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Değerli	hekimlerimiz,
Kanser	günümüzde	en	hızlı	artış	gösteren	hastalıklardan	biri	olmasının	yanı	sıra	hayat	kalitesini	düşürmesi,	
tedavi	maliyetlerinin	çok	yüksek	olması,	tedavi	seçeneklerinde	sınırlar,	tedavinin	getirdiği	ciddi	yan	
etkiler	gibi	bir	çok	faktör	ile	ele	alındığında	tedavisi	zor	ve	karmaşık	olabilen	bir	hastalıktır.	Bu	açıdan	her	
hastalıkta	olduğu	gibi	kanseri	tedavi	etmek	yerine	önlemek	en	değerli	seçenek	olarak	görünmektedir.	
Telomer	biyolojisi	kanser	konusunda	ilerleyen	yıllarda	çok	önemli	gelişmeler	vaat	ediyor.	Hem	önlemek	hem	
de	tedavi	konusunda	umut	veren	çalışmalar	var.	Asıl	olarak	telomerlerin	uzun	tutulabilmesi	sayesinde	genç	
ve	sağlıklı	halin	korunması	ve	geliştirilmesi	mümkün.	Telomerlerin	yeniden	uzatılabilmesi	ile	yaşlılığa	bağlı	
olan	hastalıklara	karşı	riskin	belirgin	biçimde	düşürülebileceği	üzerine	yayınlar	mevcut.	Kanser	de	telomer	
biyolojisi	ile	önlem	alınabilen	bu	hastalıklardan	biri	haline	gelebilir.	
Bu	sayımızda	İspanya	Kanser	Araştırma	Enstitüsü’nden	Dr.	Mario	Blasco’nun	Kanser	ve	Anti-aging	üzerine	
olan	bir	çalışmasına	yer	veriyoruz.	Dr.	Blasco,	2009	yılında	Nobel	Ödülü	kazanan	Elisabeth	Blackburn’un	
ekibinde	yer	alıyordu.	O	günden	bu	yana	da	telomer	üzerinden	önemli	çalışmalara	imza	atmıştır.	Ayrıca	
İspanya’da	Life	Length	Telomer	Analiz	Laboratuvarı’nın	kurulmasında	önemli	katkıları	olmuştur.	
Telomer	uzunluğu,	DNA’da	telomeraz	adı	verilen	bir	enzim	ile	yönetilmektedir.	Telomeraz	ekspresyonu	
telomer	uzunluğunun	artmasına	neden	olmakta	ve	anti-aging	hatta	hücre	düzeyinde	gençleşmeye	
yol	açmaktadır.	Öte	yandan	kanser	hücrelerinin	ender	ortak	noktalarından	biri	de	artmış	telomeraz	
ekspresyonudur.	Bu	sayede	kanser	hücreleri	ölümsüz	ve	sonsuz	çoğalabilir	hale	geçebilmektedir.	Kanser	
hücrelerinde	telomeraz	ekspresyonunun	baskılanması	ile	kanser	tedavisinde	çok	önemli	bir	adım	atılmıştır.	
Bu	tedavinin	en	olumlu	yanlarından	biri	ise	kanser	türlerinin	nerede	ise	%85’ne	etki	edebilecek	ortak	bir	
tedavi	yaklaşımı	olmasıdır.	
Imetelstat	adlı	telomeraz	inhibitörü	olan	bu	molekül,	TA-65	molekülünü	de	bulan	Geron	(www.geron.com)	
adlı	biyo	teknoloji	firması	tarafından	geliştirilmektedir.	Şu	an	FDA	kontrollü	çalışmalar	sürecinde	olan	bu	
molekül	kanser	tedavisine	yepyeni	bir	soluk	getirebilir.	
Telomeraz	enziminin	üretiminin	artırılması	anti-aging	ve	hastalıklara	karşı	koruyucu	etki	yaparken,	
baskılanması	sayesinde	kanser	tedavisinde	kullanılabilir	tedavi	haline	gelmektedir.	Telomer	biyolojisi	
önümüzdeki	yıllarda	tıpta	birçok	konuda	yenilik	sağlayacak	bir	potansiyele	sahip	olarak	görünmektedir.
Bir	sonraki	sayımıza	dek	telomerlerinizin	hep	uzun	kalması	dileği	ile…	

Kubilay	Türkmen	

Bizi	sosyal	medyada	takip	edebilirsiniz.
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ÖZET:

Telomerler	kromozom	uçlarını	programlanmamış	DNA	tamiri	ve	yıkımından	korur.	Telomerler	özelleşmiş	
proteinlerin	bağlandığı	tekrar	eden	DNA	dizilerinden	oluşan	(TTAGGG	tekrar	dizisi)	heterokromatin	
domainlerdir.	Telomerlerin	korunması	için	telomer	tekrarlarının	uzunluğu	ve	telomere	bağlanan	proteinlerin	
bütünlüğü	çok	önemlidir.	Ayrıca	telomer	uzunluğu	ve	bütünlüğü	birçok	epigenetik	modifikasyon	tarafından	
düzenlenmektedir,	bu	da	telomer	işlevinin	üst	düzey	kontrolden	geçtiğini	göstermektedir.	Bu	bağlamda,	
telomerlerin	telomerik	kromatinle	ilişkisi	olan	ve	telomer	düzenlenmesinde	önemli	rol	oynayan	uzun	ve	
kodlanmayan	RNA’lar	tarafından	transkribe	edildiğini	yakın	zamanda	keşfettik.	Geçmişteki	çalışmalarımızda	
telomer	uzunluğu	ve	telomerazın	katalitik	bileşeni	olan	Tert’in	kök	hücre	mobilizasyonunda	kritik	öneme	
sahip	olduğunu	göstermiştik.	Telomerazın	ve	telomer	uzunluğunun	kök	hücre	davranışı	üzerindeki	
etkisi,	telomeraz	mutant	farelerde	erken	yaşlanma	ve	kanser	fenotiplerinin	önceden	tahmin	edilmesini	
sağlamaktadır.	Yakın	zamanda	telomerazın	anti-aging	etkisi	kanser	direnci	artırılmış	farelerde	güçlenmiş	
telomeraz	ekspresyonu	ile	gösterilmiştir.		Shelterin	memelilerin	telomerlerine	bağlı	ana	protein	kompleksidir	
ancak	kanser	ve	yaşlanmadaki	önemi	bugüne	kadar	anlaşılamamıştır.	Bu	amaçla	TRF1,TPP	ve	Rap1	
Shelterin	proteinleri	çıkarılan	fare	modelleri	oluşturulmuştur.	Bu	çalışmada	kullanılan	fareler	normal	telomer	
uzunluğuna	sahip	olsalar	bile	erken	doku	hasarı,	kromozomal	bozukluklar	ve	neoplastik	lezyon	başlangıcı	
göstermiştir.	Telomer	bozukluklarının	insan	patolojisine	etkisini	anlayabilmek	için,	bu	yeni	fare	modelleriyle	
birlikte	telomeraz	eksikliği	olan	fareler	çok	önemli	araçlar	olarak	kabul	edilmektedir.

ÇALIŞMADAN BAŞLIKLAR: 

1-Telomerler	kendilerine	yakın	bulunan	genlerin		transkripsiyonel	olarak	susturulmasını	(subtelomerik	gen	
susturma	olarak	adlandırılır)	ve	mitoz	bölünme	sırasında	kromozomların	düzgün	bir	şekilde	ayrılmasını	
sağlar.

2-Yetişkin	dokularında	bulunan	telomeraz,	telomer	kısalması	sonucu	görülen	yaşlanmaya	karşı	koruyucu	
etki	gösterememektedir.

3-Telomer	eksikliği	olan	fareler	(Terc	geni	çıkarılan	fareler)	telomerazın	memelilerdeki	telomer	sağlığı	için	
gerekli	olduğunu,	kanser	ve	yaşlanmada	da	önemli	rol	oynadığını	göstermiştir.	Telomeraz	eksikliği	olan	
hücrelerde	telomerler	korunamaz	ve	uçtan	uca	kromozom	füzyonlarının	oluşmasına	neden	olan	hızlanmış	
telomer	kısalması	görülür.

4-Ek	olarak,	telomeraz	eksikliği	olan	farelerde	erken	yaşlanma	patolojisinin	kısa	telomerlerin	nesilden	nesile	
kalıtılmasıyla	gerçekleştiği	görülmüştür.	(insanlarda	görülen	telomer	işlevsizliği	ile	bağlantılı	hastalıklara	
benzer	bir	durum)

5-Telomerlerin	kritik	kısalığa	ulaşması	DNA	hasarı	olarak	tanımlanır,	p53	aracılı	sinyal	yolağı	aktive	edilerek	
kök	hücrelerin	nişlerinden	çıkması	engellenir.Azalan	kök	hücre	mobilizasyonu	anormal	hücrelerin	dokuda	
birikmesini	engeller,	böylece	kanser	koruma	mekanizması	desteklenmiş	olur.

6-Bizim	gibi	diğer	araştırmacıların	da	yapmış	oldukları	çalışmalarda,	aşırı	telomeraz	sentezlenen	fare	
modellerinde	artan	TERT	ifadesi	sonucu	kök	hücre	mobilizasyonu	fazlalaşmıştır.	Yüksek	mobilizasyon	
şartları	altında	doku	sağlığının	uzun	süre	korunduğu	ve	yaşam	süresinin	arttığı	görülmüştür.

7-SUPER-M	fare	modeli:	Tümör	baskılayıcı	genlerin	aşırı	sentezlenmesi	sonucu	kanser	direnci	artan	
farelerde	telomerazın	aşırı	sentezlenmesi	sağlanmıştır.	SUPER-M	farelerde	telomerazın	kanser	ve	
yaşlanma	üzerine	etkileri	bu	sebeple	ayrı	tutulmalıdır.	Bu	çalışma	telomerazın	farelerdeki	yaşlanma	ve	
sağlık	durumu	üzerindeki	etkisini	değerlendirmemize	olanak	sağlamaktadır.

8-SUPER-M	farelerde	dejeneratif	lezyonlar	geç	görülmüştür.	Bu	farelerde	yaşlanma	semptomları	azalmıştır.	
Örnek	olarak,	normal	yaşlı	farelerde	(wild	type)	genç	farelere	oranla	7	kat	daha	az	subkutenöz	yağ	katmanı	
bulunurken,	genç	ve	yaşlı	SUPER-M	farelerde	bu	seviye	birbirine	çok	yakındır.	Ayrıca,	SUPER-M	farelerde	
cilt	yaşlanması	azalmıştır;	yaşlı	SUPER-M	farelerin	deri	ve	saç	tabakası	normal	yaşlı	farelere	(wild	type)	
kıyasla	çok	daha	iyidir.

9-SUPER-M	farelerde	organizma	yaşlanması	da	çok	daha	azdır:	yaşlı	farelere	göre	sinir	ve	kas	sağlığında	
gelişme	görülmüştür.	Tüm	SUPER-M	fareler	sinir	ve	kaslara	yönelik	koordinasyon	testini	başarıyla	
geçmiştir,	buna	karşın	yaşlı	farelerin	yarıdan	fazlası	bu	testi	başarıyla	sonuçlandıramamıştır.	SUPER-M	
farelerin	glikoz	seviyeleri	normal	yaşlı	farelere	kıyasla	3	kat	daha	iyi	sonuç	vermiştir.	SUPER-M	farelerin	
telomerleri	normal		farelere	göre	(wild	type)	çok	daha	uzundur	ve	bu	fark	yaşlı	farelerle	kıyaslama	yapılınca	
çok	daha	artmaktadır.	Yaşlı	SUPER-M	farelerin	telomerik	DNA	hasarları	yaşlı	normal	farelere	göre	çok	
daha	düşüktür.



10-Telomer	ve	uzun	yaşam:	Fare	embriyonik	kök	hücreleri	çok	uzun	telomerlere	sahiptir	ancak	
embriyogenez	sırasında	kısalmaya	başlar.	Telomer	kısalması	yetişkin	yaşamı	boyunca	devam	eder	ve	
doku	yenilenme	kapasitesini	azaltarak	organizmanın	yaşlanmasına	neden	olduğu	öne	sürülmektedir.	Genç	
ve	yaşlı	farelerden	elde	edilen	farklılaşmış	hücreler	uyarılmış	pluripotent	kök	hücrelerde	(iPS)	yeniden	
programlanarak	telomeraza	bağlı	telomer	uzamasına	katkı	sağlar.	Telomer	işlevselliği	düzgün	çalışabilen	
shelterin	bileşenine	bağlıdır.	Bazı	shelterinlerin	baskılanması	(TRF1	ve	TPP1	gibi)	yeni	doğan	farelerde	
hızla	erken	gelişen	dejeneratif	patolojiyle	sonuçlanmaktadır.

11-Buna	göre	genç	fareler	normal	uzunlukta	telomerlere	sahip	olsalar	bile,	telomer	yapısındaki	bozukluklar	
yaşlanmaya	bağlı	patolojik	durumların	gelişmesine	neden	olabilir.
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Telomeres in cancer and ageing
Luis E. Donate and Maria A. Blasco*

Telomeres and Telomerase Group, Molecular Oncology Programme, Spanish National Cancer Research
Centre (CNIO), Melchor Fernández Almagro, 3, 28029 Madrid, Spain

Telomeres protect the chromosome ends from unscheduled DNA repair and degradation.
Telomeres are heterochromatic domains composed of repetitive DNA (TTAGGG repeats) bound
to an array of specialized proteins. The length of telomere repeats and the integrity of telomere-
binding proteins are both important for telomere protection. Furthermore, telomere length and
integrity are regulated by a number of epigenetic modifications, thus pointing to higher order con-
trol of telomere function. In this regard, we have recently discovered that telomeres are transcribed
generating long, non-coding RNAs, which remain associated with the telomeric chromatin and are
likely to have important roles in telomere regulation. In the past, we showed that telomere length
and the catalytic component of telomerase, Tert, are critical determinants for the mobilization of
stem cells. These effects of telomerase and telomere length on stem cell behaviour anticipate the
premature ageing and cancer phenotypes of telomerase mutant mice. Recently, we have demon-
strated the anti-ageing activity of telomerase by forcing telomerase expression in mice with
augmented cancer resistance. Shelterin is the major protein complex bound to mammalian telo-
meres; however, its potential relevance for cancer and ageing remained unaddressed to date. To
this end, we have generated mice conditionally deleted for the shelterin proteins TRF1, TPP1
and Rap1. The study of these mice demonstrates that telomere dysfunction, even if telomeres are
of a normal length, is sufficient to produce premature tissue degeneration, acquisition of chromo-
somal aberrations and initiation of neoplastic lesions. These new mouse models, together with
the telomerase-deficient mouse model, are valuable tools for understanding human pathologies
produced by telomere dysfunction.

Keywords: telomeres; telomerase; cancer; ageing; shelterins; stem cells

also perform other functions, which include the tran-
scriptional silencing of genes located close to the
telomeres (this phenomenon is termed subtelomeric
silencing), as well as ensuring correct chromosome
segregation during mitosis.

(b) Telomerase

Shortening of telomeres is associated with each round of
cell division owing to the inability of conventional DNA
polymerases to replicate the ends of linear chromosomes,
the so-called ‘end replication problem’. Telomerase is a
cellular enzyme capable of compensating this progressive
telomere attrition through de novo addition of TTAGGG
repeats to the chromosome ends [3]. Telomerase encom-
passes a catalytic subunit with reverse transcriptase
activity (Tert), an RNA component (Terc) that acts as a
template for DNA synthesis and the protein dyskerin
(Dkc1), which binds and stabilizes Terc.

Robust telomerase expression is a feature of pluri-
potent stem cells and early stages of embryonic
development, although telomerase activity is also pres-
ent in adult stem cell compartments [4]. Telomerase
activity in adult tissues, however, is not sufficient to
prevent telomere shortening associated with ageing.

Mutations in the different components of telomer-
ase (Tert, Terc and Dkc1), as well as in some

1. ROLE OF TELOMERASE IN ADULT
STEM CELLS
(a) Telomeres

Telomeres are ribonucleoprotein complexes at the 
ends of chromosomes that are essential for chromo-
some protection and genomic stability. Telomeres 
consist of tandem repeats of a DNA sequence rich in 
G bases (TTAGGG in all vertebrates) bound by a 
six-protein complex known as shelterin. Shelterin 
encompasses the Pot1-TPP1 heterodimer, the telo-
mere-binding proteins TRF1 and TRF2, and the 
interacting factors Rap1 and Tin2 [1].

Telomeric chromatin is also enriched in epigenetic 
marks that are characteristic of constitutive hetero-
chromatin, such as histone tri-methylation and DNA 
hypermethylation, which act as negative regulators of 
telomere length and telomere recombination [2].

Telomere shortening below a certain threshold 
length and/or alterations in the functionality of the 
telomere-binding proteins can result in loss of telo-
meric protection, leading to end-to-end chromosome 
fusions, cell cycle arrest and/or apoptosis. Telomeres

* Author for correspondence (mblasco@cnio.es).

One contribution of 15 to a Discussion Meeting Issue ‘The new
science of ageing’.

Phil. Trans. R. Soc. B (2011) 366, 76–84

doi:10.1098/rstb.2010.0291

76 This journal is # 2011 The Royal Society

1
2



100

75

50

25

0
0 5 10 15 20

time (months)

su
rv

iv
al

 (
%

)

25 30 35 40

maximum
lifespan

median lifespan

G0(+/+)
G1(–/–)

G3(–/–)
G2(–/–)

Terc:

normal

1 year 2 years 3 years

G3 G2 G1

Figure 1. Progressive decrease in median and maximum life-
spans along successive generations of telomerase-null mice.
Cohorts of successive generations of telomerase-deficient

mice (wild-type, black dashed line; first generation G1
Terc2/2, blue dashed line; second generation G2 Terc2/2,
green dashed line; third generation G3 Terc2/2, red
dashed line) were followed up for a period of 32 months.
The figure shows a Kaplan–Meier representation of the sur-

vival of the following groups of mice: Tercþ/þ, n ¼ 68; G1
Terc2/2, n ¼ 17; G2 Terc2/2, n ¼ 31; G3 Terc2/2, n ¼ 22.
Telomerase-deficient mice have a shorter lifespan than the
telomerase-proficient mice, which is further shortened with

increasing mouse generations.
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Figure 2. A stem cell-based model for the role of telomeres in cancer and ageing. The longest telomeres mark the stem cell
compartments (niches). In young or adult organisms, stem cells (blue rounded cells) repopulate tissues as needed: they exit
from the niche, proliferate and differentiate (square orange cells). During this process, stem cells undergo telomere shortening,
which is partially counterbalanced by the action of telomerase. In old organisms, stem cell telomeres are too short. Critically

short telomeres are recognized as DNA damage, activating a p53-mediated DNA damage signalling response that impairs stem
cell mobilization and, as a consequence, the tissue regeneration is suboptimal leading ultimately to organ failure. A decreased
stem cell mobilization reduces the probability of accumulating abnormal cells in tissues, providing a mechanism for cancer
protection. If the stem cells express aberrantly high levels of telomerase (by acquisition of tumorigenic, telomerase-reactivating

mutations), stem cell mobilization is more efficient than normal. Under these higher mobilization conditions, tissue fitness
would be maintained for a longer time, increasing lifespan and also the probabilities of initiating a tumour.
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shelterins (Tin2), have been linked to rare human gen-
etic diseases, such as dyskeratosis congenita, aplastic 
anaemia and idiopathic pulmonary fibrosis [5–8]. 
These diseases are associated with the presence of 
short/dysfunctional telomeres and they all exhibit a 
characteristic failure in the regenerative capacity of tis-
sues (such as the bone marrow) and severe skin 
hyperpigmentation.

2. THE TELOMERASE-DEFICIENT MOUSE MODEL 
Generation of telomerase-deficient mice (Terc knock-
out mice) allowed the first demonstration that 
telomerase is required for telomere maintenance in the 
context of mammalian organisms, as well as its 
importance for cancer and ageing. Thus, telomer-ase-
deficient cells exhibit an accelerated telomere 
shortening that eventually leads to loss of telomere 
protection and end-to-end chromosome fusions [9–
12]. Complete survival curves of increasing gen-
erations of telomerase-null mice (G1–G3) [13] 
indicated that telomere shortening along successive 
mouse generations [12,14–15] was paralleled by a 
progressive decrease in both median and maximum 
longevity (figure 1). Telomerase and telomere main-
tenance are considered, therefore, to be rate limiting 
for mouse longevity.

Additionally, telomerase-deficient mice developed 
premature ageing pathologies with an onset that is 
anticipated with increasing mouse generations (simi-
larly to the human diseases linked to telomere 
dysfunction), in agreement with inheritance of shorter 
telomeres after each generation. Finally, telomerase-
deficient mice show increased resistance to cancer, 
validating telomerase as a promising target for 
anti-tumour therapies [16].

(a) Telomerase in adult stem cells

As telomerase expression is restricted to stem cell com-
partments in the context of the adult organism, it is of
interest to determine the impact of telomere shorten-
ing on stem cell ageing. Stem cell functionality,
measured as the ability of epidermal stem cells to
mobilize and regenerate the skin and the hair, is dra-
matically impaired in telomerase-deficient mice with
critically short telomeres (as is the case of G3 telo-
merase-null mice), a defect that is rescued by either
telomerase re-introduction and elongation of short
telomeres, or by p53 suppression [17,18]. In this
regard, all stem cell defects associated with the presence
of critically short telomeres, such as the length of the
hair bulb and the thickness of the interfollicular epider-
mis, are fully rescued in mice doubly deficient for
telomerase and p53 when compared with single tel-
omerase-deficient mice. These results identify p53 as
an important checkpoint for stem cell and tissue
fitness, in a manner that only those stem cells with suf-
ficiently long telomeres will be allowed to regenerate
tissues [19].

(b) Role of telomeres in cancer and ageing:

a stem cell-based model

We have proposed a stem cell-based model for the role
of telomeres in cancer and ageing, which is

summarized in figure 2. Adult stem cells reside at 
specific compartments within tissues, the so-called 
niches, which are enriched in cells with the longest 
telomeres [20]. In young or adult organisms with 
sufficient telomere reserve, adult stem cells efficiently 
repopulate tissues and repair lesions as needed. In 
old organisms, however, stem cell telomeres may be 
too short [20], and this could impair the mobilization 
of stem cells and the ability to repair tissues efficiently. 
When telomeres have shortened down to a critical 
length they are recognized as DNA damage, activating 
a p53-mediated DNA damage signalling response that 
prevents the mobilization of the stem cells out of their 
niches. Decreased stem cell mobilization reduces the 
probability of accumulating abnormal cells in tissues, 
thus providing a mechanism for cancer protection. 
However, the ultimate consequence of impaired 
mobilization of the stem cells will be organ failure 
owing to tissue degeneration.

By using mouse models over-expressing telo-merase, 
we and others showed that elevated TERT expression 
increases stem cell mobilization. Under these 
conditions of higher mobilization, the fitness of the 
tissues would be maintained for longer times, therefore 
increasing the lifespan. The probabilities of initiating a 
tumour, however, are also higher, especially so if 
telomerase reactivation occurs in a context of 
mutations in the tumour suppressors [21].

3. LONGEVITY EXTENSION BY TELOMERASE 
As discussed in §2, the study of telomerase-deficient 
mice suggests that telomerase is rate limiting for 
mouse longevity. We next wondered whether tel-
omerase over-expression can extend longevity and, if 
so, to what extent. We previously observed that while 
telomerase deficiency results in a lower incidence of 
cancer [16], constitutive telomerase over-expression 
results in a slightly increased incidence of cancer (figure 
3) [22]. To counterbalance this undesired effect of 
telomerase over-expression, we over-expressed 
telomerase in the context of cancer-resistant mice 
having increased levels of the tumour suppressors p53, 
p16 and p19ARF (SUPER-M mice; figure 3). In these 
mice, the effects of telomerase on cancer and ageing 
will be dissociated, therefore allowing assess-ment of 
the role of telomerase on the ageing and fitness of mice.

(a) SUPER-M mice

Characterization of the SUPER-M mice showed a 
cancer appearance that was significantly delayed: 
while in wild-type mice, cancer was detectable at 
110 weeks of age (and earlier in those mice 
over-expressing telomerase), in the SUPER-M 
mice tumours did not appear until 145 weeks of 
age [23].

The age for the onset of degenerative lesions is 
also delayed in SUPER-M mice. In these mice, the 
symptoms of ageing are also attenuated: for instance, 
levels of subcutaneous fat are very similar in young 
and older SUPER-M mice, while the thickness of 
the subcutaneous fat layer in older wild-type mice 
is seven times less than that of young wild-type
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the longevity curve of mice, significantly extending
the median lifespan and significantly increasing the
percentage of mice that reach extremely old ages. We
also wondered whether the observed effects of
telomerase on longevity involve its telomere-mainten-
ance activity. To this end, we examined the longevity
curve of TgTert mice lacking the RNA component
of telomerase (Terc), which is essential for telomerase
catalytic activity. We observed that TgTert does not
have an effect on the longevity curve of Terc-deficient
mice across different generations up to the fourth
generation (G2–G4). These results indicate that the
anti-ageing activity of Tert requires telomerase catalytic
activity, which strongly implicates telomere mainten-
ance as the main mechanism underlying the
longevity enhancing effect of telomerase expression.

4. TELOMERE REJUVENATION DURING THE
GENERATION OF INDUCED PLURIPOTENT
STEM CELLS
To obtain induced pluripotent stem (iPS) cells from
adult differentiated cells is a key goal in the development
of customized cellular therapies. This type of cell would
represent an unlimited source of cells capable of generat-
ing all kind of tissues, with the added advantage of
avoiding rejection in cell transplantation therapies, as
they originate from the same individual. The first
approach to nuclear reprogramming was based on
nuclear transplantation from somatic cells to enucleated
oocytes [26]. Recently, iPS cells have been generated
from differentiated cells by the introduction of four tran-
scription factors, Oct4, Sox2, Klf4 and c-Myc [27–28].
However, c-Myc is dispensable in the generation of
iPS cells.

As previously stated, telomeres shorten with age,
thus contributing to organism ageing by limiting the
proliferative capacity of adult stem cells. Although it
was known that telomerase activity was augmented in
both human and murine iPS cells, it remained
unknown whether telomeres re-elongated during
nuclear reprogramming and whether the telomeric
chromatin would acquire the same characteristics as
those of embryonic stem cells (figure 5).

Reprogramming of telomeric chromatin can take
place in several possible scenarios: telomerase might
not be needed for telomere elongation, telomerase
might cooperate with recombination-based mechan-
isms or, finally, telomere elongation during nuclear
reprogramming might completely depend on telomer-
ase activity. We demonstrated that in iPS cells, the
telomeres greatly elongate with respect to the telo-
meres of the parental differentiated cells [29]. This
elongation occurs independently of the presence or
absence of c-Myc. Furthermore, the efficiency of
elongation of telomeres during the generation of iPS
cells was the same whether the starting cells were
derived from young or elderly individuals. These
results, therefore, indicate that telomeres efficiently
rejuvenate during nuclear reprogramming of differen-
tiated cells. The elongation of telomeres continues
post-reprogramming until they reach the length of
the telomeres of the embryonic stem cells. During
the reprogramming of telomerase-null cells the
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mice. Also, the SUPER-M mice exhibit reduced 
ageing of the skin; the skin and hair coat of elderly 
SUPER-M mice are better than of elderly 
wild-type mice.

Organism ageing of SUPER-M mice is also less: 
thus neuromuscular fitness is improved in old mice. All 
the SUPER-M mice successfully passed the 
neuromuscular coordination test, while not all the wild-
type mice were successful in this test, and over half the 
aged mice failed. SUPER-M mice also had improved 
glucose tolerance, three times better than that of wild-
type mice. SUPER-M mice have longer telomeres than 
wild-type mice, and this difference in telomere length is 
much greater in elderly mice. Also, aged SUPER-M 
mice showed less damage in their telomeric DNA than 
the aged wild-type mice.

Given the above-described anti-ageing activity of 
telomerase in the SUPER-M mice, we addressed 
whether the tranagenic Tert (TgTert) allele had an 
effect on the lifespan of the cancer-resistant Sp53 and 
Sp53/Sp16/SArf mice. We obtained survival curves 
covering the entire lifespan of the Sp53/TgTert and the 
Sp53/Sp16/SArf/TgTert mice (SUPER-M), compared 
with Sp53 and Sp53/Sp16/SArf controls; all these mice 
have the same genetic background composition. We 
used Sp53 mice as a reference for normal longevity in 
our mouse cohorts because they have been previously 
shown to have the same longevity as wild-type mice in 
two independent studies [24,25]. Analysis of the 
survival curves indi-cated a significant extension of 
median lifespan of 9 per cent and 26 per cent by TgTert 
expression in the context of cancer-resistant Sp53 and 
Sp53/Sp16/SArf mice, respectively (figure 4a). To 
further dis-sociate the effects of TgTert expression on 
cancer and ageing, we considered separately the 
lifespan of the cancer-free mice (i.e. those mice that 
died without malignant tumours; figure 4b). The 
lifespans of this subgroup are determined by ageing and 
not by cancer, and we observed an even more evident 
impact of TgTert expression, resulting in a median 
lifespan extension of 18 per cent and 38 per cent in the 
Sp53/TgTert and Sp53/Sp16/SArf/TgTert (SUPER-M) 
mice, respectively, compared with the Sp53 and Sp53/
Sp16/SArf controls (figure 4b). Fur-thermore, 
combined TgTert and Sp53/Sp16/SArf transgenes 
resulted in a 40.2 per cent extension of the median 
lifespan when compared with single Sp53 mice (our 
reference for normal longevity), which was further 
increased to 50 per cent when con-sidering cancer-free 
mice (figure 4b). We also studied the group of longest 
lived mice of each genotype to estimate whether TgTert 
expression had an effect on maximum longevity. The 
percentage of mice that reached the extremely old age 
of 3 years was signifi-cantly larger for the SUPER-M 
mice than for their Sp53/Sp16/SArf controls (42% 
versus 8%), and this extreme survival is further 
increased when considering cancer-free mice (up to 
50%). The mean age of the upper longevity quartile 
was significantly higher in SUPER-M mice than in 
their Sp53/Sp16/SArf con-trols (163 weeks versus 146 
weeks). These observations indicate that TgTert 
expression changes
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telomeres do not elongate. This clearly demonstrates
that telomere elongation during nuclear reprogram-
ming of differentiated cells is exclusively mediated by
telomerase activity [29].

We also demonstrated that the telomeres of iPS cells
acquire the epigenetic marks of the telomeres of
embryonic stem cells, among them a low density of tri-
methylated histones H3K9 and H4K20, and that in
the iPS cells there is a loss of telomeric silencing and
an increase in the abundance of TERRA (telomeric
transcripts) levels [29].

We observed that the reprogramming efficiency of
cells derived from increasing generations of telomer-
ase-deficient mice is drastically reduced, and this
defect is annulled after telomerase reintroduction
[29]. We also observed that the generation of iPS
cells needs a minimum telomere length. In fact,
when we employed cells derived from the G3
generation of telomerase-deficient mice, reprogram-
ming is impaired, indicating the existence of a
minimum required telomeric length for iPS cells to
be obtained [29].

5. p53 IS A KEY FACTOR LIMITING
REPROGRAMMING OF SUBOPTIMAL CELLS
The fact that cells with short telomeres are not subject
to nuclear reprogramming very probably indicates that
some ‘reprogramming barriers’ abort the reprogram-
ming of suboptimal parental cells bearing uncapped
or dysfunctional telomeres. To explain this observation,
we hypothesise low reprogramming rates resulting from

the presence of DNA damage in the starting cells. We
have demonstrated that the tumour suppressor p53 is
a key factor that limits the reprogramming of subopti-
mal cells, those bearing different kinds of DNA
damage such as short telomeres, having deficiencies in
their DNA repair systems (ATM- and 53BP1-deficient
cells) or exogenously inflicted DNA damage (irradiated
cells) [30].

Reprogramming in the face of pre-existing but toler-
ated DNA damage is aborted by the activation of the
p53-dependent DNA damage response (DDR) and
apoptosis. p53 suppression allows an efficient repro-
gramming of cells harbouring persistent DNA damage
and chromosomal aberrations. We have observed that
during reprogramming, the cells increase their intoler-
ance to the different types of DNA damage and that
p53 is critical in avoiding the generation of iPS cells
from suboptimal parental cells [30]. Finally, given that
certain reprogramming factors promote in vivo tumori-
genesis, it is tempting to propose that the DDR
observed in cultures of p53-deficient cells might be
equivalent to the oncogene-induced DDR that takes
place during malignant transformation. For the two
scenarios nuclear reprogramming and malignant trans-
formation, p53 is critical in controlling the
dissemination of damaged cells.

Our results highlight the importance of telomere
biology in the generation and functionality of iPS
cells, and have important implications for the
clinical translation of iPS cell technologies,
particularly in patients afflicted with the so-called
‘telopathies’.

Tg telomerase
(epithelia)

telomerase
telomere length

no telomerase

Tg telomerase
(epithelia)

cancer
suppressors

Super p53
Super p16
Super p19ARF

SUPER-M
less

ageing
less

ageing

premature ageing

less
cancer

more cancer

+

Figure 3. Lifespan extension by telomerase. To address whether telomerase over-expression had an effect on mouse longevity,
we first took into account that the absence of telomerase (the Terc knock-out mice) results in premature ageing and also in a
lesser incidence of cancer. Second, the constitutive over-expression of telomerase in the epithelia, while attenuating the ageing
phenotypes, also increased the incidence of cancer in the epithelia. We generated SUPER-M mice, a mouse model in which
the constitutive over-expression of telomerase takes place in a genetic background of increased resistance to cancer achieved by

means of over-expression of the tumour suppressors p53, p16 and p19ARF. In the SUPER-M mice, the effects of telomerase
on cancer and ageing will be dissociated.
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6. THE IMPORTANCE FOR CANCER AND AGEING
OF CANCELLING THE DNA DAMAGE RESPONSE
AT CHROMOSOME ENDS
(a) The shelterin complex

The TTAGGG repeats at the end of mammalian
chromosomes associate to a six-protein complex termed
shelterin. Shelterin enables cells to distinguish their
natural chromosome ends from breaks in the DNA
strand by cancelling a DDR at telomeres, as well as
regulating telomere length. Telomeres contain addition-
ally a number of proteins that are not part of the
shelterin complex, but also have non-telomere-related
functions.

The specificity of shelterin for telomeric DNA is
through direct recognition of the TTAGGG sequence
by three of its components. In particular, TRF1 and
TRF2 bind to the double stranded region of telomeric
DNA, while Pot1 binds to the TTAGGG repeats of
the G-overhang. TRF1 and TRF2 recruit the other
four components of shelterin: Tin2 (a TRF1 and
TRF2 interacting factor), Rap1, TPP1 and Pot1.
These last two proteins form a heterodimer. Shelterin
can form a stable complex in the absence of telomeric
DNA.

Some mutations in Tin2 as well as genetic variants
of TRF1 have been described linked to the rare human
diseases dyskeratosis congenita and aplastic anaemia.
These conditions [31–33] have as hallmarks epithelial
abnormalities, such as skin hyperpigmentation, nail
dystrophy and oral leukoplakia.

7. MOUSE MODELS FOR CONDITIONALLY
DELETED SHELTERIN PROTEINS
(a) TRF1D/D mice

The conventional deletion of the shelterin protein
TRF1 in mice is lethal embryonically very early
during the blastocyst stage, and for this reason the
characterization of the role of TRF1 in differentiated
cells has remained impractical.

To study the role of TRF1 in telomere biology and
disease in the context of a mammalian organism we
generated cells and mice in which TRF1 was con-
ditionally deleted specifically in epithelial (TRF1D/D

K5-Cre) mice [34]. TRF1 deletion in mouse
embryonic fibroblasts (MEFs) did not result in
changes in telomere length; on the contrary, it led
to a rapid induction of p53/RB-dependent cellular
senescence concomitant with the accumulation of
abundant damage foci at telomeric DNA. This
persistent DNA damage activated phosphorylation
of the ATM/ATR kinases and their downstream
effectors, the kinases CHK1 and CHK2, resulting
in cell cycle arrest. Cells deficient in TRF1 showed
abundant end-to-end telomere fusions involving
both chromosomes and sister chromatids. We also
observed abundant multi-telomeric signals, which
are indicative of a high degree of chromosomal fragi-
lity that arises from problems in the replication of
telomeric DNA [34,35]. Our results demonstrate
that TRF1 exerts a protective function against the
DDR at telomeres, and that it facilitates the
replication of telomeric DNA.

(b) Consequences of TRF1 deletion in

adult stem cells

In accordance with severe telomere dysfunction,
TRF1D/DK5-Cre mice die perinatally and show
reduced skin thickness and reduced skin stratification,
as well as severe skin hyperpigmentation. Newborn
mice also have focal dysplasia in the epithelia of the
palate, the non-glandular stomach, oesophagus,
tongue and skin. These pathologies are accompanied
by activation of a persistent DDR at telomeres,
which induces activation of the p53/p21 and p16 path-
ways resulting in an in vivo cell cycle arrest. The latter
produces dramatic alterations in the properties of the
epithelial stem cells. Thus, morphological develop-
ment of the hair follicles and the sebaceous glands is
completely impaired [34].

(c) Effect of p53 suppression in

TRF1-deficient mice

Suppression of p53 in TRF1D/DK5-Cre mice rescues
perinatal survival (p532/2/TRF1D/DK5-Cre mice
reach four months of age) and the functionality of epi-
dermal stem cells, as these mice grow hair normally
and do not exhibit skin hyperpigmentation [34].

Longer lived p532/2/TRF1D/DK5-Cre mice, how-
ever, develop epithelial abnormalities similar to
those of human diseases linked to mutations in the
components of shelterin and/or telomerase, such as
nail atrophy and oral leukoplakia. Furthermore,
lack of p53 in p532/2/TRF1D/DK5-Cre mice leads
to the development of spontaneous squamous carci-
nomas, showing that TRF1 acts as a tumour
suppressor by preventing telomere-related genomic
instability.

Our results demonstrate that dysfunction of a single
telomeric protein is sufficient to produce severe telo-
meric damage and loss of telomere capping in the
absence of telomere shortening, leading to premature
tissue ageing, acquisition of chromosomal aberrations
and the development of neoplasic lesions.

The trf1D/D mouse model is of relevance since it
constitutes the first mouse model of ageing induced
by telomere dysfunction in the absence of critical telo-
mere shortening. This model shows that telomere
uncapping and increased telomere fragility do impact
on cancer and ageing in the absence of telomere short-
ening. It also suggests a new class of ‘telopathies’
induced by telomere dysfunction in the presence of
normal-length telomeres.

(d) Tpp1D/D mice

The role of TPP1 in telomere regulation in vivo and in
mouse development and disease has been poorly
characterized to date owing to lack of mouse models
with complete TPP1 suppression.

We have recently generated Tpp1-deficient MEFs as
well as mice with targeted Tpp1 deletion to the strati-
fied epithelia [36]. Both MEFs and mice deleted for
Tpp1 show induction of telomere damage foci and
cell cycle arrest, demonstrating that TPP1 protects
telomeres from eliciting a DDR. Similarly to TRF1
deficiency, Tpp1-null mice die perinatally and show
severe skin hyperpigmentation and defective hair
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follicle morphogenesis. These phenotypes are rescued
by p53 suppression, indicating that p53 is a main
effector of proliferative defects associated with Tpp1
deletion.

Unexpectedly, Tpp1 deletion results in decreased
Tert binding to telomeres and accelerated telomere
shortening both in MEFs and mice. Tpp1-null cells
failed to elongate their telomeres when reprogrammed
into pluripotent stem cells, a process that is dependent
on telomerase activity [29,30], thus indicating that
TPP1 is essential for telomere elongation in vivo.
These results suggest a telomere-capping model
where TPP1 not only prevents the induction of a
DDR at telomeres by preventing fusions and telomere

breakage but also is required for telomere elongation
by telomerase.

(e) Rap1D/D mice

Rap1 is a component of the shelterin complex at mam-
malian telomeres, the in vivo role of which in telomere
biology has remained largely unknown to date.

We have recently generated cells and mice deleted
for Rap1 [37]; mice with Rap1 deletion in stratified
epithelia are viable but had shorter telomeres and
developed skin hyperpigmentation at adulthood. We
showed that Rap1 deficiency is dispensable for telo-
mere capping but leads to increased telomere
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Figure 4. Increased longevity of Sp53/Sp16/SArf/TgTert (SUPER-M) mice. (a) Overall survival. Kaplan–Meier represen-
tation of the survival curves of the indicated mouse cohorts. Only mice that reached at least up to 50 weeks of age were

included. The increase in the median lifespan is indicated. n ¼ number of mice per genotype. Statistical significance was
assessed using the log-rank test. (b) Cancer-free survival. Kaplan–Meier representation of the survival curves of mice of the
indicated genotype living for more than 50 weeks excluding those mice that presented malignant tumours at the time of
their death (cancer-free survival). The increase in the median lifespan is indicated. n ¼ number of mice included in the analy-
sis. Statistical significance was assessed using the log-rank test. (a) pink trace, Sp53 (n ¼ 68); green trace, Sp53/TgTert (p ¼
0.05; n ¼ 56); red trace, Sp53/Sp16/SArf (n ¼ 39); green trace, Sp53/Sp16/SArf/TgTert (p ¼ 0.05; n ¼ 27)(SUPER-M); pink
trace, Sp53 (n ¼ 68); green trace, Sp53/Sp16/SArf/TgTert (p, 0.001; n ¼ 27)(SUPER-M). (b) pink trace, Sp53 (n ¼ 44);
green trace, Sp53/TgTert (p ¼ 0.47; n ¼ 35); pink trace, Sp53/Sp16/SArf (n ¼ 33); green trace, Sp53/Sp16/SArf/TgTert
(p ¼ 0.001; n ¼ 22)(SUPER-M); pink trace, Sp53 (n ¼ 44); green trace, Sp53/Sp16/SArf/TgTert (p ¼ 0.001; n ¼ 22)
(SUPER-M).
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recombination and fragility. We have found that Rap1
binds to both telomeres and to extratelomeric
sites. The extratelomeric Rap1-binding sites were
enriched at subtelomeric regions, in agreement with
preferential deregulation of subtelomeric genes in
Rap1-deficient cells.

8. TELOMERES AND LONGEVITY
The embryonic stem cells of mice have long telomeres, 
which shorten during embryogenesis (figure 5). Telo-
mere shortening continues throughout the adult life 
of the mice to such a extent that it has been proposed 
to be a major cause of mouse ageing since telomere 
shortening produces defects in the regenerative 
capacity of tissues.

Nuclear reprogramming of differentiated cells 
derived from both young and old mice results in 
the generation of iPS cells. Telomeres rejuvenate in a 
telomerase-dependent manner during nuclear 
reprogramming into iPS cells.

Telomere function is highly dependent on func-
tional shelterin components. The suppression of 
some shelterin proteins (such as TRF1 and TPP1) 
results in sudden development of degenerative pathol-
ogies. Thus, telomere uncapping, even in the presence 
of normal length telomeres, is capable of inducing 
age-related pathologies in young mice.
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•	 Kritik	düzeyde	kısalmış	telomerlerin	
boyunu	ve	miktarını	ölçen	genetik	testtir.

•	 Test	biyolojik	yaş	tespiti	için	kullanılır.	
Yıllık	ölçümler	yaparak	yaşlanma	hızı	
belirlenip,	yönetilebilir.

TA-65 MD® 250 Ünite, 90 kapsül
•	 Astragallus	bitkisinden	elde	edilen	özel	

bir	molekül	ile	formüle	edilmiş	besin	
desteğidir.

•	 Yemeklerden	2-3	saat	sonra	günde	1	
kapsül	alınması	önerilir.

•	 Uzun	süreli	kullanımı	güvenli	olup,	düzenli	
alınması	önerilir.

TA-65 for Skin 30 ml - 118 ml
•	 Anti-aging	amaçlı	cilt	bakım	kremidir.	
•	 Patentli	TA-65®	etken	maddesi	içerir.
•	 Temiz	cilde	günde	2	kez	uygulanır.	
•	 Tüm	yaş	ve	cilt	tiplerine	uygundur.	
•	 Paraben	içermez.	
•	 Airless	tüp	içinde	kullanıma	sunulur.	
•	 Dermatolojik	olarak	test	edilmiştir.

•	 Her	insan	DNA	düzeyinde	eşsizdir.	Anti-
aging	tedavi	de	DNA	düzeyinde	kişiye	
özel	olmalıdır.	

•	 Bireylerin	genetik	olarak	yaşlanma	
eğilimlerini	belirleyen	testtir.

T.A.T.	(Telomere	Analysis	Test)

www.tasciences.com


