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Abstract 

While telomerase is best known as the enzyme that maintains telomeres in dividing cells a number 

of TERT (Telomerase Reverse Transcriptase)-related non-canonical functions have been 

described. These functions are implicated in tumour development and stress response and recently 

have also been demonstrated in the brain. In contrast to other cells and tissues, in the brain the 

telomerase RNA component TERC is down regulated early during development resulting in the 

loss of telomerase activity in most cells except for neural stem cells. In contrast, the presence of 

the telomerase protein TERT persists during lifetime in neurons of the human brain. Although we 

are far from understanding the role of telomerase in the brain, the review aims to summarise our 

current knowledge.  In addition to physiological functions in healthy neurons, there might be 

implications for neurodegenerative diseases. 
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Introduction  

For a long time telomerase was best known 

for its canonical function in maintaining 

telomeres in cells and tissues where the 

enzyme is active. For this function two 

essential components- the catalytic subunit 

TERT (Telomerase Reverse Transcriptase) 

and its integrated telomerase RNA (TR or 

TERC: telomerase RNA component) are 

required. The RNA component contains a 

template whereby telomeric hexanucleotide 

repeats can be added de novo onto the G-rich 

telomeric overhang. This forms the basis for 

telomerase enzymatic activity. However, this 

activity is differentially expressed in different 

species and cell types. In protozoans is serves 

to maintain and cap telomeres of small 

chromosomes, it is active in many animal 

species, germline tissue of plants, and has a 

characteristic expression pattern between 

metazoan species as well as different tissue 

and cell types within the same species. Some 

insects such as diptera (for example 

Drosophila melanogaster) don’t have 

telomerase; here transposons fulfil the 

function of telomere maintenance1. 

Telomerase activity in rodents and 

humans  

In rodents the enzyme is active lifelong in 

most tissues, but often strongly 

downregulated during development in other 

mammals including humans. In humans 

telomerase is active during early stages of 

embryonic development, but in most tissues 

downregulated soon after2. Only a few tissues 

such as T-and B-lymphocytes, endothelial 

cells and adult stem cells still express the 

enzyme or are at least able to upregulate it 

upon stimulation. The downregulation of 

telomerase activity is in most tissues 

achieved via downregulation of the catalytic 

TERT subunit while the TERC component is 

still constitutively expressed3. Thus, initially 

scientists suggested that TERT expression is 

the limiting component4. This is also the basis 

for reconstituting telomerase activity in 

somatic cells by just overexpressing the 

TERT subunit5. However, others described 

that TERC can be the limiting component in 

heterozygous mice and diseases such as 

dyskeratosis congenita 6, 7.  

Non-canonical functions of TERT-the 

mitochondria connection 

 In addition to telomerase activity, various 

non-canonical functions of the protein part 

TERT on its own have been described. There 

is now a large amount of such non-canonical 

functions known which are detailed in 

various reviews 8-10. One of these non-

telomeric functions is the shuttling of the 

TERT protein into mitochondria upon 

external or internal oxidative stress 5,11-13. 

This is a regulated process in higher 

eukaryotes that depends on a specific 

signalling sequence11 driving the import of 

TERT into the mitochondrial matrix in 

addition to nuclear export signals14. In the 

organelles TERT fulfils different functions 

such as protecting mitochondrial as well as 

nuclear DNA, decreasing cellular oxidative 

stress and sensitivity for apoptosis 5, 11, 12, 15.  

Telomerase, TERT and TERC in brain 

Interestingly, in brain and specifically in 

neurons, the TERT component was found 

persisting throughout human life without any 

measurable telomerase activity16. But what 

about TERC? If TERT is present and TERC 
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constitutively active-then there should also 

be activity? Our group demonstrated on 

brains from early human embryos that in this 

tissue type telomerase is downregulated at 

very early gestational stages of post-

conception weeks 10-1417. This 

downregulation was associated with a 

decrease in TERC RNA while TERT 

persisted in its expression. With other words-

brain is apparently different in its biological 

mechanism of regulating telomerase activity 

from most other human tissues. Another 

group has even described a specific 

mutated/deleted TERC component in mouse 

brain which interacts with mTERT and might 

be involved in the regulation of TERC levels 

in brain18. Intriguingly, this alternative 

telomerase RNA is suggested to protect cells 

from oxidative stress18. 

In addition, we and others also found that 

other stimuli than oxidative stress are able to 

drive TERT protein into mitochondria. For 

example, rapamycin which decreases the 

mTOR pathway and promotes autophagy is 

able to direct TERT into mitochondria 

specifically in brain tissue, but not in other 

tissues such as for example liver 19. Others 

have described brain specific 

neurotransmitter substances such as 

glutamate involved in excitotoxic stress to be 

responsible for mitochondrial localisation of 

TERT in neurons 20. 

TERT and neurodegeneration 

While in mice TERT expression level 

decreases with age 19, 21 we could not find 

such a decrease in human brains with age17 

although a larger sample number has to be 

analysed for a final evaluation. Likewise, we 

could not find any differences in the amount 

of TERT protein from hippocampi of 

Alzheimer’s disease (AD) brains compared 

to healthy age-matched cases16. Instead, we 

found a stronger mitochondrial localisation 

of TERT protein in hippocampal neurons of 

Braak stage 6 AD cases16. Modelling the 

influence of pathological proteins involved in 

AD such as tau (p301L mutant) in primary 

embryonic mouse neurons we demonstrated 

that its overexpression is associated with 

increased oxidative stress and more lipid 

peroxidation products16. This result shows 

that toxic proteins involved in 

neurodegeneration such as tau, but most 

likely also other proteins such as alpha-

synuclein are able to increase mitochondrial 

ROS generation while TERT protein 

localised to the organelles might be an 

attempt of the neuron to counteract 

mitochondrial dysfunction. Our results 

suggest that the absence or low levels of 

TERT might render neurons more susceptible 

to the action of toxic proteins.  

Telomerase and autophagy in brain 

In addition to the induction of mitochondrial 

ROS toxic proteins associated with various 

neurodegenerative disease are known to exist 

in different protein forms such as monomers, 

oligomers and aggregates. The latter form 

cellular inclusions such as neurofibrillar 

tangles (NFT) and Lewy bodies (LB). Other 

cellular mechanisms such as the proteasome 

and different forms of autophagy can degrade 

and thereby partly detoxify such proteins22. 

Interestingly, it was recently demonstrated 

that increased TERT/telomerase levels in 

non-neuronal cellular models promote the 

activity of both the proteasomal 23 as well as 

the activity of autophagy 24. Although there is 
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so far no clear evidence that TERT has 

similar properties in neurons and brain in 

vivo, one could speculate about this novel 

non-canonical function of TERT in brain. 

It was demonstrated that also excitotoxic 

stress using glutamate can promote 

mitochondrial localisation of TERT 20. Our 

group had previously shown that upon 

rapamycin treatment TERT protein can 

potentially interact with mTOR signalling in 

mouse brain on a functional level19. This was 

associated with a partial mitochondrial 

localisation of TERT and a decrease in 

mitochondrial oxidative stress. Although 

others have shown a direct complex 

formation between TERT, mTOR and other 

molecules in immune and cancer cells 25, 26 

we don’t know yet whether a similar 

interaction occurs in mammalian brain. 

Importantly, rapamycin seems to be the only 

trigger that promotes TERT shuttling into 

mitochondria not by increased oxidative 

stress. It is so far unknown what other 

physiological stimuli or specific cellular 

signalling pathways are able to induce TERT 

shuttling into mitochondria in addition to 

oxidative stress.  

Telomerase activators and the brain 

Based on the knowledge of a beneficial effect 

of TERT in the brain research had been 

initiated by the Priel group to use telomerase 

activators in an attempt to combat the 

severity of neurodegenerative diseases.  The 

group had demonstrated in a mouse model of 

Amyotrophic Lateral Sclerosis (ALS) that 

treatment with a synthetic telomerase 

activator (aryl compound) was able to delay 

the severity of disease symptoms 27. The 

same group has recently used telomerase 

activators in an AD related in vitro neuronal 

model and achieved an increase of different 

neurotrophic and plasticity proteins involved 

in the disease 28.  In the same study they have 

also used a short term treatment of mice with 

the same activator and demonstrated a similar 

expression change of those proteins in the 

mouse brains. 

Our group has recently performed a 

preclinical trial on a mouse model of PD 

using different telomerase activators which 

showed a beneficial effect in improving PD-

related symptoms and a decrease in alpha-

synuclein levels in brain pathology 

(manuscript under review). 

In addition, Maria Blasco’s group explored 

the significance of short telomeres for brain 

neurogenesis and neurodegeneration and 

used telomerase gene therapy for extending 

short telomeres 29. They used old wild type 

mice as well as late generation TERT-/- mice 

to demonstrate that these mice have a 

compromised cognition in an NOR (Novel 

object recognition) test and an increased 

amount of phosphorylated endogenous tau 

protein. Using telomerase gene therapy by 

introducing AAV (Adeno associated virus)-

mediated TERT into brain neurons of those 

above mentioned mice with short telomeres 

in different brain regions. Treatment resulted 

in less DNA damage, inflammation, 

increased neurogenesis and spatial 

memory29.  The authors suggest that 

increased telomerase can be used to treat 

neurodegenerative diseases such as AD. 

Conclusion 

Although there are still a lot of white patches 

in our knowledge of mechanisms how the 
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telomerase protein TERT protects neurons 

during ageing and neurodegeneration, either 

via it’s canonical role on protecting and 

preserving telomeres as well as non-

canonical functions of TERT which could be 

due to interaction with other molecular 

mechanisms such as protein degrading 

pathways. Telomerase in the brain is a rapidly 

developing new field of research which 

receives increasing interest.  

It is intriguing to find that brain is different in 

the regulation of telomerase with a persistent 

presence of the TERT protein in neurons but 

without the presence of a functional TERC 

RNA component that is rather ubiquitously 

expressed in most other human tissues. Thus, 

the biology of telomerase in brain and in 

particular neurons seems to differ greatly 

from that of other tissues and cell types. This 

should warrant novel findings with a 

therapeutic relevance for brain ageing and 

various neurodegenerative disease in the 

future. 

  



Gabriele Saretzki.   Medical Research Archives vol 8 issue 7. July 2020                 Page 6 of 7 

Copyright 2020 KEI Journals. All Rights Reserved                http://journals.ke-i.org/index.php/mra 

References 

1. Casacuberta E. Drosophila: 

Retrotransposons Making up Telomeres. 

Viruses. 2017 Jul; 9(7): 192. 

doi: 10.3390/v9070192 

2. Ulaner GA, Hu JF, Vu TH, Giudice LC, 

Hoffman AR, Telomerase activity in 

human development is regulated by 

human telomerase reverse transcriptase 

(hTERT) transcription and by alternate 

splicing of hTERT transcripts. Cancer 

Res. 1998, 58, 4168–4172. 

3. Collins K. Physiological Assembly and 

Activity of Human Telomerase 

Complexes. Mech Ageing Dev. 

2008;129(1-2):91-98.  

4. Daniel M, Peek GW, Tollefsbol TO, 

Regulation of the human catalytic subunit 

of telomerase (hTERT) Gene. 

2012;498(2): 135–146. 

5. Ahmed S, Passos JF, Birket MJ, et al. 

Telomerase does not counteract telomere 

shortening but protects mitochondrial 

function under oxidative stress. J Cell Sci. 

2008; 121:1046-1053 

6. Chiang YJ, Hemann MT, Hathcock KS, 

et al.  Expression of Telomerase RNA 

Template, but Not Telomerase Reverse 

Transcriptase, Is Limiting for Telomere 

Length Maintenance In Vivo. Mol Cell 

Biol. 2004;24(16): 7024–7031.  

7. Wong JM, Collins K Telomerase RNA 

level limits telomere maintenance in X-

linked dyskeratosis congenita. Genes 

Dev. 2006 20(20): 2848–2858 

8. Saretzki G. Extra-telomeric Functions of 

Human Telomerase: Cancer, 

Mitochondria and Oxidative Stress. Curr 

Pharm Des. 2014; 20:6386-6403. 

9. Ségal-Bendirdjian E, Vincent Geli V 

Non-canonical Roles of Telomerase: 

Unraveling the Imbroglio. Front Cell Dev 

Biol. 2019;7:332.  

10. Jaiswal RK, Pramod K, Pramod KY 

Telomerase and its extracurricular 

activities. Cell Mol Biol Lett. 

2013;18(4):538–554. 

11. Santos JH, Meyer JN, Skorvaga M, 

Annab LA, Van Houten B. Mitochondrial 

hTERT exacerbates free-radical-

mediated mtDNA damage. Aging Cell. 

2004; 3:399–411.  

12. Haendeler J, Dröse S, Büchner N, et al.  

Mitochondrial telomerase reverse 

transcriptase binds to and protects 

mitochondrial DNA and function from 

damage. Arterioscler Thromb Vasc Biol. 

2009;29:929-935.  

13. Singhapol C, Pal D, Czapiewski  R, et al. 

Mitochondrial telomerase protects cancer 

cells from nuclear DNA damage and 

apoptosis. PloS One. 2013;8(1):e52989.  

14. Schmidt JC, Cech, TR. Human 

telomerase: biogenesis, trafficking, 

recruitment, and activation. Genes Dev. 

2015;29(11):1095–1105.  

15. Sharma NK, Reyes A, Green P, et al.  

Human telomerase acts as a hTR-inde-

pendent reverse transcriptase in 

mitochondria. Nucleic Acids Res. 

2012;40:712-725.  

16. Spilsbury A, Miwa, S, Attems, J, Saretzki 

G. The role of telomerase protein TERT 

in Alzheimer’s disease and in tau-related 

pathology in vitro. J of Neuroscience. 

2015;35(4):1659-74 

17. Ishaq A, Hanson PS, Morris CM, Saretzki 

G. Telomerase Activity is Downregulated 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5537684/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5537684/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2323683/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2323683/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2323683/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3312932/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3312932/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC479722/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC479722/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC479722/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC479722/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1619937/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1619937/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1619937/
http://www.ncbi.nlm.nih.gov/pubmed/24975608
http://www.ncbi.nlm.nih.gov/pubmed/24975608
http://www.ncbi.nlm.nih.gov/pubmed/24975608
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6914764/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6914764/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6275585/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6275585/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4470279/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4470279/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4470279/
http://www.ncbi.nlm.nih.gov/pubmed/27322326


Gabriele Saretzki.   Medical Research Archives vol 8 issue 7. July 2020                 Page 7 of 7 

Copyright 2020 KEI Journals. All Rights Reserved                http://journals.ke-i.org/index.php/mra 

Early During Human Brain 

Development. Genes (Basel). 

2016;7(6)pii: E27. 

18. Eitan E, Tamar A, Yossi G, Peleg R, 

Braiman A, Priel E. Expression of 

functional alternative telomerase RNA 

component gene in mouse brain and in 

motor neurons cells protects from 

oxidative stress. Oncotarget. 

2016;7(48):78297-78309.  

19. Miwa S, Czapiewski R, Wan T et al. 

Decreased mTOR signalling reduces 

mitochondrial ROS in brain via 

accumulation of the telomerase protein 

TERT within mitochondria. Aging. 

2016;8:2551-2567. 

20. Eitan E, Braverman C, Tichon A, et al. 

Excitotoxic and Radiation Stress Increase 

TERT Levels in the Mitochondria and 

Cytosol of Cerebellar Purkinje Neurons. 

Cerebellum. 2016;15(4): 509–517. 

21. Klapper W, Shin T, Mattson MP. 

Differential regulation of telomerase 

activity and TERT expression during 

brain development in mice. J Neurosci 

Res. 2001;64:252-260. 

22. Lopes da Fonseca T, Villar-Piqué A, 

Outeiro TF. The Interplay between 

Alpha-Synuclein Clearance and 

Spreading. Biomolecules. 2015;5(2):435-

71 

23. Im E Yoon JB, Lee HW, Chung KC. 

Human Telomerase Reverse 

Transcriptase (hTERT) Positively 

Regulates 26S Proteasome Activity. J 

Cell Physiol. 2017;232(8):2083-2093. 

24. Ali M, Devkota S, Roh JI, Lee J, Lee HW 

Telomerase reverse transcriptase induces 

basal and amino acid starvation-induced 

autophagy through mTORC1.Biochem 

Biophys Res Commun. 2016;478(3):1198-

2004. 

25. Kawauchi K, Ihjima K, Yamada O. IL-2 

increases human telomerase reverse 

transcriptase activity transcriptionally 

and posttranslationally through 

phosphatidylinositol 3’-kinase/Akt, heat 

shock protein 90, and mammalian target of 

rapamycin in transformed NK cells. J 

Immunol. 2005;174:5261-5269.  

26. Sundin T, Peffley DM, Hentosh P. 

Disruption of an hTERT-mTOR-

RAPTOR protein complex by a 

phytochemical perillyl alcohol and 

rapamycin. Mol Cell Biochem. 

2013;375(1-2): 97-104. 

27. Eitan E, Tichon A, Gazit A, Gitler D, Slavin 

S, Priel E. Novel telomerase-increasing 

compound in mouse brain delays the onset of 

amyotrophic lateral sclerosis. EMBO Mol 

Med.  2012;4, 313–329. 

28. Baruch-Eliyahu N, Rud V, Braiman A, 

Priel E. Telomerase increasing compound 

protects hippocampal neurons from 

amyloid beta toxicity by enhancing the 

expression of neurotrophins and plasticity 

related genes. Sci Rep. 2019;9(1):18118.  

29. Whittemore K, Derevyanko A, Martinez 

P, Serrano R, Pumarola M, Bosch F, 

Blasco MA. Telomerase gene therapy 

ameliorates the effects of 

neurodegeneration associated to short 

telomeres in mice. Aging (Albany NY) 

2019;11(10):2916–2948.  

 

 

.  

http://www.ncbi.nlm.nih.gov/pubmed/27322326
http://www.ncbi.nlm.nih.gov/pubmed/27322326
https://www.ncbi.nlm.nih.gov/pubmed/27823970
https://www.ncbi.nlm.nih.gov/pubmed/27823970
https://www.ncbi.nlm.nih.gov/pubmed/27823970
https://www.ncbi.nlm.nih.gov/pubmed/27823970
https://www.ncbi.nlm.nih.gov/pubmed/27823970
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4792797/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4792797/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4792797/
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lopes%20da%20Fonseca%20T%5BAuthor%5D&cauthor=true&cauthor_uid=25874605
https://www.ncbi.nlm.nih.gov/pubmed/?term=Villar-Piqu%C3%A9%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25874605
https://www.ncbi.nlm.nih.gov/pubmed/25874605
https://www.ncbi.nlm.nih.gov/pubmed/27648923
https://www.ncbi.nlm.nih.gov/pubmed/27648923
https://www.ncbi.nlm.nih.gov/pubmed/27648923
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lee%20J%5BAuthor%5D&cauthor=true&cauthor_uid=27545609
https://www.ncbi.nlm.nih.gov/pubmed/27545609
https://www.ncbi.nlm.nih.gov/pubmed/27545609
https://www.ncbi.nlm.nih.gov/pubmed/27545609
https://www.ncbi.nlm.nih.gov/pubmed/23283642
https://www.ncbi.nlm.nih.gov/pubmed/23283642
https://www.ncbi.nlm.nih.gov/pubmed/23283642
https://www.ncbi.nlm.nih.gov/pubmed/23283642
https://www.ncbi.nlm.nih.gov/pubmed/?term=Baruch-Eliyahu%20N%5BAuthor%5D&cauthor=true&cauthor_uid=31792359
https://www.ncbi.nlm.nih.gov/pubmed/?term=Rud%20V%5BAuthor%5D&cauthor=true&cauthor_uid=31792359
https://www.ncbi.nlm.nih.gov/pubmed/?term=Braiman%20A%5BAuthor%5D&cauthor=true&cauthor_uid=31792359
https://www.ncbi.nlm.nih.gov/pubmed/?term=Priel%20E%5BAuthor%5D&cauthor=true&cauthor_uid=31792359
https://www.ncbi.nlm.nih.gov/pubmed/31792359
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6555470/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6555470/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6555470/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6555470/

