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The Telomeric Function of Telomerase

The enzyme telomerase is a reverse transcriptase. Its main 
function is to counteract telomere shortening of dividing cells. 
Telomere shortening occurs during normal semiconservative 
DNA replication due to the “end replication problem” (ERP) 
as only the leading DNA strand can be synthesized by the DNA 
polymerase continuously while the lagging strand is synthesized 
by Okazaki-fragments with the help of a RNA-primer and 
afterwards linked together by DNA ligase. At the very ends of the 
lagging strand, the RNA primer is removed leaving a 3’overhang. 
Due to the telomeric hexanucleotide sequence TTAGGG in 
mammals including humans which are tandemly repeated up 
to 12 kb in humans at birth, this overhang is G-rich. It serves 
as the end where the telomerase enzyme, consisting of the 
reverse transcriptase protein TERT and the RNA component 
TERC, adds hexanucleotide de novo in late S-phase after DNA 
replication is completed. However, the enzyme is mainly active 
during embryonic development and then downregulated in most 
somatic human cells. Only germ line cells, embryonic stem cells 

as well as most cancer cells possess sufficiently high telomerase 
activity in order to avoid telomere shortening and have thus a 
potentially unlimited division potential. Adult stem cells are 
able to upregulate telomerase activity when required while T- 
and B-lymphocytes as well as endothelial cells have some levels 
of telomerase activity even in the adult human organism. The 
expression of TERT and telomerase activity are tightly regulated 
at various molecular levels. In contrast, cancer cells often 
acquire hTERT promoter mutations which are responsible for 
continuously high and unregulated levels of telomerase activity 
which is a prerequisite for cellular immortality.

Non-canonical Functions of TERT

In addition to those telomere-related functions, the telomerase 
protein TERT has various non-telomeric functions. Some of those 
functions also contribute to tumorigenesis and cancer progression. 
They influence processes such as epithelial-mesenchymal transition 
(EMT), metastasis progression, gene expression and interaction 
with signalling pathways such as Wnt and NFκB [1]. Some of 
these functions are associated with a mitochondrial localization 
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of TERT after cellular stresses [2-5]. This is a regulated biological 
process due to a mitochondrial localization signal [2] which seems 
to be a rather recent evolutionary acquisition and does not exist in 
lower eukaryotes such as yeast and plants. Within mitochondria, 
TERT seems to interfere with respiration [4], decreases oxidative 
stress, mitochondrial and nuclear DNA damage and protects from 
apoptosis [3-5]. Within mitochondria, TERT can complex with 
various mitochondrial RNAs and perform reverse transcription with 
their help [6]. However, its biological significance is not clear yet.

Interestingly, overexpressing hTERT in cancer cell models 
has demonstrated that this can promote protein degradation 
mechanisms such as proteasomal digestion [7] and autophagy 
[8]. These processes also play a role in the brain supporting 
the clearance of toxic brain proteins such as amyloid, tau and 
α-synuclein.

TERT and the Brain

Initial experiments suggesting a role of telomerase in the brain 
were already conducted more than 20 years ago and pioneered 
by Mark Mattson. The group used overexpression of telomerase 
in primary hippocampal neurons as well as inhibition of activity 
using antisense technique in pheochromocytoma cells. They 
found that telomerase is important during neuronal development 
and prevents from apoptosis and protects against neurotoxic 
agents such as amyloid-β in cultured neurons [9]. Although still 
without discrimination between telomerase activity and non-
canonical functions of TERT as the latter ones were not known 
yet twenty years ago, these studies demonstrated for the first time 
a link between telomerase/TERT and brain cells such as neurons. 
Klapper, et al. (2001) also demonstrated that telomerase activity in 
mouse brain persists until a few weeks postnatally [10]. In contrast 
to mice, in humans telomerase activity is downregulated very early 
during development and decreases substantially already after early 
postconception states [11] due to a decrease in the RNA subunit 
TERC. In adult brain there are only very few areas with telomerase 
activity which are mainly restricted to neural stem cells although 
telomerase can also be transiently induced after different types 
of brain injury. The Saretzki group also described that TERT 
expression decreases during ageing in mouse brain [12] while they 
did not find a decrease in TERT protein due to neurodegeneration 
[13]. Interestingly, Miwa, et al. (2016) found that TERT is also 
excluded from the nucleus by rapamycin which does not trigger any 
oxidative stress and was used as a mimetic for dietary restriction. 
While brains from wild type mice decreased ROS (reactive oxygen 
species) after rapamycin treatment this effect was not detected in 
TERT knock-out mice suggesting that the effect of ROS reduction 
was dependent on the presence of TERT. A similar lack of a 
ROS effect was found in cells when nuclear TERT exclusion was 
inhibited using the Src inhibitor bosutinib or in the absence of 
TERT [12]. This study was the first to demonstrate that not only 

oxidative stress but also other triggers are able to induce a nuclear 
TERT exclusion although the exclusion effect was much weaker 
with rapamycin than with oxidative stress. Importantly, Spilsbury, 
et al. (2015) detected a persistent presence of the TERT protein 
in adult hippocampal neurons as well as in microglia cells while it 
was absent in astrocytes [13].

The Role of TERT in Neurodegenerative Diseases 
and the Benefit of Boosting its Levels

The first group to analyse a role of telomerase in neurodegenerative 
diseases was that of Esther Priel on ALS (amyotrophic lateral 
sclerosis). They used a synthetic telomerase activator (the aryl 
compound AGS499) which seemed able to ameliorate the disease 
in a mouse model [14]. The same group also demonstrated the 
shuttling of TERT to mitochondria in cultured brain cells caused 
by glutaminergic stress [15]. In a different study, they analyzed 
the influence of TERT on a cellular model of Alzheimer’s disease 
(AD). By treating a mixed brain cell culture with amyloid-β they 
found several gene expression changes of plasticity-related genes 
and neurotrophic factors [16]. Using the same aryl compound 
telomerase activator as previously they were able to reverse some 
of these changes confirming the importance of the telomerase 
component TERT in counteracting adverse processes due to 
neurodegeneration-associated toxic proteins.

Spilsbury, et al. (2015) demonstrated an accumulation of TERT 
protein within mitochondria in hippocampal neurons (CA1-3) 
from Braak stage 6 AD brains compared to age-matched healthy 
control brains [13]. However, it is difficult to discriminate 
whether mitochondrial TERT has a protective function here or is 
rather the result of increased oxidative stress which is known to 
be involved in neurodegeneration. Intriguingly, the authors also 
found that in Braak stage 3-6 neurofibrillary tau tangles as well 
as neuropil threads and the TERT protein are mutually exclusive. 
However, it is not clear whether pathological tau displaced 
TERT protein or whether those neurons with high levels of 
TERT were protected from tau pathology. In order to conduct 
more mechanistic experiments the authors employed primary 
embryonic mouse neurons from wild type and TERT knock-out 
mice and transduced them with pathological tau (p301L). They 
found that TERT k.o. neurons had higher ROS levels in dendrites 
while the soma displayed higher levels of lipid peroxides (analysed 
using an antibody against 4-hydroxynonenal) [13]. Together, these 
results demonstrate the involvement and protective effect of the 
TERT protein in neurodegenerative diseases such as AD.

Prompted by this association the Saretzki group also used 
telomerase activators: TA-65, a highly enriched plant extract from 
Mongolian milkvetch (Astragalus membranaceus) as well as a 
synthetic derivative of its main ingredient-cycloastragenol called 
GRN510. Since, as outlined previously, there are only very few 
areas in the brain with telomerase activity (mainly neural stem 
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cells), these compounds would not primarily increase telomerase 
activity, but instead boost the level of TERT expression promoting 
its non-canonical functions.

Initially the authors conducted a pilot study on two-year-old mice 
treating them orally with each compound on a daily basis for 3-4 
months. They found a significant increase of TERT expression as 
well as an improvement of motor function and balance by using 
a static rod [17]. While young mice stayed on the rod easily, old 
control mice were not able to perform as well. In contrast, mice 
treated with the activators could stay much longer on the rod. In 
order to confirm that the telomerase activators mainly targeted 
neurons, the authors cultured embryonic mouse neurons and 
treated them with both activators for 2 days and again found a 
significant increase in TERT gene expression confirming their 
hypothesis. In the main part of the study they employed a mouse 
model of Parkinson’s disease (PD) which had been developed 
by Masliah, et al. (2000) previously [18]. These transgenic mice 
express human wild type α-synuclein under the control of the 
PDGF promoter predominantly in the hippocampus, neocortex 
and olfactory bulb [19]. Interestingly, the transgenic α-synuclein 
only increases substantially after around 12 months of mouse 

age and coincides with a decrease in dopamine, the main agent 
compromised by PD [19]. As expected, after applying TA-65 and 
GRN510 orally daily for 14 months starting at 4 month there was 
a significant increase in TERT expression in the brain of treated 
mice compared to control mice who had received the solvent 
DMSO. The authors performed various behavioural tests in order 
to characterise some PD-related motor symptoms such as motor 
behaviour, balance and gait. Intriguingly, some of those tests, as 
for example the rota-rod test showed a strong sex-dependent result. 
While TA-65 improved performance of female mice significantly, 
in males it was GRN510. The underlying mechanisms of those 
differences have not been analysed, but one can speculate about 
differences of male and female brains which have been described 
previously, for example for distinctive gene expression patterns. 
In contrast, other tests such as the stride length test which is very 
similar to gait tests used for human PD patients, did not show any 
sex difference. Both telomerase activators increased stride length 
of both hind legs of the treated mice and decreased variability 
substantially in male as well as in females with both telomerase 
activators. For an illustration, please see (figure 1).

The authors also characterized the capability of isolated brain 
mitochondria to release hydrogen peroxide which is a read-out for 
oxidative stress. Interestingly, without discriminating for sexes, in 
this test only TA-65, but not GRN510 decreased the forward and 
reverse electron flow by using different substrates in an Amplex 
Red test [17]. This result suggests that any potential mitochondrial 
localization of TERT would most likely not be the main underlying 

cause for any beneficial effects of telomerase activator treatment 
as GRN510 in various tests also showed a significant improvement 
of PD-related parameters.

Importantly, analysing brain pathology in the hippocampal areas 
CA1 and CA3 as well as the neocortex regarding the levels of 
total, phosphorylated as well as aggregated α-synuclein they found 
a dramatic decrease of all those forms due to the treatment with 

Figure 1: Representative images from a stride length test in a control mouse (upper) treated with DMSO and a GRN510 treated 
mouse (lower). For the test hind legs were painted blue (right leg) and red (left leg) and mice walked over a white sheet of paper. Length 
of stride as well as variation of stride length were analyzed subsequently.
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both activators (for illustration please see figure 2). After initially 
using fluorescently labelled antibodies as shown in figure 2, they 
confirmed the results again using a different primary antibody 

against total α-synuclein together with common immuno-
histochemistry [17].

In order to characterise a possible underlying molecular mechanism 
the authors analysed two components of macro-autophagy: the 
adaptor protein p62 as well as the protein LC3B on the surface of 
auto-phagosomes which both decreased upon activator treatment 
suggesting a possible involvement of this protein degradation 
mechanism in the degradation of α-synuclein upon activator 
treatment. Autophagy is known to clear and digest primarily 
oligomeric and aggregated toxic proteins such as α-synuclein and 
others while other mechanisms such as proteasomal degradation 
primarily degrade monomeric proteins. Both of those protein 
degradation mechanisms have been demonstrated to be activated 
by TERT over-expression previously [7,8]. It is also well established 
that protein degradation mechanisms decrease in their activity 
during the ageing process. Considering the rather late increase in 
α-synuclein levels in the transgenic mouse model (Amschl, et al. 
2013) it seems possible that indeed there is a causal association 
between diminishing activity of the protein quality mechanisms 
and the increase of toxic neurodegeneration-related proteins at 
higher ages [19]. Moreover, as already mentioned, the activation 
of autophagy by hTERT overexpression has been demonstrated 
in a cellular model previously [8]. However, more studies are 
required to confirm this hypothesis.

Recently, a new study from the de Pinho laboratory demonstrated 
that activation of TERT in brain and neurons in different 

models was able to counteract various AD parameters such as 
amyloid pathology and synaptic dysfunction [20]. The authors 
found expression changes of various AD-related genes in TERT-
haploinsufficient mice including upregulation of the APP (amyloid 
precursor protein) gene and the gene for the APP-processing 
enzyme Bace2. The reduction of TERT gene dosage resulted in 
the suppression of various neuronal pathways including neuronal 
differentiation, axon extension, and transmission of neuronal 
pulses and regulation of action potential. Similar to the results 
from Baruch-Eliyahu, et al. (2019), the authors identified a 
decrease of brain-derived neurotrophic factor (BDNF) in their 
mouse model [16]. Moreover, in a triple transgenic (tg) mouse 
model of AD as well as in induced pluripotency (iPSC)-derived 
neurons which possessed a duplication of the APP gene from AD 
patients with this genetic defect, the authors found decreased 
TERT expression [20]. These findings are in contrast with the 
results of Spilsbury and co-authors (2015) who did not find 
any changes in the level TERT protein in the hippocampus of 
spontaneous AD patients compared to healthy control brains [13]. 
It is possible that the presence of various mutations in the models 
of Shim, et al. (2021) exacerbated the TERT phenotype which 
could not be identified in spontaneous AD [20].  In summary, the 
results from Shim, et al. (2021) demonstrate that decreased TERT 
expression leading to changes in crucial AD- and brain-related 
signalling pathways are able to contribute to AD pathogenesis. To 

Figure 2: Representative immuno-fluorescence images of total (green) and phosphorylated (red) α -synuclein of DMSO (control), 
GRN510 and TA-65 treated hippocampal region CA1 using identical exposure times. Numbers and intensity of positively stained 
pyramidal neurons and their processes is decreased in activator treated brains.
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further confirm this conclusion, the authors then overexpressed 
inducible TERT specifically in mouse neurons in vivo and crossed 
it with an AD mouse model [20]. As expected, TERT induction 
resulted in a decrease of pathological amyloid as well as neuro 
-inflammation in non-neuronal cells such as astrocytes and 
microglia and also improved learning and cognition capabilities. 
Importantly, these phenotypes were again associated with a 
modification of gene expression for synaptic signalling, plasticity, 
transmission and neuronal projection in an opposite direction 
to that found in TERT-haploinsufficient mice [20]. Importantly, 
the authors obtained similar changes in gene expression in the 
iPSC-derived neurons when a catalytically inactive TERT without 
enzymatic activity was employed. This experiment confirmed and 
emphasized the non-canonical function of TERT in their setting.

Conclusion

A number of recent studies confirmed that the telomerase protein 
TERT is able to counteract different pathological proteins known 
to be associated with neurodegenerative diseases. AD-related 
toxic proteins such as tau and amyloid-β were able to change the 
expression of brain- and disease-relevant genes and to decrease 
oxidative stress in neurons.  Most of these protective TERT 
functions are thought to work in a non-canonical manner while 
others also demonstrated some telomere-related improvements in 
brain pathology and functions in late generations of telomerase 
knock-out mice. 

Importantly, the successful use of various available telomerase 
activators on in vitro and in vivo models of neurodegenerative 
diseases such as AD and PD that were able to boost TERT 
expression and to decrease disease-related symptoms and 
parameters [13,14 and 16] is encouraging for a potential 
translation into novel therapeutic options to delay and ameliorate 
those devastating neurodegenerative diseases in the future.
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