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Abstract

On casual inspection, the eukaryotic nucleus is a deceptively simple organelle. Far from being a 

bag of chromatin, the nucleus is, in some ways, a structural and functional extension of the 

chromosomes it contains. Recently, interest has intensified in how chromosome 

compartmentalization and dynamics affect nuclear function. Different studies uncovered 

functional interactions between chromosomes and the filamentous nuclear meshwork comprised of 

lamin proteins. Here, we summarize recent research suggesting that telomeres, the capping 

structures that protect chromosome ends, are stabilized by lamin-binding and that alterations in 

nuclear lamins lead to defects in telomere compartmentalization, homeostasis and function. 

Telomere dysfunction contributes to the genomic instability that characterizes aging-related 

diseases, and might be an important factor in the pathophysiology of lamin-related diseases.

 Introduction

Telomeres are specialized structures at the ends of linear eukaryotic chromosomes that mask 

the DNA ends from normal mechanisms sensing DNA breaks. This masking prevents 

telomeres from fusing with de novo breaks or with each other, and from triggering the 

normal cellular responses to DNA breaks: cell cycle arrest and, in the absence of repair, 

apoptosis. During replication, telomeres pose a challenge to chromosome maintenance: how 

is telomeric DNA on the lagging strand fully replicated? The answer is that conventional 

DNA replication is supplemented by the addition of telomeric DNA by the telomerase 

enzyme complex [1]. However, telomerase is expressed at low levels in somatic cells. Thus, 

telomere length progressively shortens during aging in most cells, contributing to the 

genomic instability that characterizes aging-related diseases. Significantly, tumor cells 

stabilize their telomeres, either by upregulating telomerase or by activating an alternative 

lengthening of telomeres (ALT) mechanism [2].
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In addition to telomerase, a plethora of factors regulate telomere homeostasis. The discovery 

and characterization of a telomere-specific proteinaceous complex known as shelterin, 

telomere-binding DNA repair factors, non-coding RNAs specific for telomeres (TERRAs), 

and telomeric epigenetic modifications, have improved our understanding of telomere 

biology. Many reviews describe how these factors regulate telomere stability and function 

[2–4]. Interest in the field has recently focused on understanding how the 

compartmentalization and dynamics of telomeres in the nucleus affect telomere function. 

This review focuses on the emerging role of lamins, structural components of the nuclear 

lamina and the nucleoplasm, in the compartmentalization and dynamics of telomeres in the 

nucleus, and in the maintenance of telomere homeostasis and function. Lamin mutations, 

overexpression, or loss are associated with numerous degenerative disorders and premature 

aging syndromes. Uncovering how lamins regulate telomere biology will improve our 

knowledge of the pathophysiology of lamin-related diseases.

 Telomere structure

Telomeres are nucleoprotein structures consisting of a long array of DNA repeats of the 

TTAGGG sequence (in vertebrates), which acquire a specialized higher-order lariat structure 

known as the “T-loop” (Figure 1). The formation and stabilization of this structure requires a 

minimal length of telomeric repeats, and is facilitated by a protein complex named 

“shelterin” [2,3]. The shelterin complex consists of six proteins: TRF1, TRF2, RAP1, TIN2, 

TPP1 and POT1 that bind specifically telomeric repeats (Figure 1). In this “capped” 

conformation, chromosome ends are physically protected from cellular activities that erode 

DNA or from being recognized as breaks by the DNA repair machinery. Telomere 

shortening below a critical threshold, or loss of shelterin complex components impairs T-

loop formation. These uncapped telomeres are considered damaged or dysfunctional, as they 

are prone to erosion by nucleases and are also aberrantly “fixed” by fusion with other 

chromosome ends. Damaged/dysfunctional telomeres are a major cause of genomic 

instability in aging and cancer.

Telomere homeostasis is primarily maintained by telomerase, consisting of a reverse 

transcriptase catalytic subunit (TERT), an RNA component (TERC), and accessory factors 

[1]. Telomeres are also enriched in histone marks characteristic of repressed 

heterochromatin, which is important for maintaining telomere length homeostasis [5,6]. 

Telomere length is also regulated by DNA methylation of the neighboring subtelomeric 

regions [7]. Although telomeric TTAGGG repeats do not contain the CpG sequence that is 

susceptible to methylation by DNA methyltransferases (DNMTs), adjacent subtelomeric 

regions have high density of methylated CpG sequences. Loss of function of DNMTs results 

in reduced methylation of subtelomeric domains and in a marked increase in average 

telomere length. This telomere elongation seems to be due to increased recombination [7]. 

Despite their heterochromatic nature, telomeres are transcribed by RNA polymerase II, 

generating long non-coding RNAs. The telomeric repeat-containing RNAs (TERRAs) 

initiate sub-telomerically, and have sequence complementarity with the telomerase template 

RNA. TERRA promoter regions have been mapped to CpG islands in proximity to telomere 

repeats tracts, and also to regions located 5–10 kilobases proximal to the telomeric repeats. 

TERRAs serve as scaffolds to recruit proteins to telomeres, regulating telomerase activity, 

Gonzalo and Eissenberg Page 2

Curr Opin Genet Dev. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



heterochromatin formation and the DNA damage response triggered by dysfunctional 

telomeres [4]. Recently, TERRAs have also been found to co-purify with exosome vesicles. 

These extracellular TERRAs have been implicated in inflammatory cytokine stimulation, 

suggesting a role in immune signaling [8].

 Telomere compartmentalization and dynamics

Genomic regions are compartmentalized into spatial domains within the nucleus [9]. The 

implications of nuclear compartmentalization for genome function are the focus of intensive 

research. Factors considered important for nuclear compartmentalization include chromatin 

modifications and association of chromatin with the nuclear envelope and/or nuclear matrix 

[10,11]. As such, heterochromatin domains accumulate at the nuclear periphery and 

surrounding nucleoli, while euchromatin extends throughout the nuclear interior [12].

Telomeres are heterochromatic domains with preferential locations near the nuclear envelope 

in proliferating yeast, mouse lymphocytes and mouse embryonic fibroblasts [13]. In human 

cells, telomeres show a scattered distribution throughout the entire nucleus, although 

perinucleolar and peripheral localization of specific telomeres has been reported [14]. In 

particular, specific subtelomeric sequences can direct peripheral localization of the 

corresponding telomere, suggesting that telomeres of different chromosomes might have 

preferred nuclear locations. In quiescent cells, telomere positioning within the nucleus is 

sensitive to metabolic status, which may contribute to cell longevity [15]. Furthermore, the 

transformed state may impact telomeric associations; the telomeres in a mammary epithelial 

cell line were found to be closer together than the same telomeres in a breast tumor cell line 

[16]. Although further studies are needed to determine how telomere compartmentalization 

impacts telomere homeostasis and function, there is evidence that the nuclear positioning of 

telomeres is altered in cellular contexts of telomere deregulation, such as in the case of 

senescence and immortality.

Telomeres are also dynamic structures, exhibiting highly variable non-directional motion. In 

meiotic cells, telomere-led rapid chromosome movement during meiotic prophase, mediated 

by microtubules and dynein, are believed to contribute to the establishment of homologous 

pairing and crossing over [17]. In cancer cells, telomere motion is inversely proportional to 

telomere length and independent of distance from the nuclear periphery [18]. A recent study 

also implicated cell geometry and forces from the cytoskeleton/nucleoskeleton in telomere 

motion [19]. In particular, culturing fibroblasts on substrates that emulate different 

extracellular matrix constrains resulted in dramatically different telomere mobility. A model 

was proposed whereby extracellular matrix signals change cytoskeletal organization and 

lamins expression, which in turn impact telomere/chromatin movement.

Interestingly, dysfunctional telomeres that result from excessive attrition of telomeric DNA 

or loss of the capping structure are more mobile and sample larger nuclear territories than 

functional telomeres [18,20]. The increased mobility is dependent upon ATM activation and 

expression of 53BP1, a key factor in DNA double-strand break (DSB) repair by non-

homologous end joining (NHEJ) [20]. A model was proposed whereby 53BP1 binding to 

DNA double-strand breaks (DSBs) or dysfunctional telomeres changes the dynamic 
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behavior of the surrounding chromatin, promoting the joining of broken DNA located at 

distant sites. Consistent with this notion, 53BP1 is required for the aberrant processing of 

dysfunctional telomeres by NHEJ, which results in chromosome end-to-end fusions. To date, 

the molecular mechanisms behind the proposed changes in chromatin dynamic behavior by 

53BP1 binding remain unknown.

 Role of lamins in telomere homeostasis

Nuclear lamins (A-type and B-type) are intermediate filaments that together with lamin-

associated proteins form a meshwork under the inner nuclear membrane known as the 

nuclear lamina (Figure 2). The ratios of A-type and B-type lamins are tightly regulated in 

different cells and tissues, contributing to differences in nuclear stiffness and mechanical 

stability among the tissues [21]. Lamin B provides elasticity to the nucleus and maintains its 

shape, while lamin A provides the viscosity that impedes nuclear deformation. Lamin A is 

more mobile than lamin B and forms a meshwork that extends throughout the nucleoplasm. 

Lamins are considered a scaffold for the organization of nuclear function [9,22]. 

Accordingly, alterations in lamins are associated with defects in nuclear shape, organization 

of chromatin and nuclear pore complexes, nuclear mechanical stress, as well as deficiencies 

in DNA replication, transcription, and repair [22,23]. A-type lamins (lamin A and C) result 

from alternative splicing of the LMNA gene. Lamin A is synthesized as a prelamin A 

precursor that undergoes post-translational processing to produce mature lamin A, including 

farnesylation, carboxymethylation and proteolytic cleavage. Abnormal accumulation of 

prelamin A results in nuclear shape abnormalities and premature senescence in primary 

endothelial cells from cord blood or umbilical vein [24]. Mutant lamin A also leads to 

nuclear abnormalities and impaired mitosis, eventually leading to senescence [25].

Over 400 mutations in the LMNA gene have been associated with over a dozen degenerative 

disorders, including muscular dystrophies and premature aging diseases [26]. Hutchinson 

Gilford Progeria Syndrome (HGPS) and Restrictive Dermopathy (RD) are the most severe 

progeroid laminopathies. RD is a lethal neonatal laminopathy caused by mutation in either 

LMNA or Zmpste24 (FACE-1), the enzyme that processes prelamin A into mature lamin A. 

HGPS is caused by a mutation in the LMNA gene that activates a cryptic splice site, leading 

to the expression of a truncated protein known as progerin, which causes cellular toxicity 

[27]. HGPS patients exhibit growth impairment and numerous premature aging 

characteristics, dying in their teens from cardiovascular complications. Importantly, progerin 

is also expressed in cells from old individuals, causing nuclear alterations that recapitulate 

the phenotype of HGPS cells [28]. Thus, progerin accumulation is also thought to contribute 

to cellular degeneration during physiological aging. Understanding progerin regulation and 

its pathological activity is the focus of extensive current research.

Studies using cells derived from human patients and from mouse models of laminopathies 

show that defects in DNA repair and telomere maintenance, epigenetic alterations, and 

oxidative stress all contribute to genomic instability in laminopathies. Several recent reviews 

discuss molecular mechanisms behind this genomic instability [22,29,30]. Here, we discuss 

recent advances in understanding the molecular mechanisms behind telomere dysfunction in 

laminopathies.
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Shoeman and Traub [31] first reported in vitro DNA-binding properties of purified nuclear 

lamins. In particular, lamin A/C bound a synthetic oligonucleotide containing human 

telomeric repeats. Further studies showed that lamins and lamin-associated proteins such as 

LAP2α associate with telomeres in vivo [13,32,33] (Figure 2). 3D time-lapse live cell 

imaging showed that LAP2α is mostly found at the nucleoplasm in interphase, in the 

cytoplasm in metaphase, and associating with telomeres in anaphase, before it relocates to 

the nuclear interior in late telophase [32]. It is not clear if the transient association of LAP2α 

with telomeres is mediated by telomeric proteins or by direct binding to DNA. LAP2α also 

forms a complex in vitro and in post-metaphase cell lysates with BAF. Subfractions of BAF 

relocalize to LAP2α-labeled structures during nuclear reassembly after mitosis. Thus, 

LAP2α and BAF seem to cooperate with lamins in the reorganization of telomeres and 

overall chromatin after cell division [34].

Binding of lamins to telomeres is mediated at least partly by the shelterin factor TRF2. The 

lamin A-TRF2 association seems to be important not only for maintaining the typical 

protective T-loops at telomeres, but also for stabilizing the formation of T-loops with 

interstitial telomeric sequences (ITSs) [35]. These consist of tandem telomeric repeats 

localized at intrachromosomal sites that can form T-loops, known as interstitial T-loops 

(ITLs). Lamin A/C reduction or progerin expression lead to fewer ITLs and profound 

telomere loss. Importantly, overexpression of mutant and wild-type lamin A in human 

fibroblasts results in accelerated telomere shortening and replicative senescence [36], 

supporting the notion that alterations in A-type lamins disrupt telomere homeostasis. 

Consistently, HGPS patient-derived fibroblasts exhibit telomere shortening during 

proliferation in culture, which accompanies premature entry into senescence [37,38]. 

Telomerase expression or p53 inactivation suppresses the proliferative defects [39], 

suggesting that telomere dysfunction and activation of checkpoints contribute to these 

defects. The current view is that alterations in telomere structure/length due to disruption of 

the nuclear lamina activate the DNA damage response, which in turn activates checkpoints 

and p53-dependent growth arrest. Moreover, studies in Lmna−/− mouse embryonic 

fibroblasts (MEFs) reveal a modest but consistent decrease in telomere length, as well as an 

increase in damaged telomeres, compared to Lmna+/+ MEFs. This provides further evidence 

for the role of lamins in maintaining telomere homeostasis [13].

Molecular mechanisms behind lamin-directed telomere attrition remain ill defined. 

Telomerase activity does not decrease in lamin A/C-deficient cells. Similarly, recruitment of 

shelterin components TRF1 and TRF2 to telomeres is not altered. Moreover, there is no 

increase in recombination at telomeres, which could explain the loss of telomere sequence 

[13]. However, telomere recruitment of telomerase may be hindered due to loss of telomere 

tethering to the lamin meshwork, leading to telomere shortening. Lamin A/C deficiency is 

also associated with DNA replication defects. Thus loss of telomere tethering could 

contribute to telomere replication defects, and in turn to progressive telomere shortening. 

Moreover, telomeric chromatin exhibits a mix of heterochromatic and euchromatic histone 

marks, known to affect telomere length control [5–7]. The fact that lamin A/C deficiency 

results in epigenetic changes at telomeres [13] suggests that alterations in telomere 

epigenetics could impact telomere homeostasis.
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In addition to the role of lamins in telomere length maintenance, studies have shown the 

indirect participation of lamins in the aberrant processing of dysfunctional telomeres by 

NHEJ [13,40,41]. In particular, expression of a TRF2 dominant-negative mutant 

(TRF2ΔBΔM) in lamin A/C-proficient cells leads to telomere uncapping and massive end-to-

end fusions. In contrast, lamin A/C-deficient cells exhibit markedly reduced NHEJ of 

dysfunctional telomeres. This deficiency is linked to 53BP1 degradation, an essential protein 

for this process [20]. As such, stabilization of 53BP1 in the context of lamin A/C-deficiency 

restores NHEJ of dysfunctional telomeres induced by TRF2ΔBΔM expression [13,40,41]. 

These studies suggest that the role of lamins in NHEJ of dysfunctional telomeres is 

independent of their structural role tethering telomeres. Rather, loss of lamin A/C affects 

NHEJ indirectly by reducing the levels of 53BP1. Altogether, these studies provide strong 

evidence for alterations in lamins leading to telomere dysfunction-driven genomic 

instability.

 Reciprocal relationship between telomere dysfunction and progerin 

production

The excessive telomere attrition in HGPS patient-derived fibroblasts is linked to the 

expression of progerin, the mutant protein that results from aberrant splicing and defective 

processing of lamin A. As such, hematopoietic cells from these patients, which typically do 

not express lamin A/progerin, do not exhibit telomere shortening [38]. Interestingly, ectopic 

expression of telomerase ameliorates a variety of HGPS cellular phenotypes [39]. 

Telomerase expression allows senescence bypass by decreasing DNA damage signaling and 

thus preventing the activation of p53 and Rb pathways [42], which mediate the onset of 

premature senescence. While telomerase does not reduce progerin expression, it is protective 

against DNA damage accumulation at telomeres. This provides strong evidence for progerin 

expression-induced senescence implicating telomere dysfunction. Moreover, a recent study 

using doxycycline-induced progerin expression in normal fibroblasts was able to recapitulate 

HGPS cellular phenotypes in a dose-dependent manner, including DNA damage 

accumulation, proliferation defects, and telomere attrition [33]. Ectopic telomerase 

expression ameliorated these phenotypes, in addition to progerin-induced changes in gene 

expression. In particular, the expression of 142 genes was significantly altered in progerin-

expressing cells, many of them associated with senescence. Nearly all these changes in gene 

expression were prevented by telomerase [33]. Moreover, this study showed that ESCs, 

which express high levels of telomerase, are protected from progerin-induced phenotypes. 

All these data indicate that telomere dysfunction caused by progerin production contributes 

to a variety of HGPS cellular phenotypes, and that telomerase protects from HGPS cellular 

decline.

In addition to progerin causing telomere dysfunction, studies have shown that telomere 

dysfunction causes progerin accumulation. For example, normal human fibroblasts 

undergoing replicative senescence exhibit elevated progerin production, while this was not 

observed during telomere-independent cellular senescence [43]. Increased progerin 

transcripts and protein levels are also observed in response to telomere dysfunction induced 

by TRF2ΔBΔM expression [43]. Elevated progerin production seems to be due to changes in 
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alternative splicing in response to telomere damage; indeed a variety of genes are 

alternatively spliced during replicative senescence. Importantly, bypass of replicative 

senescence in normal fibroblasts by telomerase overexpression inhibits activation of the 

cryptic splice site that results in progerin production.

Together, these data suggest a reciprocal disastrous relationship between telomere 

dysfunction and progerin production, such that progerin production hinders telomere 

maintenance, as shown in HGPS fibroblasts, and telomere dysfunction activates progerin 

production, as shown during replicative senescence in normal fibroblasts. This study 

provides a molecular mechanism by which cells from old individuals activate progerin 

production, as well as how progerin expression promotes physiological aging. Thus, 

telomere homeostasis during aging is critical not only for the maintenance of genome 

stability, but also for proper control of alternative splicing, which in the case of the LMNA 
gene can be highly detrimental at the cellular and organismal level. Intriguingly, recent 

studies have shown that alterations in splicing can directly affect telomere biology. In 

particular, Listerman et al. identified splicing factors that regulate the expression of splice 

variants of human telomerase. For instance, overexpression of SRSF11, a member of the 

highly conserved family of serine/arginine (SR) proteins required for constitutive pre-mRNA 

splicing, induces the expression of a dominant negative variant of telomerase [44]. This 

suggests that alterations in the splicing machinery can cause telomere dysfunction. More 

recently, Lee et al showed binding of SRSF11 to telomeres through TRF2 and to telomerase 

via TERC [45]. They also showed that SRSF11 is required for telomerase recruitment to 

telomeres during S phase and for telomere elongation. As such, SRSF11 depletion leads to 

progressive telomere shortening during proliferation [45]. Although additional mechanistic 

studies are needed to understand how splicing factors such as SRSF11 regulate telomerase 

recruitment and telomere homeostasis, it is tempting to speculate that progerin expression 

disrupts the function of splicing factors, which in turn could result in telomere attrition/

dysfunction.

 Role of lamins in telomere compartmentalization and movement

Compartmentalization of the genome in the 3D nuclear space has emerged as an important 

factor in the maintenance of genome function and integrity. Sophisticated high-throughput 

techniques have been developed for mapping chromatin contacts across different genomic 

distances and between chromosomes. These have revealed that the genome is organized into 

topologically associating domains (TADs). TADs are defined by high levels of chromatin 

interactions within the region, interspersed with regions of little or no interaction with 

neighboring regions [9]. The central domains of TADs are enriched in tissue-specific genes 

and their enhancers, while the border regions between TADs are enriched in housekeeping 

genes. In addition to TADs, the tethering of chromatin to nuclear subcompartments such as 

the lamina and proteinaceous nuclear bodies represents another level of higher-order genome 

organization [9,10,22]. Large genomic domains have been found to associate with the 

nuclear lamina using techniques such as DNA adenine methyltransferase identification 

(DamID) and ChIP-seq (chromatin immunoprecipitation followed by sequencing) (Figure 2) 

[23,46]. These lamina-associated domains (LADs) range in size between 0.1 and 10 

megabases, covering nearly 40% of the genome. Most genes in LADs are expressed at low 
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levels and are enriched in repressive chromatin marks. LADs are considered units of 

chromosome organization within the nucleus that are demarcated by the insulator protein 

CTCF, by promoters oriented away from LADs, or by CpG islands. Interestingly, LADs 

have been mapped to some subtelomeric domains [46], and suggested to target their 

proximal telomere to the nuclear envelope. One such example is the macrosatellite D4Z4 
repeat located at 4q35 subtelomeric locus, which helps localize its proximal telomere to the 

nuclear periphery. The role of D4Z4 repeat element as a cis-acting positioning element 

depends on CTCF and lamin A/C binding [47]. These findings reinforce a role for lamins in 

the subnuclear distribution of telomeres. In support of this notion, ChIP experiments show 

association of telomeric sequences with lamin A/C. Intriguingly, studies in lamin A/C-

deficient cells, i.e. Lmna−/− MEFs, revealed that A-type lamins play a role in the distribution 

of telomeres throughout the entire nucleoplasm, and not only in the accumulation at the 

nuclear periphery. In particular, an increased accumulation of telomeres at the nuclear 

periphery and away from the nuclear interior was observed in Lmna−/− MEFs, when 

compared to Lmna+/+ counterparts [13]. A model was proposed whereby the nuclear 

periphery represents the default pathway for telomere localization, potentially via 

association of telomeres with B-type lamins and/or lamina-associated proteins. In this 

model, A-type lamins in the nuclear interior would be responsible for the distribution of 

telomeres throughout the nucleoplasm. Interestingly, the altered localization of telomeres in 

Lmna−/− MEFs is accompanied by telomere attrition or loss. Whether the altered distribution 

of telomeres in lamin A/C-deficient cells contributes to telomere dysfunction remains to be 

demonstrated directly.

In addition to telomere compartmentalization, lamins impact telomere mobility within the 

nucleus. Live microscopy studies have shown that chromatin motion in the nucleus has 

highly constrained dynamics. Measuring individual trajectories of fluorescently labeled 

telomeres revealed that their motion is not random. Rather, telomere motion is slowed-down 

by the environment, being characterized as anomalous diffusion [48]. The same anomalous 

diffusion characterizes other genomic sites such as centromeres and unique gene loci. 

Interestingly, Lmna−/− MEFs exhibit a dramatic change in telomere dynamics, with a 

transition from slow anomalous diffusion to fast and normal diffusion [48]. Thus, lamin A/C 

deficiency results in much faster dynamics, as well as larger areas scanned by each 

individual telomere (Figure 3). Reconstitution of lamin A in lamin A/C-deficient cells fully 

recovers the slow dynamics of telomeres [48]. In contrast, expression of mutants in the rod 

or tail domain of the lamin A protein only partially corrected the slow telomere dynamics. 

Consistent with these findings, fibroblasts from a patient homozygous for a nonsense 

Y259X mutation in the LMNA gene that are devoid of lamin A/C expression exhibited 

hypermobility of telomeres [49]. In contrast, HGPS fibroblasts showed an overall reduction 

in telomere dynamics compared to normal fibroblasts [49]. The opposite dynamic behavior 

of telomeres in the absence of lamin A/C or upon expression of progerin reveals potential 

differences in telomere tethering to lamins in both contexts. Increased mobility upon lamin 

loss could be explained by loss of tethering, and the decreased mobility in progerin-

expressing cells could be the result of increased tethering. However, the picture seems to be 

more complex, as pull-down assays showed that TRF2, the shelterin component thought to 

mediate telomere binding to lamins, has reduced ability to bind progerin [35]. This suggests 
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that telomere tethering to lamins could be reduced in HGPS cells. These conflicting data 

stress the need of additional studies to characterize the mechanism of telomeres tethering to 

lamins. For instance, depletion/reconstitution experiments of different shelterin components 

and lamin A/C mutants (i.e. progerin) followed by telomere chromatin immunoprecipitation 

and telomere mobility studies would provide detailed insight about the players involved and 

their specific roles. Overall, these studies indicate that disruptions of the nuclear lamina due 

to mutation or reduced expression of lamins have dramatic effects on telomere mobility 

(Figure 3). Lamins seem to act as a scaffold that restrains chromatin movement. The absence 

of this restraining structure allows genomic loci to undergo large displacements over time.

Interestingly, a recent study also implicated components of the nuclear envelope, such as the 

linker of the nucleoskeleton, and cytoskeleton (LINC) complex (formed by SUN1/2 proteins 

and Nesprins), and microtubule motor proteins (Kinesins), in the mobility of dysfunctional 

telomeres, as well as of DNA DSBs within the nucleus. In addition, 53BP1/LINC/

microtubule-dependent movement is important for NHEJ of dysfunctional telomeres and 

DSBs [50]. All together, these studies indicate that damaged DNA/chromatin exhibits 

increased mobility within the nucleus, and that this mobility is critical for its proper repair. 

The DNA repair factor 53BP1, LINC-microtubule connections, and the lamin network, all 

seem to play a role in these processes. Characterizing how these connections are established 

and regulated will be important to a mechanistic understanding of how nuclear architecture 

impacts genome stability.

 Conclusions and perspectives

Telomere function is critical for maintenance of genome stability and cell viability. Telomere 

dysfunction can arise due to excessive attrition of telomeric repeats during DNA replication 

or due to loss of the capping protective T-loop structure. Similarly, loss of heterochromatic 

marks or telomeric transcripts (TERRAs) hinders telomere length homeostasis, in part by 

activating recombination among telomeric repeats. Recent studies uncovered functional 

interactions between telomeres and lamins, highlighting lamins as an example of nuclear 

architecture regulating genome function. The fact that alterations in lamins result in telomere 

attrition, changes in telomere chromatin modifications and transcription, and increased 

telomere damage, suggests that the scaffolding role of lamins could represent a distinct level 

of telomere regulation. The basis for this regulation could be that telomeres tethering to 

lamins ensures telomere compartmentalization and constrained mobility, which are key for 

the accessibility and/or recruitment of the proteins that are required for the maintenance of 

functional telomeres: telomerase, shelterin complex, chromatin-modifying activities, DNA 

repair factors, RNA polymerase, etc. However, we cannot exclude that the role of lamins in 

telomere biology is independent of their nuclear structural role. In fact, alterations in lamins 

due to overexpression, depletion, or mutation result in profound changes in global gene 

expression, as well as changes in protein degradation pathways. Thus, the telomere defects 

in lamin-deficient cells could be the indirect result of changes in gene expression and/or 

protein stability. To address these questions will require detailed characterization of the 

process of telomere tethering to nuclear lamins, identifying telomere-binding factors that 

mediate the tethering or untethering, how this tethering process is regulated during cell cycle 
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and cell division, and engineering separation-of-function lamin mutant proteins to pinpoint 

the different roles of lamins in telomere biology.
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Figure 1. Structure of telomeres
(A) Telomeres are nucleoprotein structures that protect the ends of eukaryotic chromosomes. 

In vertebrates, telomeres consist of long arrays of double-stranded DNA (dsDNA) repeats of 

the [TTAGGG]n sequence, ending in a single 3’ G-strand overhang. Telomeric dsDNA 

repeats are bound by a specialized protein complex known as shelterin, which includes 

TRF1 (red), TRF2 (beige), TIN2 (dark blue), RAP1 (light blue), POT1 (yellow), and TPP1 

(brown) proteins. Telomerase is a ribonucleoprotein complex with reverse transcriptase 

activity that adds telomeric repeats after DNA replication using the G-strand overhang as 

substrate. (B) Telomeres form a capping structure in which the 3’ G-strand overhang invades 

the dsDNA region forming a T (telomere)-loop. The displaced strand forms a D 

(displacement)-loop. This capping structure protects chromosome from erosion.
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Figure 2. Nuclear distribution of lamins, lamin-associated proteins, and telomeres
Diagram depicting the proposed localization of lamins at the nuclear lamina and extending 

into the nucleoplasm. Lamins associate with a variety of proteins at the nuclear periphery, 

including emerin, SUN1/2 proteins, lamin B receptor (LBR), lamin-associated proteins 

(LAPs), barrier-to-autointegration factor (BAF), as well as nuclear pore complexes (NPCs), 

among others. Lamins have the ability to bind DNA and chromatin, and chromosomal 

domains with specific characteristics have been shown to associate with lamins (LADs), 

including telomeres. Lamins are viewed as a scaffold for compartmentalization of the 

genome in the 3D nuclear space, with implications for genome function and stability. 

Alterations in lamins result in changes in telomere localization, dynamics, structure, length, 

and function.
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Figure 3. Telomere dynamics
(A) Image shows overall telomere trajectories in one nucleus of U2OS cells expressing GFP-

TRF1. Each green oval highlighted within the larger green nucleus represents the domain 

occupied by a single telomere. Full 3D images were captured every 25 seconds with a 

confocal microscope to measure telomere dynamics. Multicolor paths extending from each 

green oval represent the reconstructed motion of that telomere as determined by IMARIS, a 

3D/4D image processing software. Approximately 100 time points are observed for each 

telomere. This random motion can be further analyzed in order to extract the actual type of 

the diffusion motion. (B) Magnification of a 3D image to highlight the multi-colored 

mobility tracts of a few telomeres (green ovals) within a single nucleus. (C) The area 

scanned by telomeres in MEFs Lmna+/+ as calculated from the motion of each telomere 

during 35 minutes. Data were measured in 3D with a confocal microscope, and the 

projection images were calculated. The color is an indication of the scanned volume size, 

with the scaled heat map colors shown to the right of the panel. Each trapezoid represents 

the extent of the nuclear volume traversed by a single telomere during the experiment. Each 

image shows the projection of telomeres measured from 15–20 cells (≈200 telomeres are 
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shown). (D) Area scanned by telomeres (≈200 telomeres shown) in Lmna−/− MEFs 

calculated as in (C). Note the dramatically expanded trapezoid areas and larger scale values 

compared to (C).
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