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ABSTRACT

With the smooth move towards the coming expected
clinical reports of anticancer pharmaceutical molecules
targeting telomeres and telomerase, and also with the ex-
citing success in the extension of lifespan by regulating
telomerase activity without increased onset of oncogen-
esis in laboratory mouse models (Garcia-Cao et al., 2006;
Jaskelioff et al., 2011), we are convinced that targeting
telomeres based on telomerase will be a potential ap-
proach to conquer both aging and cancer and the idea of
longevity seems to be no more mysterious. More interest-
ingly, emerging evidences from clinical research reveal
that other telomeric factors, like specific telomeric binding
proteins and nonspecific telomere associated proteins
also show crucial importance in aging and oncogenesis.
This stems from their roles in the stability of telomere
structure and in the inhibition of DNA damage response
at telomeres. Uncapping these proteins from chromo-
some ends leads to dramatic telomere loss and telomere
dysfunction which is more abrupt than those induced by
telomerase inactivation. Abnormal expression of these
factors results in developmental failure, aging and even
oncogenesis evidenced by several experimental models
and clinical cases, indicating telomere specific proteins
and its associated proteins have complimentary roles to
telomerase in telomere protection and controlling cellu-
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lar fate. Thus, these telomeric factors might be potential
clinical biomarkers for early detection or even therapeutic
targets of aging and cancer. Future studies to elucidate
how these proteins function in telomere protection might
benefit patients suffering aging or cancer who are not
sensitive to telomerase mediation.

KEYWORDS telomere, telomerase, oncogenesis, senes-
cence, telomere binding protein

INTRODUCTION

Owing to the contribution of telomere and telomerase study in
the medical development of longevity, the scientific pioneers
who discovered telomerase have been awarded the Nobel
Prize in 2009. The beginning of telomere study can be dated
back to 1960s, and the research on telomeres and telomerase
since the past decades reveals why we have a limited life and
shed light on how we can improve our life span (Bernardes de
Jesus and Blasco, 2000; Jaskelioff et al., 2011; Gunes and Ru-
dolph, 2013) (Fig. 1).

HOW TO EXPAND LIFE SPAN BY TARGETING
TELOMERASE?

In eukaryotic cells, telomeres are genetic code of repeated
TTAGGG sequences at lineal chromosome ends to protect
genome integrity. Telomere function is regulated by telomere

August 2013 | Volume 4 | Issue 8 | 573

O
&
]
=
()
-
o
|
o




[
&
]
=
(]
]
o
[
o

REVIEW

Yiming Lu et al.

Telomerase
reactivation

v

Shelterin
complex

- f Telomere associated>

b k‘\ proteins

Extending telomere
length

\ Maintenance of telomere

structure/function

Anti-aging therapy
Tissue regeneration

Relief of premature aging syndrome £ : )
and developmental abnormality G\ ticancellly

\ Longewty/]

Figure 1. The role of telomeric n

length and telomere structure. Due to the replicative prob-
lems, telomeres shorten during each cell division. After 40-80
doubling populations, telomeres reach a critical length, and
telomere dysfunction exposes the natural chromosome ends
to the DNA damage response (DDR) machinery. The activa-
tion of DDR recruits yH2AX and 53BP1, the key transducers of
the DNA damage checkpoint to form foci at telomeres, which
is called telomere dysfunction foci (TIF) (Gilson and Segal-
Bendirdjian, 2010; Ye et al., 2010b). They activate downstream
checkpoint kinases to induce growth arrest, apoptosis and
replicative senescence (d’Adda di Fagagna et al., 2003). Thus,
the protective function of telomeres is limited by the number of
cellular passage and the initial telomere length is a biomedical
utensil to predict the individual’s nature longevity (Fig. 2).

Accumulation of short telomeres and dysfunctional telom-
eres due to the increased age result in stem cell dysfunction
and tissue degeneration due to the replicative senescence in
cells with normal checkpoint activation system (Rudolph et
al., 1999). In checkpoint deficient cells, critical short telomeres
induced telomere dysfunction results in tumorigensis (Chin et
al., 1999; Artandi et al., 2000). Hence, telomeres transmit the
crosstalk between aging and cancer, and this could explain
why most types of cancers are regarded as aging associated
diseases to a certain extent.

Telomerase, a ribonuclease enzyme, contains a reverse
transcriptase (hTERT), which catalyzes its own RNA com-
ponent as template to elongate short telomeres at a certain
length (Greider and Blackburn, 1985). Like telomere length,
telomerase activity is also crucial for both tissue regeneration
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ucleocomplex in longevity.

and malignant infiltration.

Telomerase activity is indispensible for the reproduction
of stem cell, germ line cells and high proliferative cell (Lee et
al., 1998). Mouse models owing to the telomerase RNA defi-
ciency result in premature aging (Blasco et al., 1997). These
TR mice showed wide range of degenerative pathologies
and decreased longevity in their later generation due to critical
short telomeres and chromosome instability. These degenera-
tive diseases include aplastic anemia, lung fibrosis, xeroderma
pigmentosum, intestinal atrophy, germ line depletion and high
incidence of oncogenesis, etc. (Rudolph et al., 1999). Clinical
study also identified reduced hTERT level or mutated hTERT
in patients with dyskeratosis congenita (DKC) (Shay and
Wright, 2004). All these indicate that telomerase induced tel-
omere elongation is an essential step for tissue development
and renewal capacity and telomerase reactivation is supposed
to be a possible strategy to reverse physiological aging. In-
deed, exogenous replenishment of telomerase is a possible
therapeutic strategy to counteract telomere associated degen-
erative disease and reverse physiological aging (Garcia-Cao et
al., 2006; Jaskelioff et al., 2011).

Telomerase is crucial for tumor progression. Experiments
have shown that over-expression of exogenous hTERT in nor-
mal primary fibroblast cells results in immortalization. Telom-
erase reactivation in transformed cells accelerates malignant
progression and infiltration. The proliferation of malignant trans-
formed cells due to critical short telomeres can be repressed
in telomerase negative cells, but accelerated when telomerase
is reactivated (Bodnar et al., 1998; Seger et al., 2002). Indeed,
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Figure 2. Causes and consequences of telomere dysfunction.

telomerase is reactivated in 85%—95% of tumor cells and clini-
cal advanced cancer tissues, but it is undetectable in normal
somatic cells (Kim et al., 1994; Wright et al., 1996). hTERT
promoter mutation further prohibit telomere function and is re-
sponsible for certain cancer mobidity (Horn et al., 2013; Huang
et al., 2013). Telomeric repeat amplification protocol (TRAP)
assay is a sensitive and specific method to detect telomerase
activity in cultured cells and clinical tissue samples, which fa-
cilitates the translation of telomerase study from lab to bedside
(Wright et al., 1995). Telomerase activity is supposed to be a hope-
ful medical biomarker for the surveillance of advanced tumor.
In summary, telomere loss is rate limiting for nature longev-
ity. Telomere shortening induced by telomerase inactivation
is implicated in the replicative senescence induced renewal
inability of stem cells or regeneration failure of high prolifera-
tive organs, and telomerase reactivation in telomere dysfunc-
tion cells facilitates malignant proliferation. Thus, biomedical
research targeting telomerase could be a double-edged sword
for both anti-senescent therapy and anticancer therapy. In-
deed, the fact that pathological aging in telomerase deficient
mice can be reversed with telomerase reactivation, strongly
encourages the further study on telomerase based drug devel-
opment (Garcia-Cao et al., 2006; Jaskelioff et al., 2011). This
will not only give hope to the treatment of congenital presaging
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syndrome and aging associated diseases, but also support
the idea that extending health-span might be no more a fancy.
The novel anticancer drugs targeting telomerase with different
pharmaceutical principles have already entered clinical study.
For example, the small molecule hTERT inhibitor BIBR1532
and GRN163L, a thio-phosphoramidate oligonucleotide target-
ing the template region of hTR as a “template antagonist” and
GV1001, a telomerase-specific, promiscuous class |l peptide
vaccine are currently in an advanced stage of clinical develop-
ment (Shaw et al., 2010; Schlapbach et al., 2011). More impor-
tantly, mouse models with the combination of overexpression
of TERT and tumor suppressor genes (Sp53/Sp16SARF/Tg-
TERT) is supposed to delay aging, extend mice longevity and
be resistant to oncogenesis, indicating mediation of telomerase
is a key point for genotherapy of longevity (Garcia-Cao et al.,
2006; Jaskelioff et al., 2011).

TELOMERE SPECIFIC BINDING PROTEINS
EMERGE AS NOVEL HALL MARKERS IN AGING
RELATED DISEASES AND ARE POTENTIAL
CANDIDATES FOR CLINICAL TREATMENT IN
TELOMERE DYSFUNCTION INDUCED DISEASES

Besides the gradual telomere loss in systematic organismal
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Figure 3. Structure of telomeres and representative telomeric associated factors.

aging, telomere sequence has been found lost dramatically
independent of replicative telomere dynamics (Karlseder et
al., 2002). This is due to the dysfunction of telomere binding
proteins, which bind specific to chromosome ends to cap the
telomeric fragile structure (van Steensel et al., 1998). These
telomere capping proteins include TRF1, TRF2, POT1, TIN2,
TPP1 and RAP1. They form a protein complex and also known
as shelterin/telosome (de Lange, 2005; Xin et al., 2008) (Fig. 3).

Shelterin is involved in the maintenance of telomere length
and telomere structure. TRF1 and TRF2 bind to the double
strand of telomeres, whereas POT1 binds to the single strand
of telomeres. They negatively regulate telomere length (Palm
and de Lange, 2008). TRF2 is involved in the organization
of t-loop, a duplex lariat structure through strand invasion of
3'-overhang to avoid telomere erosion (Griffith et al., 1999;
Stansel et al., 2001; Wang et al., 2004). POT1 regulates telom-
erase access to telomeres with TPP1 (Loayza and De Lange,
2003; Wang et al., 2007; Nandakumar et al., 2012). TRF1 is
also involved in the telomeric repeat-containing RNA transcrip-
tion (TERRA) and recent results have shown that TRF1 as well
as TRF2 are crucial for telomere maintenance during replica-
tive stress (Schoeftner and Blasco, 2008; Martinez et al., 2009;
Munoz et al., 2009). Knockout shelterin components in mouse
embryonic fibroblast (MEF) or inhibition of the expression of
these proteins or overexpression of dominant negative alleles
of these proteins in vitro or in cultured human cell lines lead to
the collapse of telomere structures, including sudden telomere
loss, t-loop recombination and telomere fusion (Karlseder et
al., 1999; Wang et al., 2004).

One of the essential functions of shelterin is to cap telom-
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eres from being recognized by DNA damage response. They
play an important role in the inhibition of ATM or ATR activation
at telomeres, which can phosphate the downstream Chk1 and
Chk2 and finally block cell cycle division (Karlseder et al., 1999,
2004; Denchi and de Lange, 2007). Shelterin also represses
DNA repair machinery, including non-homologous ending join-
ing (NHEJ), homologous recombination (HR) and other repair
pathway. These repair machineries in TRF2 compromised cells
result in chromosome end fusion, telomere sister chromatid
exchange and t-loop HR which threaten telomere integrity (van
Steensel et al., 1998; Karlseder et al., 1999; Smogorzewska et
al., 2002) (Fig. 2).

In vivo evidences also demonstrate that shelterin proteins
are physiological elements essential for the mammalian devel-
opment and tissue function. TRF2 knockout mice are embry-
onic lethal. TRF1, TPP1 and RAP1 conditional knockout mice
show presaging syndrome and high incidence of oncogenesis
(Martinez et al., 2009, 2010). POT1 deletion induces mouse
DKC (Hockemeyer et al., 2008). These knockout mice display
abnormal syndrome even in normal telomere length, which
indicates that individuals with telomere dysfunction induced
by the depletion of shelterin components might exhibit more
severe and rapid pathological aging phenotypes than those
induced by telomerase deficiency. In consistence with mouse
models, genetic variation in shelterin components has been
observed in patients with cancer and pathological aging. One
SNP of TRF1 gene is significantly associated with melanoma,
and mutated TRF1 allele has been observed in aplastic ane-
mia. TIN2 mutations have been found in DKC patients (Walne
et al., 2008; Sasa et al., 2012). There is no report on patho-
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logical SNP in TRF2 gene which might be due to the fact that
TRF2 mutation is embryonic lethality. This suggests that TRF2
might play a center role in shelterin and the absence of TRF2
might cause a more vulnerable tissue development or regen-
eration failure compared to other shelterin components. All
these indicate that shelterin is crucial for telomere function and
the abolishment of these proteins results in genomic instabil-
ity as severe as telomere loss due to cell passage or due to
the absence of telomerase activity. It might have more exac-
erbated consequences, because it occurs more brutally than
progressive telomere loss. TRF2, together with other shelterin
components, are potential biomarkers for aging pathologies.

Although shelterin components play a complimentary role to
telomerase through capping telomere structure and stabilizing
telomeres, higher dosage of shelterin components act oppo-
site to its protective function. Overexpression of TRF2 or TRF1
in K5 mice lead to telomere loss and chromosome aberration
(Munoz et al., 2009), presaging syndrome and tumorgenesis.
This is concomitant with clinical reports that TRF2 and TRF1
levels are abnormally increased in pathological samples of
gastric cancer, skin cancer, lung cancer, etc. (Munoz et al.,
2005; Ning et al., 2006; Hsu et al., 2007). In addition, telom-
erase deficiency in K5-TRF2 mice accelerates TRF2 induced
carcinogenesis, strongly supports that TRF2 overexpression
could spontaneously generate a fully transformed tumorigenic
phenotype, whereas telomerase activity is dispensible during
malignant transformation (Blanco et al., 2007). Thus, TRF2
overexpression acts as a potent oncogenic event. Targeting
shelterin components, especially TRF2 might be a novel anti-
cancer strategy.

Telomere associated proteins are taking the lead in
telomere protection

Shelterin members perform their role in telomere protection
through interacting with a large number of associated proteins.
These shelterin accessory factors are mainly involved in non-
telomeric functions, including DNA damage signal (Mre11 com-
plex, 911 complex, etc.), DNA repair (ku70/80, XPF/ERCC1,
Apollo, RAD51D, etc.) and DNA replication (ORC, RecQ,
Toplla, etc.). They are recruited to induce their function at tel-
omeres by the special modification of shelterin (Fig. 3).
Recently, emerging evidences suggest that one of these
associated proteins, SNM1B/APOLLO interacts with TRF2 and
plays an important role in telomere protection (Lenain et al.,
2006; van Overbeek and de Lange, 2006; Ye et al., 2010a).
SNM1B/APOLLO is a 5-exonuclease belonging to the metallo-
B-lactamase family. Besides Apollo, the metallo--lactamase
family, which has a common domain of 3-CPSF-Artemis-
Snm1-Pso2, contains SNM1A and SNM1C/Artemis, and all of
them are involved in DDR and repair system via their nuclease
activity. SNM1A mediates radiation-induced DNA repair. SN-
M1C/Artemis localizes and degrades the hairpins generated
during V(D)J recombination. SNM1C/Artemis is also responsi-
ble for the NHEJ repair and IR-induced DNA damage. SNM1B/
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APOLLO is involved in ICL repair.

Five main papers publishing at nearly the same time tried to
elucidate how Apollo protects telomeres, in addition to its role
in ICL repair. Apollo dysfunction induced either by RNA interfer-
ence or by overexpression of nuclease dead alleles leads to
robust increase in TIF and various types of telomere aberra-
tion, including telomere free ends, chromatid fusion especially
leading hand chromatid fusion, and fragile telomeres. Recent
results have shown that the 5-exonuclease activity of Apollo
has been demonstrated crucial for telomere processing during
replication. It might be involved in the progression of replication
fork to maintain the inner part of telomeres through removal
of the incorrect replicative products. Thus, Apollo might be
implicated in the prevention of fork collapse or retrogression
at telomeres. This 5-exonuclease activity is also shown to re-
lieve the positive supercoil structure ahead of fork induced by
topoisomerase Il depletion (Ye et al., 2010a). Besides its role
in telomere replication, Apollo is also crucial for telomere pro-
cessing after replication. Apollo knockout in mouse embryonic
fibroblast cells shows 3'-overhang loss and telomere fusion in
leading strand, which is regulated by TPP1, POT1 and other
associated factors (Lam et al., 2010; Wu et al., 2010).

Several results show that Apollo protects telomeres through
repressing ATM, whereas others didn’t elicit the direct link that
Apollo modulates ATM activation. These inconsistent results
might be due to the variant cell models they used in experi-
ment assay, for example, human cancer cell lines or mouse
embryonic cells or due to the inhibiting efficiency of the nu-
cleases activity of Apollo (Demuth et al., 2008; Lam et al.,
2010; Wu et al., 2012). Thus, it is still elusive whether Apollo
is responsible for the inhibition of ATM or other DDR pathway
induced at telomeres.

Apollo is also involved in the inhibition of NHEJ at uncapped
telomeres. Apollo dysfunction in TRF2 compromised cells
results in exacerbation of chromosome end fusion induced
by NHEJ (Ye et al., 2010a). The high levels of telomeric end-
to-end fusions owing to Snm1B/Apollo mutation observed in
mouse embryonic fibroblasts (MEFs) impairs cell proliferation
and results in cell senescence or apoptosis (van Overbeek and
de Lange, 2006; Lam et al., 2010).

Recently, the above function of Snm1B/Apollo has been
demonstrated in vivo experimental study and clinical reports.
Snm1B/Apollo homozygous null mice die at birth with devel-
opmental delay and defects in multiple organ systems in p53
independent pathway (Akhter et al., 2010). Moreover, a clinical
case also shows that a unique Apollo splice variant was identi-
fied in a severe Hoyeraal-Hreidarsson (HH) syndrome patient
who is characterized severe premature aging, bone marrow
failure, and immunodeficiency (Touzot et al., 2010), indicating
such a transcriptional variant of Apollo does result in patho-
logical telomere dysfunction. Moreover, a mutated DCLRE1B
gene of Apollo identified with a breakpoint within the intron 3
of DCLRE1B in the Wilms tumors, a nephroblastoma that typi-
cally affects children (Natrajan et al., 2007). These two clinical
studies attract the attention of telomere discoveries, and high-
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Figure 4. The potential clinical value of telomeres in longevity.

light that Apollo is a crucial physiological protein in telomere
physiology and tissue development. Apollo interacts with TRF2
and TPP1, maybe other shelterin members during various
steps of telomere replication to maintain telomere integration
and protect against DDR machinery and DNA repair machin-
ery.

Overall, telomeric complex, including specific telomeric
sequences and its nucleoprotein capping structure is crucial
element responsible for life span by eliminating cancer and
aging associated degenerative pathologies. Thus, targeting
telomeres might be a hopeful strategy independent telomerase
to counteract a wide range of diseases of variant tissue origin
including cancer, stem cell dysfunction and tissue regenerative
inability.

CONCLUSION

No biomarkers exist that has been associated with so broad
spectrum of affected diseases and organs as telomere com-
plex. Telomere length is regarded as the mitotic alarm for the
renewal capacity of stem cell and tissue regeneration. Telom-
erase activity is even more sensitive than p53 mutation as a
clinical biomarker of tumor infiltration. Also, targeting telomere
length and telomerase could be an effective pharmaceuti-
cal strategy to cure aging related diseases, including tissue
degeneration and cancer, regardless of tissue specificity and

578 | August2013 | Volume 4 | Issue 8

clinical manifestation. Thus, managing telomere length or the
expression of telomerase controls the origin of these diseases.
Nowadays, pharmaceutical molecules targeting telomerase for
cancer therapy is ongoing for clinical trials and the strategy to
extend telomere length by telomerase reactivation has been
proven in the mouse model to improve tissue function and
extend life span. The next crucial problem is to solve whether
exogenous expression of telomerase in dysfunctional tissue
should be balanced to avoid malignant proliferation besides its
main function to gain re-acquired renewal capacity. Fortunately,
the combined overexpression of telomerase and tumor sup-
pression gene in mouse model has been demonstrated as a
solution for longevity without increased onset of oncogenesis.
Therefore, mediation of telomerase activity is not an extrava-
gant hope to reach the final destination of longevity with health
and life quality (Fig. 4).

More importantly, shelterin and their associated proteins
have displayed their compliment role in aging and cancer to
telomerase, evidenced by clinical samples and mouse models.
Moreover, the ablation of these proteins result in more dramat-
ic phenotype in telomere dysfunction and tissue degeneration,
which exhibit more rapidly than those induced by telomerase
deficiency. This indicates that targeting these proteins might
be more sensitive and effective than or at least the same as
targeting telomerase, especially for those who are antagonistic
to telomerase intervention. Thus, it is highly hypothesized that
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these proteins could be potential clinical biomarkers of aging or
cancer, and the study on these proteins might enable us ben-
efit more from telomeres to discover new drugs for longevity
(Fig. 4).

TRF2 and Apollo are just two examples, from which we
know that shelterin and their associated proteins are crucial
for telomere function, as well as aging and cancer. Other shel-
terin proteins and their associated proteins, like TIN2, TRF1
or WRN, BLM, etc. are also implicated in presaging syndrome
and cancer, although the molecular mechanisms might be vari-
ous. Thus, further studies are necessary to identify the func-
tion of these proteins in telomere protection. Although several
clinical studies have demonstrated that the expression level of
these proteins are associated with clinical aging and cancer,
further clinical studies of large scale investigation in multicenter
are needed to verify their expression level in patients. It is
hopeful that shelterin and their associated proteins will provoke
a new era of telomere associated biomedical study by discov-
ering telomeric protein based diagnostic biomarker and thera-
peutic strategy.
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