptase. NHP2 and 

NOP10, instead, are two accessory proteins of telomerase RNP complex involved 

also in biogenesis and functioning of rRNA [70] [71]. Finally, WRAP53 codes for 

the accessory protein TCAB1, that regulates telomerase trafficking and DKC1, 

whose function has been explained above [72]; 

● Telomerase related genes. CTC1 is a protein of CST complex, involved in telomer-

ase activity, acting as a terminator of the reverse transcription process [73]. PARN 

is a specific exonuclease for poly-A RNA tail involved in hTERC processing, dead-

enylating hTERC to increase its stability [74] [75];   

● Shelterin complex genes. ACD is a gene on chromosome 16 that encodes for TIN2-

interacting protein 1 (TPP1). TPP1 is a member of the shelterin complex that forms 

a bridge between POT1 and TIN2 [76]. Its main activity is telomeres maintenance 

[77], making possible shelterin complex assembling [78]. TINF2, instead, encodes 

for TIN2, the central component of shelterin complex that connects TRF1, TRF2, 

and POT1, regulating telomere structure maintenance and signalling [79]; 

● Shelterin related genes. RTEL1 encodes for a DNA helicase that interacts with 

TRF2 by facilitating telomeres replication [4]. 

● Ribosome related genes. NPM1 is a phosphoprotein involved in regulation of 

rRNA synthesis and maturation. Recently, it was demonstrated it is also impli-

cated in maintenance and organization of nucleoli [80]. 

In a non-pathological situation, telomerase is activated right after fecundation, at blasto-

cyst stadium [81] and it remains functional during embryogenesis until birth [81] [82]. Fur-

ther, embryo expresses shelterin complex to protect its telomeres [83]. This creates pools 

of adult cells with a correct telomere’s length, ready to shorten at every replicative cycle 

up to replicative senescence [84]. 

Table 1. Dyskeratosis congenita mutations summary 

Group number Group name Genes involved 

1 Telomerase genes 
TERC, TERT, NHP2, NOP10, WRAP53, DKC1 

2 Telomerase related genes CTC1, PARN 

3 Shelterin complex genes ACD, TINF2 

4 Shelterin related genes RTEL1 
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5 Ribosome related genes NPM1 

 

In DC’s patients, mutations on the above-mentioned key genes for telomeres maintenance 

generate individuals with already genetic instability and short telomeres at birth, causing  

serious problems that manifest as dyskeratosis congenita symptoms and cancer predispo-

sition [85]. 

 

3.3. Dyskeratosis and ribosome biogenesis 

3.3.1. Ribosome biogenesis 

Human ribosomes (90S) are riboprotein structures composed by two subunits, small sub-

unit (40S) and large subunit (60S), which play the role to scan and translate mRNA into 

proteins[86]. At molecular level, ribosomes consist of 80 ribosomal proteins (RPs) and 4 

ribosomal RNA (5S, 5.8S, 18S, and 28S rRNA), transcribed into a nuclear specialized zone 

called nucleolus. Nucleoli are assembled around rRNA genes (rDNA), that are organised 

as head-to-tail tandem repeats set on chromosomes 1, 13, 14, 15, 21 and 22 [80] [86] [87]. 

rRNA transcription is regulated by many factors and one of the most important is nucleo-

phosmin 1 (NPM1), which is responsible for histone distribution on rDNA [80] but it also 

has got a role in post-transcriptional modifications of rRNA [69]. During transcription 

rRNAs start to be modified by indispensable processes that carry out rRNA maturation. 

These processes are extremely regulated by several catalytic complexes: 

● pre-5S is transcribed by tandem repetitions on chromosome 1 and needs 5’ and 3’ 

exonuclease trimming to generate mature 5S rRNA, which will become part of 60S 

ribosome subunit [88]. It is important to note that pre-5S is the only rRNA tran-

script synthetized out of nucleolus [89]; 

● pre-47S is processed by several nucleases to form 5.8S, 28S and 18S rRNAs. Fur-

thermore, two snoRNPs, C/D and H/ACA, insert 2’-O-methylation and pseudouri-

dylation to permit final rRNA maturation [61][88] . 

 

3.3.2. Dyskeratosis as a ribosomopathy:  which is the link? 

For a long time it was thought that dyskeratosis congenita was provoked exclusively by 

mutations on dyskerin, which, being no longer functional, did not allow the correct assem-

bly of one of the most important complex that contains it: the telomerase [68] [90].Today it 

is known that there are many mutations that result in DC and they can be related to te-

lomerase complex, shelterin complex or ribosome biogenesis malfunction [43].  

At this time, we might wonder about what type of molecular mechanism lies behind these 

mutations: can we report in all a reduction of telomerase activity? Or come into play 
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another mechanism that can help us to understand the molecular pathways of dyskeratosis 

congenita? Especially, why is dyskeratosis congenita considered a ribosomopathy? What 

sort of role ribosomes have in this disease?  

To answer to these questions we started from a piece of data of which we have a match in 

all DC’s forms: patients ‘cells, especially those with a high turn-over, present a telomere 

shortening and a ribosomes ‘synthesis dysfunctions [61] [91]. These two structures, telo-

meres and ribosomes, that seem to be very far from a localization point of view, are related 

from a biogenesis point of view. Telomeres, in fact, are lengthened by telomerase enzyme 

which, as ribosomes, is a riboproteic structure formed by proteins and RNA, hTERC, pro-

cessed by H/ACA box snoRNP [31]. Further H/ACA snoRNP and telomerase are linked by 

the presence of proteins dyskerin, GAR1, NOP10 and NHP2 [67] [56].  

The conclusion to which we might arrive is that mutations in genes encode for either te-

lomerase complex or H/ACA box bring to a malfunctioning of these complexes, with con-

sequent failure of telomeric elongation and maturation of key rRNA. This may be true for 

all those dyskeratosis congenita forms generated by mutations on first, second and fifth 

classes of genes listed above, however it cannot explain telomerase or ribosomes dysfunc-

tion in patients with mutations on genes encode for shelterin protein or shelterin-associ-

ated proteins.  

So, we have started to analyze the telomeres shortening in DC ‘cells as starting point that 

unites all forms of dyskeratosis congenita: 

• cells with first or second group mutations have a faulty telomerase, that cannot 

elongate telomeres as wild type one; 

• cells with third or fourth group mutations have a defect on one of the components 

of shelterin complex and this leads to a failed recruitment of telomerase, that, as 

was seen in some papers, is called by dyskeratosis congenita shelterin mutated 

components [3] [92] [93] [94]; 

• cells with fifth group mutations have defects on NPM1. It was recently discovered 

that wt-NPM1 can associate with AP-endonuclease 1 (Ape1), regulating nuclease 

activity on telomeres. Because mutations on NPM1 cause a decrease of working 

NPM1, the presence of NPM1 in a sub-stoichiometric ratio respect to Ape1 carries 

out to the endonuclease activation and telomeric shortening [95]. 

 

At this point, we hypothesized that in all cases of dyskeratosis congenita it could play a 

role a molecule directly or indirectly involved in shortening of telomeres and in deregula-

tion of protein synthesis. Accumulating evidence shows that telomere binding proteins 

such as TRF1, TRF2 and RAP1, bind extra-telomeric DNA regions, implying they have a 

function apart from the classic one [96].  
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By analyzing these proteins localization, our attention was focused on TRF2 because it is 

abundant into nucleolus, site of rRNA synthesis [97] [88] [98]. Moreover, it binds to nucle-

olar proteins and is involved in rRNA transcription. In dyskeratosis patients, unbalance 

between TRF2 protein levels and its preferential target (telomeric repeats) could increase 

TRF2 extra-telomeric localization affecting nucleolar structure and function and influence 

ribosome biogenesis.  

 

3.4 Dyskeratosis congenita: towards new therapeutic horizons 

Dyskeratosis congenita is an extremely heterogeneous pathology not only because, as it 

was seen, it is provoked by mutations on different genes, but also because, by a clinical 

point of view, it presents with very different symptoms from one patient to another and it 

strikes several tissues and organs [59]. Among the most common symptoms are: reticular 

skin pigmentation, nails dystrophy, aplastic anemia, bone marrow failure, leucoplakia, 

pulmonary diseases, learning disorders, mental retardation, extensive dental problems 

and tumors predisposition [99] [100] [60].  

Several clinical tests exist to evaluate if a patient is affected by dyskeratosis congenita in-

cluding the measurement of telomeres length by flow cytometry and fluorescence in situ 

hybridization as well as genetic tests for known mutations [101]. 

Today dyskeratosis congenita is not curable, but it can be treated acting on the many symp-

toms it produces [102].  

Hematopoietic staminal cells (HSC), fundamental for daily production of blood cells, ex-

press telomerase so problems on functioning of this enzyme generate several symptoms 

as aplastic anemia and successively bone marrow failure [103]. Generally aplastic anemia 

is treated with frequent blood transfusions and, waiting for bone marrow transplant, pa-

tients undergo treatment with granulocyte macrophage colony-stimulating factor [104]. 

BMF, instead, does not respond to immunosuppressive therapy, so the only possible treat-

ment is hematopoietic stem-cell transplantation (HSCT), which, nevertheless, often results 

in pulmonary fibrosis that leads to death. For this reason, HSCT is often accompanied by 

lung transplant [105].  

A therapy used to avoid bone marrow failure involves the use of drugs that activate TERC 

locus in HSC, but they can also be exploited by tumoral cells, often present in DC’s pa-

tients, promoting progression of tumor itself [106]. 

Another therapy is based on androgens because telomerase can be modulated by sex hor-

mones. Androgenic therapy seems to have a good response in hematologic recovery of red 

blood cells and platelets, even if it leads to a strong lipidic anomaly[102][107]. 

In the last years it has been studied a therapy that involves the use of sirtuins, a class of 

proteins involved in cell cycle regulation, DNA reparation, apoptosis and cellular survival 
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[108]. SIRT6 is a possible DC target, preserving telomeres by senescence and senescent 

chromosomal aberrations [109]. If this therapy based on SIRT6 is truly effective, it would 

be in support of model proposed above: it is known, in fact, that SIRT6 plays an important 

role on TRF2 regulation and SIRT6 increasing generates an increasing of SIRT6-TRF2 in-

teraction, that provokes degradation of this latter [110]. 

 

4. Secondary telomeropathies, what is new? 

Secondary telomeropathies originate from inherited or acquired mutation of genes, which 

in turn affect telomere length and function. All these pathologies are characterized by ag-

ing marks and cancer predisposition and are associated with telomere defects[111]. Mu-

tated genes causing secondary telomeropathies, when characterized, fall into DDR signal-

ing pathways, DNA repair or nuclear lamina structure maintenance. 

 

4.1 DNA damage response: 

Ataxia-telangiectasia (AT) is an autosomal recessive neurodegenerative disorder with im-

munodeficiency, an increased risk of developing cancer in different tissues and ischemic 

heart diseases, caused by mutations in the ataxia-telangiectasia mutated (ATM) 

gene[112][113]. 

ATM, as well as its related kinase ATR (Ataxia-talangectasia mutated Rad3 related) and 

DNA PK, is a key transducer of DNA damage signaling, essential for repair. At telomeres, 

ATM and ATR kinases also coordinate telomerase recruitment in cancer cells to recover 

telomere length after replicative damage or telomere’s dysfunction [114]. The essential 

function of protein kinases as a hub coordinating different damage signaling pathways 

(telomere attrition, oxidative stress, mitochondrial dysfunction) is emerging from mount-

ing evidence in the literature (revised in [115]). Recently, the role of ATM in mediating 

telomere driven tissue inflammation has been directly assessed, revealing a telomere dys-

function-induced activation of the ATM-YAP1- pro-IL-18 pathway recruiting interferon 

(IFN)-γ-secreting T cells driving intestinal epithelium inflammation [116]. 

Mutations in proteins involved in telomere homeostasis have that have been recently 

linked to ATM activation suggesting that the number of secondary telomeropathies could 

be underestimated. Mutations in SMCHD1 cause facioscapulohumeral muscular dystro-

phy. SMCHD1 (structural maintenance of chromosomes flexible hinge domain containing 

protein 1) has been implicated in X-chromosome inactivation, imprinting and DNA dam-

age repair. SMCHD1 deficient cells, display defects in ATM-dependent DNA checkpoint 

signaling at dysfunctional telomeres[117].  

Nijmegen breakage syndrome (NBS) is a rare human disease displaying chromosome in-

stability, radiosensitivity, cancer predisposition, immunodeficiency, and other defects. 

NBS is complexed with MRE11 and RAD50 in the NMR complex and is localized to telo-

mere ends in association with TRF proteins. Blood cells from NBS patients have shortened 

telomere DNA ends [118]. Telomere length was reduced in homozygous and heterozy-

gotes older than 30 years patients, in accordance with the respective cancer rates. [119].  
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4.2 DNA repair 

 Werner syndrome (WS), which is characterized by accelerated aging, is an autosomal-

recessive genetic disorder caused by the mutation of Werner helicase (WRN). Hallmarks 

that define the aging process include genomic instability, telomere attrition, epigenetic 

alterations. Recent advances in WS research have elucidated WRN's role in DNA repair 

pathway choice regulation, telomere maintenance, resolution of complex DNA structures, 

epigenetic regulation, and stem cell maintenance [120]. WRN is a RECQ helicase involved 

in replication stress resolution by coordinating the enzymatic activity at single strand re-

section during homologous recombination and non-homologous end joining [121] 

[122][123][124].  

Bloom syndrome, caused by biallelic mutations in BLM, is characterized by prenatal-onset 

growth deficiency, short stature, an erythematous photosensitive malar rash, and in-

creased cancer predisposition. Diagnostically, a hallmark feature is the presence of in-

creased sister chromatid exchanges (SCEs) on cytogenetic testing, and telomere attrition. 

Unresolved DNA recombination and/or replication intermediates persist into mitosis, 

leading to chromosome segregation defects and genome instability that most likely ex-

plain the growth restriction seen in these subjects and in Bloom syndrome[125]. Bloom 

syndrome is also associated with oxidative stress and mitochondrial dysfunction [126]. 

Bloom syndrome complex consists of the helicase BLM, the type IA topoisomerase 

TOP3A, and the OB-fold-containing RMI and RPA subunits. Each component contributes 

to function, interacts with each other, and the DNA that it manipulates/repairs. Biallelic 

mutations in TOP3A in ten individuals with prenatal-onset growth restriction and micro-

cephaly. In addition, a homozygous truncating variant in RMI1, was found in two indi-

viduals with microcephalic dwarfism [127][128].  

Fanconi anemia is a chromosomal instability syndrome characterized by increased fre-

quency of chromosomal breakages, chromosomal radial figures, accelerated telomere 

shortening and telomere fusions. Patients with FA usually develop variable degrees of 

pancytopenia in childhood and often also have short stature and skin abnormalities. FA 

is caused by germline mutations in DNA repair genes of the FA/BRCA pathway[129].  

4.3 Nuclear envelope  

Progeroid laminopathies are induced by mutations in lamin A or in its interactors. Molec-

ular mechanisms at the basis of laminopathies were studied mainly in the Hutchinson Gil-

ford Progeria syndrome (HGPS), the best characterized progeroid laminopathy, and ac-

count for a role of lamin A in DNA metabolism and repair [130][131]. Telomere stabiliza-

tion is dependent on the interaction with lamin A/C. TRF2 interacts with Lamin A but not 

with progerin, the truncated form of Lamin A causing progeroid syndromes[132]. Progerin 

expression reduces TRF2 stability and consequently leads to telomere attrition in atypical 

Werner syndrome[133]. The lamina-associated polypeptide 1 (LAP1) is also involved in 

lamins and chromatin positioning, and it was recently associated with telomeres function 

by TRF2 and RIF1 binding. However, the molecular mechanism through which LAP1 and 

TRF2 regulate telomere function remains to be elucidated[134]. 
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Disease Molecular pathway Mutated genes 

Ataxia talangectasia DDR ATM  

Facioscapulohumoral muscular dystrophy DDR SMCHD1 

Nijmegen breakage syndrome DDR NBS 

Werner’s syndrome DNA repair WRN  

Bloom’s syndrome DNA repair BLM/TOP3A/RMI 

Fanconi Anemia DNA repair FA/BRCA pathway 

Hutchinson Gilford Progeria syndrome Nuclear envelope LMNA/C 

Fragile X-associated tremor/ataxia unknown FMR1  

 

4.4 Undefined mechanisms 

The fragile X premutation is defined by the expansion of the CGG trinucleotide repeat at 

the 5′ UTR of the FMR1 gene. Men carrying a premutation are at increased risk for fragile 

X-associated tremor/ataxia syndrome (FXTAS). It was recently demonstrated that premu-

tation carriers had shorter telomeres compared with non-carriers, and that telomere short-

ening may be a consequence of the toxic effect of the premutation transcript with still 

undefined mechanisms[135]. 

 

5. Conclusions 
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