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Our Genome is Linear

vs. 

bacterial
chromosome 

Circle of 2,000,000 bp
(1/cell) 

eukaryotic
chromosome 

Linear of 50,000,000 bp
(~40 in each cell) 



Two Problems Associated with Linear Chromosomes

The end-replication problem The end-protection problem 

Hermann Muller   (1890-1967) Barbara McClintock 
(1902-1992)

James Watson  
(1928 - )

Alexei Olovnikov 
(1902-1992)

vs. 



Both Problems are Solved by Telomeres/Telomerase 



The End Protection Problem

Hermann MullerBarbara McClintock



McClintock, B. Genetics. 1938a.

“It would be premature to draw rigid conclusions from 
the results so far obtained.”

-Barbara McClintock

McClintock, B. Missouri Agric. Exp. Station Res. Bull. 
1938b.

McClintock, B. Genetics 1941.

Evidence for the “break in mitosis” model

 

https://pubmed.ncbi.nlm.nih.gov/?sort=date&term=Maciejowski+J&cauthor_id=26687355
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The breakthrough experiment – worth a Nobel prize 
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End-Protection Problem – Rooted in the DNA damage Response

RPA



DNA 
Repair

Non Homologous End Joining (NHEJ)

DNA Break Repair

Homologous Recombination  (HR)



End-Protection Problem

Chromosome

Telomeres



DNA damage checkpoints

DSB repair

Shelterin (Protein Complex)

Shelterin: 
- consists of 6 proteins; 3 bind directly to the DNA 
- binds to the TTAGGG repeats with high specificity
- is highly abundant (100-1000 copies per cell) 

Shelterin Solves the End Protection Problem in Somatic Cells



Telomeres Lacking Shelterin Activate the ATM and ATR kinases 

telomere

53BP1

Sfeir et al., Science 2012

Shelterin-free Cells 



Normal cells 

Metaphase spread

Celli et al., NCB 2005

Chromosome 

Telomeres



Telomeres Lacking Shelterin Engage DNA Repair Reaction 

Celli et al., NCB 2005

Fused Chromosomes 

Telomeres



T-loop

Griffith et al., Cell 1999

How does Shelterin Mask the Ends from the DNA Damage 
Response?

Electron Microscopy



Doksani et al, Cell 2013

TRF2 is the Shelterin Subunit Required for T-Loop Formation

Super Resolution Microscopy 
(STORM) 

+ TRF2 - TRF2



End-Protection Problem 



The End Replication Problem 

The end-replication problem 

James Watson  
(1928 - )

Alexei Olovnikov 
(1902-1992)

vs. 



Inherent to the DNA Replication Machinery 



Every new DNA strand starts with RNA

End Replication Problem



 Removal of the RNA primer results in a gap that cannot be filled in. 
 

End Replication Problem



The RNA primer gap 
results in gradual and  
progressive sequence 
loss from the ends

End Replication Problem



Telomerase elongates the 3’ end of the chromosome end, thereby balancing sequence loss 
with DNA replication

End Replication Problem Solved by Telomerase 
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The breakthrough experiment – worth a Nobel prize 



•     hTERT strongly suppressed in most somatic cells       
except for highly proliferative cells (B-, T-cells)

• Human cells show progressive telomere shortening at a 
rate of 50-100 bp/cell division in vitro

Germline 
(stem cells)

Soma

Telomerase is Switched off in Somatic Cells



telomere length decreases  
with cell division and human aging 

HSC172 (fetal fibroblasts) 
MPD = mean population doublings 

human fibroblasts have a typical 
maximum of 40-60 PDs, after 
which they stop dividing but remain 
viable (Hayflick limit) 

Telomere length decreases with cell division and human aging



Telomere Shortening Limits the Replicative Lifespan of 
Human Cells 

Young Fibroblasts Senescent Fibroblasts



• Irreversible growth inhibition  

• Cells remain thermodynamically alive for years

• Markers: 
	 Flat morphology
	 Senescence associated-beta-galactosidase (stress marker) 
	 RB hypophosphorylated 
	 p53 and p21 high  
	 p16 high
	 SA-heterochromatin foci (SAHFs)  

• Genetic requirements: p53 and/or Rb pathways (human)
	 	 	 	

Features of Replicative Senescence



Bodnar et al., Science 1998

Telomerase Bypasses Senescence Leading to Immortalization

Immortal but not transformed



32

Oxford Nanopore Sequencing to assess telomere length 

Karimian et al., Science 2024
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Human telomere length is chromosome end–specific and 
conserved across individuals 

Karimian et al., Science 2024
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★Telomere in Embryonic Stem cells 



In newborn humans,  telomeres are approximately 15-20kb in length  

Telomeres shorten gradually through life, suggesting that telomere length may 
serve as a surrogate marker for aging. 

Telomere length Change with Human Aging 



Tissue Source Telomere Length (kb)

Sperm

Placenta

Fetal brain

Fetal kidney

Colon mucosa (30-65 yrs)
Colon mucosa (65-88 yrs)

Blood  (20-39 yrs)

Blood  (40-59 yrs)

Blood  (60-79 yrs)

0 124 168 20

Hastie et al, Nature, 346: 866

(kb)

Short telomeres correlate with increased age

Telomeres Shorten with Increased Age 



Telomeres Shorten with Increased Age 

A number of recent reports examining 
telomere length in peripheral blood 
(PBMCs) show an association of  
short telomeres with: 

- myocardial infarction  
- vascular dementia 
- atherosclerosis 
- Alzheimer's disease 
- liver cirrhosis  
- Barrett's esophagus 
- ulcerative colitis 
- myeloproliferative disorders 

Aubert  et al, Plos genetics , 2012



Telomerase Reactivation Reverses Brain Tissue Degeneration in Aged 
Mice

Jaskelioff et al., Nature 2011

young old old + telomerase 

old

+ telomerase 

ol
d

+ t
elo

mer
as

e 
yo

ung



Telomeropathies – Syndromes of short telomeres 

Armanios and Blackburn 2010



incidence: 1/1,000,000

Telomere Disease: Dyskeratosis Congenita

Rodrigo T et al., . N Engl J Med 2009; 361:2353-2365

Dyskeratosis  
Congenita

Other bone 
marrow  
failure syndrome

Telomere length in blood, 
buccal cells, and fibroblasts 
from patients with inherited 
bone marrow failure 
syndromes:  

Gadalla.  Aging Cell Dec. 2010

Mechanisms of Disease

n engl j med 361;24 nejm.org december 10, 2009 2359

attrition is a mechanism for the loss or gain of 
chromosomes.48-52 When telomere maintenance 
is disrupted in yeast, the few cells that escape se-
nescence show chromosomal abnormalities; in the 

absence of telomerase, mutation rates increase as 
a result of terminal chromosome deletions and 
repeated cycles of break-fusion-bridge rearrange-
ments.53 In late-generation Terc-knockout mice, 

33p9
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Lung fibrosis

Hypoplastic bone marrow 
Opportunistic infections 
Anaplastic anemia 
Progressive bone marrow failure 
Acute myeloid leukemia

Liver cirrhosis

Telomere Disease: Dyskeratosis Congenita

Rodrigo T et al., . N Engl J Med 2009; 361:2353-2365



ATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAATCCCAAT-5′
TAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGGTTAGGG-3′

TERT

GAR1

Nature Reviews | Genetics

Shelterin complex

Telomeric DNA

Telomerase holoenzyme

Telomere
elongation

Proposed role in lagging-strand synthesis

CST complex

RAP1

TIN2

TRF1TRF2

TEN1

CTC1

STN1

Dyskerin

TR

5′

3′

Template

ACAH

POT1

TPP1

NHP2
NOP10

TCAB1

TERT

5′

3′

Telomerase
assembly in
Cajal body

sequences extend for thousands of bases at chromosome 
ends, averaging 10 kb in a newborn human’s cord blood16. 
Telomere DNA is bound by a specialized group of pro-
tective proteins collectively called shelterin17. The human 
shelterin complex includes six proteins: telomere repeat 
binding factor 1 (TRF1), TRF2, repressor/activator  
protein 1 (RAP1), TRF1-interacting nuclear protein 2 
(TIN2), TIN2-interacting protein 1 (TPP1) and protec-
tion of telomeres 1 (POT1) (FIG. 1). The combination 
of intact shelterin components and a telomere of suf-
ficiently long tract length is essential to protect a chro-
mosome end from eliciting DNA damage responses, 
deleterious degradation or participation in genome-
destabilizing recombination or fusion events (reviewed 
in REF. 18). Another complex that is relevant to the dis-
ease processes discussed below, known as CST, com-
prises three proteins — conserved telomere protection 

component 1 (CTC1), suppressor of cdc thirteen 1 
(STN1) and telomeric pathway with STN1 (TEN1) — 
and is also found at human telomeres19,20 (FIG. 1). CST 
binds single-stranded DNA, and CTC1 is thought 
to function in telomere and non-telomere lagging- 
strand synthesis21,22. Although the telomere-protective 
roles of budding yeast CST are extensively character-
ized, the functional specificity of CST at mammalian 
telomeres remains unclear, and CST may have more 
general roles in DNA replication21,22. As described 
below, mutations in genes that code for some of these 
telomere proteins have recently been shown to cause a 
subset of telomere syndromes.

Telomerase structure. Telomerase is the special-
ized DNA polymerase that synthesizes new telomere 
sequences onto chromosome ends4,5,23. Telomerase has 

Figure 1 | Telomerase and telomere components involved in human monogenic telomere syndromes. Components 
for which mutations have been identified in telomere syndromes are indicated in bold type and shaded in blue. Shelterin 
complex components are made up of six component proteins — telomere repeat-binding factor 1 (TRF1), TRF2, 
repressor/activator protein 1 (RAP1), TRF1-interacting nuclear protein 2 (TIN2), TIN2-interacting protein 1 (TPP1) and 
protection of telomeres 1 (POT1) — which are essential for telomere protection and for regulating telomere elongation. 
The telomerase enzyme complex is comprised of TERT (the reverse transcriptase) and TR (the essential RNA component 
that contains a template for telomere repeat addition). TR contains a 3ʹ H/ACA box motif that binds the dyskerin protein, 
which is part of a larger dyskerin complex that also consists of NHP2, NOP10 and GAR1. Note that for simplicity, one 
dyskerin complex is shown per TR molecule, although two copies are now thought to bind each TR. Telomerase Cajal 
body protein 1 (TCAB1) binds a Cajal body localization motif in TR and has a role in TR trafficking and biogenesis. In the 
Cajal body, TR and TERT assemble into a functional holoenzyme complex. The CST complex has three components — 
EQPUGTXGF�VGNQOGTG�RTQVGEVKQP�EQORQPGPV���
%6%����UWRRTGUUQT|QH�EFE�VJKTVGGP���
560���CPF�VGNQOGTKE�RCVJYC[� 
with STN1 (TEN1) — which are thought to function in part in telomere lagging-strand synthesis. Figure adapted, with 
permission, from REF. 13 © (2009) Annual Reviews.
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Dyskeratosis congenita mutations

Mutations in Several Telomere Maintenance Genes 
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X

…. Now to the Good Cop / Bad Cop 
Dysfunction Telomeres and Telomerase Reactivation

Cancer cells Normal cells 
CRISIS

Tumor suppression



+ Telomerase 

Normal cells Cancer cells

Kim et al., Science 1998

hTERT is Activated in Almost All Tumors …. Key for Unlimited Proliferative 
Capacity 



Highly recurrent TERT Promoter Mutations in: 

- Familial and Sporadic Melanoma
- Adrenal Tumors 
- Basal Cell carcinoma 
- Squamous Cell Carcinoma
- Meduloblastoma 
- Glioma 

Mechanism of hTERT Reactivation

Horn et al., and Huang et al., Science 2013



Another major telomere maintenance pathway: 
ALT (Alternative Lengthening of Telomeres) 



48
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Same applies for oral cavity cancer, intestinal, prostate 
and pancreatic preinvasion neoplasia

Chin et al. Nat. Genet. 2004

Telomeres Shorten in The Early Stages of Tumorigenesis 

Breast cancer



Tumors that develop in TERC / P53 KO mice exhibit 
Highly rearranged chromosomes
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Evidence of Telomere Crisis During CLL (Chronic 
Lymphocytic Leukemia) Progression 

Array CGH

Telomere Length 

Lin TT et al., Blood 2010



Telomere Dysfunction Accurately Predicts Clinical Outcome in CLL

Lin TT et al., BJH 2014
previous studies (Damle et al, 1999; Dohner et al, 1999;

Hamblin et al, 1999; Rassenti et al, 2008), but all of the

markers were considerably less prognostic, as evidenced by

lower hazard ratios, than the telomere fusogenic mean. We

therefore assessed whether the fusogenic mean could provide

additional prognostic information in the context of estab-

lished good and bad prognostic subsets. In every case, the

telomere fusogenic mean contributed the dominant effect.

For example, patients with telomeres below the fusogenic

mean showed inferior prognosis regardless of their IGHV

mutation status. Similarly, patients with telomeres above the

fusogenic mean showed superior prognosis regardless of their

IGHV mutation status. This effect was also observed in

patients with 11q- or 17p- cytogenetic lesions i.e. the adverse

clinical impact of these abnormalities was only evident in the

patients with short telomeres (Fig. 4).
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Fig 2. Telomere dysfunction predicts time to first treatment and progression-free survival in chronic lymphocytic leukaemia. (A, B): In keeping
with previous studies, mean telomere length (as measured by single telomere length analysis [STELA]) is prognostic for time to first treatment
(TTFT) and progression-free survival (PFS), respectively. Segregation of the discovery cohort into subsets defined by the fusogenic mean
(≤2!26 kb) significantly enhanced the prognostic resolution for (C) TTFT and (D) PFS. Furthermore, the upper limit of fusions (≤3!81 kb) also
improved prognostic discrimination for (E) TTFT and (F) PFS) but to a less extent than the fusogenic mean. TL, telomere length.

Telomere Fusion and Prognosis in CLL

ª 2014 John Wiley & Sons Ltd, British Journal of Haematology 5



The cleanest Experiment was Done using Prostate Cancer Mouse Model 
(PTEN/P53)  

- p53/PTEN conditional knockout mice 
characteristically develop locally invasive 
non-metastatic prostate 
adenocarcinoma.  

- Activating telomerase follow a period of 
telomere dysfunction drives metastatic 
progression of the tumor to the bone. 

Ding et al., Cell  2012



A Novel Pathway that Induced Telomere Dysfunction 

Mutations in the Shelterin Subunit – POT1 



POT1 mutations cause telomere dysfunction in Lymphoid Tumors (chronic 
lymphocytic leukemia) and in Familial Melanoma

Ramsey et al., 2013 nature genetics 
Shi et al., nature genetics 2014

Espinosa et al., nature genetics 2014



Let’s dig deeper into ….Telomere Crisis

CRISIS

Cell Death  
BFB: breakage fusion bridge 
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Crisis cells exhibit features of active autophagy
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Autophagy inhibition promotes crisis bypass. 



★ End-replication problem 

★ End-protection problem 

★ Telomeres and Telomerase  

★ Cellular aging (Senescence) and Telomeres  

★ Telomere Length Changes in Human Aging 

★ Telomeropathies – Dyskeretosis Congenita  

★ Telomere/Telomerase dynamics in Cancer  

★Telomerase Inhibition in the Clinic 

★Telomere dynamics in Embryonic Stem cells 



Proof of principle experiment 

Weinberg lab: Introduced catalytically dead hTERT into human tumor lines

Can Telomerase Inhibition be Used to Treat Cancer? 

Hahn and Weinberg et al., Nature Medicine 1999
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at first in these cultures; later, widespread cell
death was apparent. As apoptosis is a com-
mon mechanism of cellular death, we investi-
gated whether these cells had the phenotypic
hallmarks of apoptosis. Flow cytometric
analysis of DNA content in HA-1 cells ex-
pressing DN-hTERT demonstrated the ap-
pearance of a sub-G1 peak at a time
corresponding to the appearance of short-
ened telomeres and morphological changes
(Table 1). Similar results were obtained by
TUNEL assay37 of DNA fragmentation in both
HA-1 (Table 1) and 36M cells (Fig. 5b). These
results indicate that shortening of telomeres
in these cells eventually results in the induc-
tion of apoptosis.

A mutant form of the telomere-binding
protein telomere restriction fragment-2 can
induce changes in telomere structure and a
subsequent p53-dependent induction of
apoptosis38. Here, we analyzed HA-1 cells in
which the p53 protein has been inactivated
by large T antigen33, and 36M cells that con-
tain defective p53 (ref. 39). In contrast to
human embryonic kidney cells lacking large
T antigen, HA-1 (Table 1) and 36M cells39

were refractory to arrest at the G1 checkpoint induced by γ-irra-
diation, confirming that the p53 pathway is indeed nonfunc-
tional40. Nonetheless, these cells underwent apoptosis after
telomere shortening (Table 1 and Fig. 5b), indicating that
telomere loss and the resulting induction of apoptosis can be
mediated by a p53-independent pathway.

Effect of DN-hTERT on tumorigenicity
Inhibition of cell growth and induction of apoptosis in vitro in-
dicated that inhibition of telomerase activity would reduce the
tumorigenicity of cells in vivo. To confirm this, we injected late-
passage clonal isolates from 36M cells expressing control retro-
virus, WT-hTERT or DN-hTERT vectors subcutaneously into
immunodeficient nude mice. Cells expressing control retro-
virus or WT-hTERT rapidly produced tumors in this assay

pressing WT-hTERT did not differ substantially from those of
cells carrying a control retrovirus vector that encodes only a
drug resistance marker (Fig. 4a–d). In addition, expression of ei-
ther WT- or DN-hTERT in the immortal, telomerase-negative
cell line GM847 had no effect on the growth kinetics of these
cells (Fig. 4e).

In contrast to the lack of response seen in GM847 cells after
the introduction of DN-hTERT, cells that were initially telom-
erase-positive and received the DN-hTERT at levels sufficient to
inhibit telomerase activity showed slowed growth and eventu-
ally stopped proliferating (Fig. 4a-d). The onset of cellular arrest
in each cell line was related to their initial telomere length. For
example, the mean telomere length in the colon cancer cell line
LoVo is 2–3 kb (data not shown). After acquiring DN-hTERT,
clonal isolates of LoVo cells did not continue to proliferate long
enough to reach confluence (population doubling 0), whereas
parallel cultures of these cells expressing either WT-hTERT or
the control vector showed no change in growth (Fig. 4a).

Introduction of DN-hTERT into HA-1 and SW613 cells, which
normally maintain longer initial telomere lengths of 3–4 kb and
4–5 kb, respectively (data not shown), did not immediately
cause a growth arrest. Instead, these cells continued to prolifer-
ate for 10 days and 20 days, respectively, before growth arrest
(Fig. 4b and c). In addition, 36M cells (initial telomere length of
5–7 kb; Fig 3a, lanes 1 and 2) expressing DN-hTERT showed no
changes in growth rate until 30–40 days had elapsed (Fig. 4d),
indicating that the rapidity of response to the introduced DN-
hTERT gene depended on the initial length of the telomeres.
The correlation between telomere length and time to growth ar-
rest provided further evidence that DN-hTERT does not have di-
rect cytostatic or cytotoxic effects on rapidly proliferating cells.

DN-hTERT expression and apoptosis
When cells expressing DN-hTERT stopped proliferating, they
showed the morphological characteristics associated with crisis
(Fig. 5a). Large cells with a flattened appearance predominated

Fig. 4 Effects of DN-hTERT on cell proliferation. Clonal isolates analyzed are from cell lines
LoVo a, HA-1 b, SW613 c, 36M d and GM847 cells e; in order of initial telomere length from
shortest (LoVo) to longest (GM847). For each cell line, two clones are shown expressing the
control retrovirus (!, "), WT-hTERT (#, $) or DN-hTERT (%, &).
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Table 1 Expression of DN-hTERT leads to apoptosis in HA-1 cells

% Apoptosis G1/G2

HEK ND 1.1
vector 6.3 0.2
WT-hTERT 10.1 0.8
DN-hTERT, c1 92.4 ND
DN-hTERT, c4 91.1 ND
DN-hTERT, c8 41.0 0.2
DN-hTERT, c10 81.6 0.3

WT-hTERT 8.9 ND
DN-hTERT, c1 42.1 ND
DN-hTERT, c10-1 65.0 ND
DN-hTERT, c11 25.5 ND
DN-hTERT, c15 43.2 ND

Top: % Apoptosis, percentage of cells in a sub-G1 peak, quantified by flow cytometric
DNA analysis; G1/G2, percentage of cells arrested in G1 and G2 after treatment with γ-
radiation (3,000 rad), quantified by flow cytometry, to confirm p53 was non-func-
tional. HEK, parental human embryonic kidney cells, lacking large T antigen. Bottom,
TUNEL analysis showing percentage of cells staining positive for TdT. ND, not deter-
mined; c, clone number.

a b c

d e

LoV HA-1 SW613

GM84736M
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Class I - Oligonucleotide-based therapeutics small molecule 
inhibitors  – GRN163L / Imetelstat  (GERON)  

- 14 clinical trials: 4 Phase II and 10 Phase I  

- Phase II 
• Pediatric solid tumors 
• Non small cell lung cancer (NSCLC)  
• Myelofibrosis 
• Multiple Myeloma  

- Phase III: Myelodisplastic syndromes

- Imetelstat is currently used to Treat 
 Hematologic Myeloid Malignancies

	  and Thromobocytopenia  

Telomerase Inhibitors in Clinical Trials  

N3’ →  P5’ - thio – Phosphoramidate 

Major challenges: toxicity and time for efficacy to show 



Class II: hTERT-based Immunotherapy: vaccines 
targeting telomerase  

Peptide vaccines•  
▪ GV1001 and INO-1400 are peptide vaccine consisting of a 

small amino acid epitope of hTERT 
▪ UV1 combined with checkpoint inhibitors is being 

tested across solid tumors (melanoma, mesothelioma); 
multiple phase II studies report favorable safety and 
signals of benefit. (Fast Track in mesothelioma.) 

▪ • GV1001: a large phase III in pancreatic cancer 
(TeloVac) was negative overall; biomarker-enriched 
follow-ups (eotaxin-high) are being explored. 

TCR-engineered T cells recognizing hTERT peptides are 
in early clinical development; feasibility shown, with the 
broader TCR-T field advancing in solid tumors. 

Telomerase-directed immunotherapy 
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Vaccine Type Target Status Key Findings

GV1001 Peptide hTERT (611–626) Phase III 
(pancreatic) Safe; limited survival benefit

GX301 Multi-
peptide hTERT Phase II Induced T-cell responses

UV1 Long peptide hTERT (mutliple 
epitopes) Phase II–III Promising synergy with PD-1 

blockade

INO-1400 DNA Full-length hTERT Phase I–II Durable immune memory, good safety

V934/
V935 Viral vector hTERT Phase I Induced CD8⁺ T cells

UV1 + pembrolizumab (melanoma): Durable responses; phase II data show improved survival compared to PD-1 blockade alone 
(NCT03538314).

UV1 + nivolumab/ipilimumab: Under evaluation in mesothelioma, prostate, and head & neck cancers.

INO-1400 + IL-12 DNA: Evaluated as maintenance therapy post-resection in solid tumors (NCT02960594).

Telomerase-vaccines 
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★ End-replication problem 

★ End-protection problem 

★ Telomeres and Telomerase  

★ Cellular aging (Senescence) and Telomeres  

★ Telomere Length Changes in Human Aging 

★ Telomeropathies – Dyskeretosis Congenita  

★ Telomere/Telomerase dynamics in Cancer  

★Telomerase Inhibition in the Clinic 

★Telomere dynamics in Embryonic Stem cells 



hTERT expression/telomere lengthening are tightly regulated during human development 

Horn et al., 2013. Huang et al., 2013



Mapping the landscape of hTERT enhancers

100X

4X

Penev et al., 2021.



hTERT mRNA is extensively alternatively spliced



Alternative splicing of hTERT Exon-2 regulates telomerase activity 

RNA Capture-seq

Penev et al., 2021.



Penev et al., 2021.PMID: 33852895 

Alternative splicing is a developmental switch for hTERT expression



 ….. This was the telomere path from maize, Tetrahymena and yeast, all the 
way to human cancer… 

Telomere dysfunction

Telomerase


