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Abstract
Telomeres are a unique structure of DNA repeats 
covered by proteins at the ends of the chromo-
somes that protect the coding regions of the 
genome and function as a biological clock. They 
require a tight regulation of the factors covering 
and protecting their structure, as they are short-
ened with each cell division to limit the ability of 
cells to replicate uncontrollably. Additionally, they 
protect the chromosome ends from DNA damage 
responses and thereby, prevent genomic instability. 
Telomere dysfunction can lead to chromosomal 
abnormalities and cancer. Therefore, dysregulation 
of any of the factors that regulate the integrity of the 
telomeres will have implications to chromosomal 
stability, replicative lifespan and may lead to cell 
transformation. This chapter will cover the main 
factors participating in the normal function of the 
telomeres and how these are regulated by the ubiq-
uitin and SUMO systems. Accumulating evidence 
indicate that the ubiquitin and SUMO pathways are 
significant regulators of the shelterin complex and 
other chromatin modifiers, which are important 
for telomere structure integrity. Furthermore, the 
crosstalk between these two pathways has been 

reported in telomeric DNA repair. A better under-
standing of the factors contributing to telomere 
biology, and how they are regulated, is important 
for the design of new strategies for cancer therapies 
and regenerative medicine.

Telomere structure and function
Telomeres are DNA structures covered by proteins 
at the ends of the chromosomes that serve several 
key biological functions. Primarily, they function 
as a ‘biological clock’ that regulates the replicative 
lifespan of cells, as well as protect the integrity of 
the ends of the chromosomes from nucleolytic 
digestion (Vaziri et al., 1994; Vaziri and Benchi-
mol, 1996; Karlseder et al., 1999; O’Sullivan and 
Karlseder, 2010). The telomeres consist of several 
components that cooperate to mediate telomere 
function: A DNA repeat sequence (TTAGGG in 
mammals), the Shelterin complex, a group of pro-
teins that function to cover and compact the repeat 
sequences and interacting RNA components. 
Telomere length varies between organisms ranging 
from a few hundred base pairs in yeast, to tens of 
kilobase pairs in mammals. In humans, the length of 
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the telomere can range anywhere from 5 kb–20 kb 
(Samassekou et al., 2010).

Telomeres play a critical role in cellular replica-
tive lifespan and protect the coding regions of the 
genome. Therefore, dysfunctions or disruptions of 
those nucleoprotein structures at the end of the 
chromosomes can present as serious pathologies. 
These telomere syndromes span several different 
disease areas including blood, lung and liver dis-
ease, bone marrow failure, age related disease, and 
cancer. Collectively, telomere erosion has a strong 
correlation with several different organ specific dis-
eases. Understanding the mechanisms that regulate 
telomere length will help guide diagnosis, preven-
tion and treatment.

The Hayflick limit and the end 
replication problem
The telomere’s ability to act as a biological clock 
serves as a powerful mechanism for tumour sup-
pression. Primary cells can potentially divide a 
limited amount of times before reaching a state 
where they can no longer replicate (Hayflick and 
Moorhead, 1961). This replication limit, called the 
Hayflick limit, was first described by Dr Leonard 
Hayflick in 1961. In this work, he and Dr Paul 
Moorhead demonstrated that unlike cancer cells, 
primary cells age in culture and eventually die, 
disproving a longstanding theory that all cell lines 
in culture are immortal (Hayflick and Moorhead, 
1961). In the next decade, the connection between 
cellular ageing and telomeres was hypothesized to 
be a result of the ‘end replication problem’, which 
is a by-product of the linear nature of eukaryotic 
DNA. DNA polymerase can only synthesize DNA 
in the 5′–3′ direction to generate new DNA. Repli-
cation of the leading 5′–3′ DNA strand allows DNA 
polymerase to generate a complete complimentary 
strand. Conversely, the 3′–5′ lagging DNA strand, 
requires the activity of the enzyme Primase which 
adds RNA primers for the creation of 100–200 base 
pair sized DNA fragments, called the Okazaki frag-
ments. This allows DNA polymerase to synthesize 
DNA in the 5′- 3′ direction. Following replication, 
the RNA primers are removed and the Okazaki 
fragments are ligated together. However, Primase 
cannot add RNA primers at the end of the lagging 
strand. This issue leads to an incomplete replication, 
creating a 75–300 nucleotide long overhang of the 

3′ telomeric end (Makarov et al., 1997; McElligott 
and Wellinger, 1997; Chai et al., 2006). To protect 
this overhang, proteins are recruited for the further 
processing needed to properly create a protected 
DNA structure called a T-loop, resulting in overall 
resection of the end of the chromosome. Thus, as 
cells divide and DNA is replicated, the telomeres 
gradually shorten (Fig. 16.1). At a certain prede-
termined length, which varies between cell types, 
the telomeres become critically short and signal for 
the cell to cease further replication, inciting cellular 
senescence or death.

Telomeres and protecting the 
genome
The ability of cells to detect and repair DNA 
damage is a powerful mechanism for cellular main-
tenance and cancer prevention. One such trigger 
for this response is via the detection of exposed 
linear DNA (Chapman et al., 2012). Several cel-
lular responses to detection of broken DNA exist, 
including repair of fragments, cell cycle arrest, or, if 
the damage is severe, apoptotic cell death ( Jackson 
and Bartek, 2009). These mechanisms have evolved 
to prevent aberrant genomic instability resulting 
in mutations that can lead to cancer. Paradoxically, 
because mammalian DNA is linear, and due to the 
3′ overhang, telomeres can be recognized as DNA 
breaks by the DNA repair machinery and damage 

Figure 16.1 Telomere length decreases as cells 
age. In culture, every cell division results in loss of 
telomeric DNA. The rate of telomere shortening varies 
between cell types and continues until the telomeres 
reach a point when they are short enough to induce 
a signal to enter into senescence, i.e. growth arrest. 
Further telomere erosion and in vivo clearance by the 
immune system leads to apoptosis or culture crisis.
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response agents, unless properly shielded. There-
fore, to protect the telomeres, the repeat sequences 
fold into themselves to create a ‘T-loop’ structure to 
avoid recognition double-stranded DNA damage. 
The repeat sequence is masked by a network of pro-
teins called the shelterin complex (Fig. 16.2).

T-loops
A displacement loop or a D-loop, is a DNA 
structure in which a double-strand of DNA is addi-
tionally occupied by a third single-stranded DNA 
based on base complementarity. In the context of 
the telomere, this structure is referred to as a T-loop 
and is created through the 3′ strand invasion of the 
G-rich overhang, created during DNA replication 
(Greider, 1999; Griffith et al., 1999; Murti and 
Prescott, 1999; de Bruin et al., 2000; Muñoz-Jordán 
et al., 2001). The displacement occurs at a distant 
place from the end of the telomere, creating a large 
duplex lariat structure (de Lange, 2005). Evidence 
for these structures first arose from work done in 
vitro, demonstrating that artificially generated tel-
omeres form large loops only in the presence of a 
3′ overhang (Greider, 1999). This looped structure 
shelters the exposed G-rich overhang, caused by 
the end replication problem, and in the process 
protects the C-rich shortened end of the telomere. 
This triplex nucleic acid structure allows DNA 
repair proteins to distinguish between breaks in the 

DNA and the telomeric end, successfully blocking 
any DNA repair response (Fig. 16.2).

The shelterin complex
To properly form and conserve the T-loop struc-
ture, a number of proteins are required, collectively 
called the shelterin complex (Fig. 16.2). The shel-
terin complex is comprised of six proteins: TRF1 
(telomere repeat binding factor 1) (Zhong et al., 
1992; Chong et al., 1995), TRF2 (telomere repeat 
binding factor 2) (Bilaud et al., 1997), POT1 (pro-
tection of telomeres 1) (Baumann and Cech, 2001), 
TIN2 (TRF1-interacting nuclear protein 2) (Kim 
et al., 1999), RAP1 (repressor and activator protein 
1) (Li et al., 2000), and TPP1 (POT1-and TIN2-
interacting protein) (Houghtaling et al., 2004).

The shelterin complex protects the telomeres in 
multiple ways. First, through facilitating the T-loop 
formation by promoting the strand invasion of the 
3′ DNA overhangs. This prevents the detection of 
the exposed single-stranded DNA, and therefore 
blocks the detection as DNA break (Griffith et al., 
1999). Both TRF2 and TRF1 are able to remodel 
artificial telomeres in vitro to create the T-loop 
structures (Bianchi et al., 1997; Griffith et al., 1999; 
Stansel et al., 2001). Further, TIN2 acts to enhance 
the TRF1 mediated T-loop formation (Kim et al., 
2003). Secondly, the shelterin complex interacts 
with and inhibits the DNA damage response 
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Figure 16.2 Telomere structure. Telomeres are structures at the ends of the chromosomes that contain 
6-nucleotide repeat sequences (top). Incomplete replication of the lagging strand results in a G-Rich 3′ overhang 
(middle). The repeat sequences are coated with a cluster of proteins called the shelterin complex. The shelterin 
complex helps loop the G-rich overhang into the double-strand telomere sequence, creating a T-loop (bottom).
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pathway (Karlseder et al., 2004). A deficiency of 
any of the shelterin complex components leads to 
telomere deprotection, genomic instability and 
potentially to cellular senescence. When TRF2 
is down-regulated, the ATM kinase pathway is 
activated, leading to cell cycle arrest (Karlseder et 
al., 1999). DNA damage signalling is also seen in 
the absence of TIN2 or POT1 (Kim et al., 2004; 
Hockemeyer et al., 2005). Lastly, the shelterin 
complex is thought to inhibit the telomere mainte-
nance enzyme, telomerase, which can add telomere 
repeats lost during cell replication (Loayza and de 
Lange, 2003; Liu et al., 2004; Kelleher et al., 2005; 
Lei et al., 2005).

Protein turnover
Concentrations and spatial gradients of proteins 
must be able to rapidly respond to extracellular 
cues and cell status (Korolchuk et al., 2010). Even 
subtle protein imbalances can drastically impact 
important cellular processes. Therefore, the regula-
tion of protein degradation and turnover play an 
important role in the cell-life cycle (Ciechanover, 
2005). Protein levels in the cells are at a constant 
state of turnover. Continuous synthesis of pro-
teins and degradation is required for steady state 
protein levels and cellular homeostasis (Reinstein 
and Ciechanover, 2006). Hence, protein turno-
ver plays an important role in regulating cellular 
fitness (Ciechanover, 2005). The balance is main-
tained through three major systems regulating the 
maintenance of proper protein folding and native 
conformation. The first is the chaperone system, 
which includes stress-induced heat shock proteins 
(HSPs) involved in protein folding. The second is 
the ubiquitin-proteasome system (UPS), control-
ling the degradation and clearance of misfolded 
proteins. Finally, the autophagy system, responsible 
for the recycling and degradation of long lived, 
structural proteins and organelles. (Eskelinen and 
Saftig, 2009; Yang and Klionsky, 2010).

Protein turnover, or degradation, influences a 
variety of basic cellular functions. Another primary 
role of protein degradation is to serve as an intracel-
lular quality control system through elimination of 
misfolded or damaged proteins. Accumulations of 
misfolded proteins can create non-physiological 
interactions with other proteins that are particu-
larly harmful to the cell. Proteins can be damaged 

in multiple ways, including genetic mutation, 
misfolding in the ER, translational errors, toxic 
factors from the environment, or intracellular toxic 
agents resulting from ageing or disease. Damaged 
proteins must either be quickly repaired or elimi-
nated in order to prevent further harm to the cell 
(Goldberg, 2003). More recently, regulated protein 
degradation has been shown to control complex 
cellular processes including metabolism, cell cycle, 
transcription, signal transduction and apoptosis 
(Ciechanover, 2005; Chen and Sun, 2009).

Owing to the amount of vital cellular functions 
influenced by protein turnover, it is not surprising 
that dysfunction in protein degradation has been 
implicated in multiple diseases (Reinstein and 
Ciechanover, 2006). Aberrant protein stabilization 
or accelerated degradation of proteins changes their 
steady-state levels, precipitating disease. Neurologi-
cal disorders such as Parkinson’s disease are highly 
linked to protein turnover dysfunction. In many 
cases, aggregates of disease specific proteins are 
accumulated and cannot be degraded (Ciechanover 
and Brundin, 2003; Tanaka et al., 2004). Disrup-
tions in protein turnover have also been identified 
in cancer, where stabilization of oncogenes and 
destabilization of tumour suppressors contribute to 
malignancy (Ohta and Fukuda, 2004).

Proteins have developed specialized functions 
and are therefore degraded at widely different 
rates. The standard measurement is also known as 
protein half-life (Zhou, 2004; Hinkson and Elias, 
2011). Protein half-lives can range from just a few 
minutes to hours, in the case of transcription fac-
tors and regulatory proteins, to up to multiple days 
for structural proteins (Goldberg, 2003). In order 
to control the various cellular functions regulated 
by protein turnover, cells must precisely control 
protein half-lives.

The function of the ubiquitin-
proteasome system and the 
process of SUMOylation
The Ubiquitin-Proteasome System (UPS) is a 
highly regulated apparatus responsible for intracel-
lular protein turnover and degradation (Hershko 
and Ciechanover, 1998; Nandi et al., 2006). The 
UPS is a selective process orchestrated by a series 
of ubiquitin ligase enzymes specific to the pathway. 
The role of the UPS has been demonstrated in the 
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turnover of up to 90% of all cellular proteins (Huang 
and Figueiredo-Pereira, 2010). As the name Ubiq-
uitin suggests, the UPS is involved in the regulation 
of a wide array of biological processes including 
antigen presentation, DNA repair, protein traffick-
ing, epigenetic regulation, and the cell cycle (Nandi 
et al., 2006; Al-Hakim et al., 2010). The proteasome 
has become a drug target, as fluctuations in protea-
somal activity and defects in function have been 
linked to a variety of diseases (Dahlmann, 2007; 
Bedford et al., 2011).

The ubiquitin gene encodes for a small, 76 
amino acid protein. Ubiquitin is covalently con-
jugated to lysine residues of substrate proteins 
through an isopeptide linkage in a post-transla-
tional process called ubiquitination (Pickart and 
Eddins, 2004). Ubiquitination occurs through 
an enzymatic cascade in three steps: activation, 
conjugation, and ligation. Each step is facilitated 
by a distinct ubiquitin enzyme (Fig. 16.3A,B). The 
initial step, activation of the ubiquitin molecule by 
an ATP dependent E1 ubiquitin enzyme, produces 
a ubiquitin-adenylate intermediate. Next, the acti-
vated ubiquitin is transferred to the active site of an 
E2 ubiquitin enzyme via a trans(thio)esterification 
reaction (Ye and Rape, 2009). In the final ligation 

step, E3 ubiquitin enzymes facilitate the transfer, 
either directly (HECT domain E3s) or indirectly 
(RING domain E3s), of the ubiquitin molecule 
from the E2 enzyme to a lysine residue in the 
substrate protein. Successive rounds of the ubiqui-
tination process result in ubiquitin chains (Callis, 
2014). The specificity of ubiquitination increases 
with each step, as only two genes are responsible 
for E1 ubiquitin enzymes and only 35 genes for E2 
enzymes. However, there are well over six hundred 
E3 ubiquitin ligases that recognize target substrates, 
thereby conferring specificity to the UPS (Ardley 
and Robinson, 2005).

E3 ubiquitin ligases fall into two main 
structural families that differ in how ubiquitin 
is transferred from E2 enzyme to substrate: the 
HECT (Homologous to the E6-AP Carboxyl 
Terminus) domain and the RING domain (Really 
Interesting New Gene) ligases (Buetow and 
Huang, 2016). HECT domain E3 ligases contain a 
catalytic cysteine residue that accepts the ubiquitin 
molecule from the E2 ligase, forming a thioester 
intermediate. It is the HECT domain E3 ligase that 
then directly transfers the ubiquitin to the substrate 
(Morreale and Walden, 2016). Approximately 30 
HECT domain E3 ligases have been identified. 
Alternatively, ubiquitination with RING domain 
E3 ligases is facilitated by E2 ligases. The RING E3 
ligase simply acts as a scaffold between the E2 ligase 
and substrate (Ozkan et al., 2005). RING domain 
E3 ligases are the predominant family in mammals, 
with over 300 enzymes identified.

The Small Ubiquitin-like Modifier (SUMO) 
system regulates protein function by covalently 
attaching and detaching small protein chains that 
are analogous to ubiquitin. The enzymatic cascade 
of SUMOylation is similar to that involved in ubiq-
uitination. Like the ubiquitin system, SUMOylation 
is involved in multiple cellular processes, such as 
regulation of transcription, apoptosis, transport 
to the nucleus, protein stability, cellular stress 
response and cell cycle progression [1]. The last 
four amino acids of the C-terminus of SUMO are 
cleaved off allowing the formation of an isopeptide 
bond between the C-terminal glycine residue and 
an acceptor lysine of the target protein. There are 
four SUMO proteins known as SUMO1–4. Similar 
to ubiquitination, SUMOylation is regulated by 
E1 activating enzymes, E2 conjugation enzymes, 
E3 SUMO ligases and SUMO specific proteases 

Figure 16.3 The ubiquitin proteasome system. (A) 
Illustration of the ubiquitination process. (B) Poly-
ubiquitinated protein is degraded by the proteasome.
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which are involved in the removal of SUMO con-
jugates. There are a number of diseases associated 
with SUMOylated proteins, such as Parkinson 
disease (PD) and Alzheimer’s disease. Histone 
SUMOylation was first identified in 2003. Histone 
4 can be modified by SUMO through the HDAC. 
However, unlike ubiquitin, SUMOylation does not 
directly mark protein for proteasomal degradation, 
but often works to induce the function or shift the 
localization of the modified protein in the cell.

Telomere regulation in cancer
Cancer is considered a disease state in which dys-
functional cells replicate at a high rate and lose their 
ability to interact properly with their environment, 
resulting in abnormal growth and invasion into 
nearby and distant tissues. In 2016, an estimate of 
1.6 million new cases of cancer were diagnosed, 
in the U.S. with roughly 600,000 deaths from the 
disease, making it the second leading cause of death 
( Jemal et al., 2017). Cancer is thought to develop in 
a multistep process of sequential rounds of genetic 
mutations that convert a normal cell into a malig-
nant cell ( Jonkers, 2012). However, in addition 
to mutation accumulation, a second crucial event 
must occur in order to ensure unlimited cell repli-
cation. Otherwise, a mutated cell will age and cease 
to divide before it can be detected as a tumour. 
This event must lead to the evasion or the reversal 
of telomeres shortening and physiological ageing 
during cell division (Sugimoto et al., 2004; Smith 
et al., 2016). Telomere dysfunction is further linked 
to cancer, as patients with telomere related diseases 
have an increased risk for developing cancer (de la 
Fuente and Dokal, 2007; Alter et al., 2009; Diaz de 
Leon et al., 2010; Alder et al., 2011). This is likely 
cause by shortened telomeres and faulty repair 
mechanisms that trigger chromosomal fusions and 
increase genomic instability.

Telomerase
Telomerase is a ribonucleoprotein complex that 
consists of an RNA component (TERC) and a 
reverse transcriptase (TERT). TERC provides the 
RNA template required for the reverse transcrip-
tion activity of the enzyme TERT. Together with 
additional complex components, they add repeats 
to shortened telomeres. Telomerase activity is 

most robust during embryonic development, and 
then persists in much lower levels in certain human 
adult tissues (Broccoli et al., 1995; Counter et al., 
1995; Härle-Bachor and Boukamp, 1996; Schieker 
et al., 2004). Telomerase activity and the result-
ing telomere elongation can lead to the bypass of 
replicative senescence and to cell immortalization 
(Garbe et al., 2014; Smith et al., 2016). Expectedly, 
mutations in telomerase complex components are 
commonly found in telomere syndromes such as 
dyskeratosis congenita and aplastic anaemia (de la 
Fuente and Dokal, 2007; Savage and Alter, 2009; 
Diaz de Leon et al., 2010; Dokal, 2011; Nelson and 
Bertuch, 2012).

The ability to maintain telomere length in cancer 
cells is traditionally attributed to the enzyme tel-
omerase (Kunická et al., 2008). Telomerase is 
expressed in 85% of all cancers. The remaining 
telomerase negative cancers must activate other 
mechanisms to maintain telomere integrity which 
are collectively called: Alternative Lengthening of 
Telomeres (ALT) mechanisms (Bryan et al., 1997; 
Cesare and Reddel, 2010). While it has been shown 
that ALT can still function in the presence of tel-
omerase overexpression, it is generally assumed 
that these mechanisms act in a mutually exclusive 
manner (Cerone et al., 2001; Grobelny et al., 2001; 
Perrem et al., 2001). In fact, inhibition of telomerase 
by a drug can ultimately lead to resistance through 
activation of ALT (Hu et al., 2012; Hu et al., 2016).

Alternative lengthening of 
telomeres (ALT)
The less understood mechanism of telomere 
maintenance in cancer is alternative lengthening 
of telomeres (ALT). The defining characteristic of 
the canonical ALT mechanism is its independence 
from telomerase activity. ALT dependent cancer 
cells also have other distinguishing characteristics, 
including extrachromosomal circular telomeric 
DNA (c-circles) (Cesare and Griffith, 2004; Henson 
et al., 2009), telomeric DNA associated with pro-
myelocytic leukaemia (PML) bodies (Yeager et 
al., 1999), heterogeneous telomere lengths across 
different chromosomes, and increased telomere 
recombination events (Bailey et al., 2004). Unlike 
telomerase, that uses an RNA template, cancers 
that present with canonical ALT are thought to use 
telomeric DNA as a template for extension. The 



Ubiquitination and SUMOylation in Telomere Biology | 295

template can be a sister chromatid strand (sister 
chromatid exchange), extrachromosomal circular 
telomeric DNA, or a telomeric sequence from a 
separate chromosome (homologous recombina-
tion) (Cesare and Reddel, 2010; Yu et al., 2014). 
Therefore, proteins involved in homologous 
recombination (HR) were shown to be required for 
successful telomere maintenance in ALT (Zhong et 
al., 2007).

Ubiquitination-mediated 
regulation of the shelterin
The Shelterin complex caps the telomeres and acts 
as a protective layer covering the telomeric DNA 
at end of the chromosomes. Shelterin is composed 
of multiple proteins that have been shown to be 
regulated by the ubiquitin-proteasome system. 
The Ubiquitin-mediated degradation of the Shel-
terin component TRF1 is the first example and is 
facilitated by three E3 ligases: RLIM, FBX4 and 
β-TRCP1 (Lee et al., 2006; Her and Chung, 2009; 
Wang et al., 2013). RLIM targets telomere DNA-
bound TRF1 for proteasomal degradation (Her 
and Chung, 2009). Conversely, FBX4 binds to the 
N-terminal region of the dimerization domain of 
unbound TRF1 and targets it for degradation (Lee 
et al., 2006). Consequently, when either of these 
enzymes is depleted, TRF1 levels are stabilized, 
causing telomerase inhibition and leading to a 
decrease in telomere length and to impaired cell 
growth. Furthermore, TRF1 levels are also indi-
rectly and independently regulated by the factors 
U2AF65 (Kim and Chung, 2014), TIN2 (Ye and 
de Lange, 2004), and the F-box protein β-TRCP1 
(Wang et al., 2013), which were shown to posi-
tively regulate of TRF1 by acting as competitive 
inhibitors to FBX4, and physically preventing its 
interaction with TRF1 and subsequent ubiquitin-
mediated degradation. TIN2 itself acts as part of 
the shelterin complex, therefore, further regula-
tion of TIN2 turnover is achieved by the ubiquitin 
system as the interaction with the E3 ligase SIAH2 
sends it to proteasomal degradation (Bhanot and 
Smith, 2012).

The turnover of another important shelterin 
subunit, TRF2, has also been shown to be regulated 
by ubiquitination. With either normal cell replica-
tion or telomere dysfunction, telomere shortening 
leads to reduced levels of TRF2 binding and as a 

result, to a loss of TRF2 mediated telomere protec-
tion. Consequently, a cascade of events is triggered 
in the cell. First, the ATM kinase is activated which 
in turn phosphorylates the tumour suppressor p53. 
Then, the activated p53 triggers replicative senes-
cence. Additionally, as a feedback loop, p53 induces 
the transcription of the E3-ubiquitin ligase SIAH1, 
which targets TRF2 for degradation. Finally, this 
cascade is further amplified, as a positive feedback 
loop, with increased p53 activation leading to 
further increased SIAH1 levels and TRF2 ubiqui-
tination (Fujita et al., 2010).

Another shelterin subunit regulated by ubiqui-
tin-mediated degradation is TPP1. Although the 
E3 ubiquitin ligases for TPP1 are still unknown, it 
has been shown that inhibition of the proteasome 
system leads to stabilization of TPP1 protein levels. 
The human TPP1 levels are shown to be further 
regulated by interaction with the deubiquitinating 
enzyme USP7 which removes ubiquitin chains 
from it (Zemp and Lingner, 2014). In mice, the E3 
ligase RNF8, ubiquitinates TPP1 and is required 
for its stabilization at telomeres (Rai et al., 2011). 
However, the role of ubiquitination of human 
TPP1 still remains to be discovered, as it has not 
been demonstrated to affect its function, or its 
interaction with other shelterin components such 
as TIN2, POT1 or its interaction with telomerase 
(Zemp and Lingner, 2014).

SUMOylation-mediated 
regulation of the shelterin
Crosstalk between SUMOylation and ubiquitina-
tion were also to contribute to regulation and 
turnover of TRF2. The E3 SUMO ligase PIAS1 
interacts with and was shown to SUMOylate TRF2. 
This allows the interaction of the SUMO-targeted 
ubiquitin ligase RNF4 which in turn ubiquitinates 
TRF2 and send it to degradation by the proteasome 
and by that contributes to TRF2 turnover without 
affecting telomere integrity (Her et al., 2015).

Finally, SUMOylation was also shown to tag 
Rap1 in the budding yeast, Saccharomyces cerevisiae. 
The SUMO-targeted ubiquitin ligase Uls1 binds 
SUMOylated Rap1, ubiquitinates it and send it to 
proteasome mediated degradation. Loss of Uls1 
results in accumulation of poly-SUMOylated Rap1 
and leads to telomere fusions. Elimination of Rap1 
SUMOylation sites in Uls1-depleted cells prevents 
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telomere fusion suggesting that poly-SUMOylated 
Rap1 is non-functional in telomere protection from 
NHEJ (Lescasse et al., 2013). In mammals, the shel-
terin complex component RAP1 forms a dimer with 
TRF2 to protect the telomeres from inappropriate 
processing by the homologous recombination 
pathway and from rapid telomere resection, which 
would otherwise result in telomere loss and fusions 
in both mouse and human cells (Rai et al., 2016).

An additional role for SUMOylation in telomere 
length regulation through shelterin modulation 
has been shown in fission yeast (Miyagawa et al., 
2014). SUMOylation of Tpz1, the fission yeast 
homologue of TPP1, is required to maintain 
telomere length. The mechanism was elucidated 
whereby SUMOylated Tpz1 recruits Stn-Ten1 to 
the telomere, which in turn inhibits the binding 
of telomerase and telomere replication. Mutation 
of the Lysine 242 on Tpz1 prevents its SUMOyla-
tion, prevents Stn-Ten1 recruitment, and results 
in abnormally long telomeres. These findings have 
yet to be demonstrated in mammalian systems, 
however, the CST complex (including STN and 
TEN1) are well conserved in humans and inhibit 
telomerase activity (Chen et al., 2012) suggesting 
the mechanism may be similar. In summary, the 
binding of shelterin complex subunits to the telo-
meric DNA is essential for telomere integrity and 
genome stability, but it relies heavily on the proper 
regulation of the Shelterin by the ubiquitin and 
SUMO systems.

Telomere chromatin regulation 
by ubiquitin
Post translation modification of histones tails such 
as methylation and acetylation are a powerful 
means for chromatin structure modulation. In yeast 
(Saccharomyces cerevisiae), the E2 Ubiquitin ligase 
Rad6 (Ubc2) was shown to regulate histone H3 
methylation at lysine 4 (H3K4-me) through addi-
tion of one molecule of ubiquitin to histone H2B 
(mono-ubiquitination of H2B) at Lys 123. Further-
more, a mutation abolishing the Lysine 123 in H2B 
leads to telomere transcription and the expression 
of the long non-coding RNA TERRA (Sun and 
Allis, 2002).

Another important modulator of telomere 
chromatin state by histone H2A ubiquitination is 

mediated through the E3 ligase RNF8. RNF8 is 
DNA-damage-responsive protein that mediates 
histone ubiquitination signalling and plays a critical 
role in the cellular response to genotoxic stress and 
DNA damage repair (Huen et al., 2007). However, 
it was further shown to affect telomere stability 
and facilitate telomere fusion by ubiquitination 
of histone H2A and H2AX. Consistent with the 
critical effect of RNF8 on uncapped telomeres, 
loss of RNF8, as well as of the E3 ligase RNF168, 
reduces telomere-associated genome instability. 
These data suggest that H2A mono-ubiquitination 
may enhance cancer development by facilitating 
telomere fusion and dysfunction (Peuscher and 
Jacobs, 2011) and highlight mono-ubiquitination 
in the maintenance of telomere integrity.

Poly-ubiquitination has also been shown to be 
important for telomere biology. The early embry-
onic gene Zscan4 (Zinc finger and SCAN domain 
containing 4) promotes genomic stability and tel-
omere homeostasis in mouse embryonic stem (ES) 
cells (Zalzman et al., 2010). Zscan4 is transiently 
expressed (Zalzman et al., 2010), with protein 
level bursts associated with chromatin remodel-
ling (Amano et al., 2013; Akiyama et al., 2015) 
and nuclear reprogramming during the generation 
of induced pluripotent stem (iPS) cells (Hirata et 
al., 2012; Jiang et al., 2013; Park et al., 2015). The 
human ZSCAN4 has been shown to interact with 
shelterin complex components (Lee and Gollahon, 
2014, 2015), and has been suggested to play a role 
in cancer (Zalzman et al., 2010; Lee and Gollahon, 
2014; Portney et al., 2018). Given the important 
role of ZSCAN4 and its transient expression in the 
cell (Falco et al., 2007; Zalzman et al., 2010), main-
taining the delicate balance between its protein 
synthesis and degradation is critical for stem cell and 
potentially cancer cell function. Therefore, strin-
gent regulation of the levels of ZSCAN4 is required 
to effectively control its function. Indeed, ZSCAN4 
protein degradation was shown to be regulated by 
the ubiquitin-proteasome system (Portney et al., 
2018). The E3 ubiquitin ligase RNF20 negatively 
regulates ZSCAN4 protein by poly-ubiquitination. 
Further, RNF20 depletion does not affect ZSCAN4 
RNA transcription, yet it leads to the accumulation 
and stabilization of ZSCAN4 protein, suggesting it 
as a negative regulator of ZSCAN4 protein stabil-
ity. Due to the important role of ZSCAN4 in the 
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generation of iPS cells, these data have important 
implications for role of ubiquitination in the regula-
tion of telomere and genomic stability (Portney et 
al., 2018).

Discussion and perspectives
The function of the telomeres as a biological clock 
requires a tight regulation of the factors covering 
and protecting their structure, in order to limit 
the ability of cells to replicate uncontrollably. Tel-
omeres also protect the chromosome ends from 
activating DNA damage responses and thereby, 
prevent chromosomal fusions and genomic insta-
bility. Telomere dysfunction leads to increased 
chromosomal abnormalities and cancer develop-
ment (Feldser et al., 2003; Blasco, 2005; Gilley 
et al., 2005). Consequently, a dysregulation of 
any of the factors that regulate telomere structure 
integrity and length will cause major implications 
to chromosomal integrity, cellular lifespan and 
cancer transformation. A better understanding of 
the process and factor controlling telomere pro-
cessing is important for the development of new 
strategies for cancer therapies and regenerative 
medicine. Compelling evidence suggest that the 
ubiquitin and SUMO pathways are important 
regulators of both the shelterin and telomere chro-
matin structures. Moreover, these posttranslational 
modifications contribute to the cellular response to 
damaged telomeres. Further research is needed to 
promote our understanding of the effect of these 
modifications on telomere regulation and function 
and their significance to human health. Likewise, 
additional studies are needed to determine the 
underlying mechanisms, by which Ubiquitination 
and SUMOylation regulate telomere factors and 
protect the genome. The crosstalk between the two 
pathways has been demonstrated in both genomic 
and telomeric DNA repair. Further research will 
elucidate and the modifications unique to telomere 
maintenance and repair, which may allow to device 
new strategies for targeting the telomeres without 
triggering unwanted mechanisms for genomic 
DNA repair.
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