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Telomerase and mTOR in the brain: the mitochondria 
connection

Telomerase and Mitochondria
The telomerase complex is composed of telomerase RNA 
and the catalytic protein subunit, TERT (telomerase reverse 
transcriptase) as well as various associated proteins. The 
canonical function of telomerase is to counteract telomere 
shortening and thus the enzymatic telomerase activity is a 
predominant feature of dividing cells. However, there are 
various non-telomeric functions of the TERT protein (for 
review see Saretzki, 2014). One of these non-canonical 
functions is the protective role of TERT protein for cells 
against oxidative stress through its effects on mitochondria 
by shuttling to and localizing within the organelle from the 
nucleus. Mitochondria perform vital functions in life such 
as provision of energy (ATP), generation of iron–sulphur 
clusters, participating in Ca2+ regulation and apoptosis, and 
having major roles in fatty acid and amino-acid metabolism. 
They also produce reactive oxygen species (ROS) as meta-
bolic by-products of oxidative phosphorylation, which can 
participate in cellular signaling pathways but also damage 
cellular components via oxidative stress. The TERT protein 
of higher organisms harbours a mitochondrial localization 
sequence, and the best known stimulus for the shuttling of 
TERT protein out of the nucleus and into mitochondria is 
oxidative stress: either acute or chronic, extrinsic by applying 
hydrogen peroxide (H2O2), hyperoxia or irradiation (Ahmed 
et al., 2008; Singhapol et al., 2013) or intrinsic, such as senes-

cence-associated increase in cellular ROS levels (Haendeler 
et al., 2004). Our group and others have demonstrated that 
mitochondrial localization of TERT results in decreased 
cellular oxidative stress, lower nuclear and mitochondrial 
DNA damage levels and less apoptosis (Ahmed et al., 2008; 
Haendeler et al., 2009; Sharma et al., 2012; Singhapol et al., 
2013). The exact mechanisms for these beneficial effects 
are not entirely clear, although various functions have been 
proposed, such as binding of TERT to mtDNA, increasing 
mitochondrial complex I activity and reverse transcriptase 
activity of TERT by complexing with mitochondrial RNAs 
(Haendeler et al., 2009; Sharma et al., 2012). However, no 
direct causality between these different mitochondrial func-
tions of TERT and its protective function within mitochon-
dria has yet been demonstrated and most of these functions 
were investigated in cellular systems in vitro using overex-
pression of various TERT protein versions. Thus, most pro-
tective functions of mitochondrial TERT have been initially 
demonstrated in cultivated cells, rather than neurons.

Telomerase in Brain
Various groups including ours have shown that TERT pro-
tein seems to have a relevance in brain and specifically neu-
rons. Mark Mattson’s group pioneered this research more 
than a decade ago. They showed a strong protective effect of 
telomerase in primary cultivated hippocampal embryonic 
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mouse neurons and its significance in mediating the effect 
of growth factors and neurodegenerative agents such as 
β-amyloid (Fu et al., 2002). This data corresponds well to our 
recent findings in cultivated primary embryonic forebrain 
mouse neurons where the presence of TERT protein protects 
them from pathological tau and decreases oxidative stress 
and cellular damage compared to neurons lacking TERT 
(Spilsbury et al., 2015).

TERT protein persists in adult brain while telomerase ac-
tivity is downregulated very early during gestation in human 
brain (Ulaner et al., 1998; Ishaq et al., 2016), and in mouse 
brain the activity is found to be switched off early postnatally 
(Klapper et al., 2001). A possible mechanism of this decrease 
could be the strong downregulation of the telomerase RNA 
component, as we demonstrated recently (Ishaq et al, 2016). 
The telomerase protein TERT persists in adult mammalian 
brain specifically in neurons (Iannilli et al., 2013; Spilsbury 
et al., 2015; Eitan et al., 2016; Figure 1), while astrocytes 
have no telomerase activity beyond embryonic stages. There 
is also some TERT protein in activated microglia cells, as 
expected, since they are immune cells which are telomerase 
competent (Spilsbury et al., 2015). Eitan et al. (2016) found 
that TERT protein persists in Purkinje neurons of adult mice 
and the same authors described an increase of TERT protein 
in brain tissue using a synthetic telomerase activator which 
seems to prevent NMDA toxicity and delays disease symp-
toms in a mouse model of amyotrophic lateral sclerosis (ALS) 
(Eitan et al., 2012).

In mice, TERT gene expression and protein levels seem to 
decrease with age in brain tissue (Miwa et al., 2016), how-
ever we have not found any strong evidence for a decline in 
TERT levels during human brain ageing or due to neurode-
generation (Spilsbury et al., 2015; Ishaq et al., 2016). Iannilli 
et al. (2013) found that TERT forms a complex with RNA 
stress particles and the cell cycle inhibitor p15, which can 
be released when stress is applied to neurons. Thus, there is 
strong evidence for the presence of TERT protein in adult 
mammalian brain, specifically in neurons. So the questions 
are: does TERT also have a function in neuronal mitochon-
dria, and if so, is it similar to that described in non-neuronal 
cell types?

Telomerase in Brain Mitochondria
Brain is very a energy demanding organ and known to con-
sume 20% of the oxygen we breathe, which is mostly utilised 
by mitochondria. There is a close association between mi-
tochondrial dysfunction and neurodegenerative diseases, 
and neurons are very sensitive to mitochondrial defects and 
oxidative stress (Gandhi and Abramov, 2012).

We recently demonstrated that there is a higher mitochon-
drial localization of TERT protein in hippocampal neurons 
of Alzheimer’s brains compared to aged-matched healthy 
controls (Spilsbury et al., 2015). It is important to emphasize 
that in neurons TERT protein does not seem to localize to 
nuclei, corresponding to a lack of cell division and telo-
merase activity in postmitotic neurons (Figures 1 and 2A). 
This finding corresponds well to that of Iannilli et al. (2013) 

who also found TERT protein exclusively in the cytoplasm 
of adult neurons while other authors also describe a certain 
nuclear TERT localization in neurons and brain tissue (Eitan 
et al., 2012, 2016). Thus, although still slightly controver-
sial, it seems that neuronal TERT is bound into cytoplasmic 
complexes but can be released and is free to localize to mito-
chondria upon stress or other physiologically relevant stim-
uli (Iannilli et al., 2013).

We also found that in cultivated primary mouse embry-
onic neurons TERT protein localizes to mitochondria upon 
increased oxidative stress correlating to decreased ROS 
(Spilsbury et al., 2015). In mouse Purkinje neurons, increased 
TERT localization to mitochondria has also been found after 
brain specific signalling events, for example due to glutamin-
ergic stimuli (Eitan et al., 2016). 

Our group recently identified physiologically relevant, 
previously unrecognized stimuli for TERT localization to 
mitochondria in brain: dietary restriction (DR) and rapamy-
cin treatment (Miwa et al., 2016). We found that after 3–6 
months of short term DR as well as 4 months of rapamycin 
treatment in mice, the proportion of TERT protein in brain 
mitochondria was higher and corresponded to lower mi-
tochondrial ROS release than in controls. Seemingly para-
doxical, both DR and rapamycin treatment are well-known 
experimental interventions which result in decreased oxi-
dative stress with lower production of mitochondrial ROS 
than controls (Miwa et al., 2014). DR can robustly increase 
mean and maximum lifespan and decrease the incidence of 
many age-related diseases in a variety of model organisms, 
and rapamycin treatment seems to have similar properties 
(Wilkinson et al., 2012). Mitochondrially localized TERT 
protein might play a specific role in brain, as we did not find 
the increase in mitochondrial TERT after DR in other tissues 
such as liver which also expresses substantial amounts of 
telomerase activity (Miwa et al., 2016). Likewise, Haendeler 
and co-authors demonstrated that lack of TERT decreased 
state 3 respiration rates in heart tissue from TERT knock-
out mice compared to telomerase positive wild type mice, 
but not in other organs such as liver (Haendeler et al., 2009). 
Thus, we speculate that mitochondrial effects of TERT pro-
tein might be more pronounced and contribute more specif-
ically to a decrease in mitochondrial ROS in postmitotic and 
highly oxidative tissues such as brain and heart. 

In summary, there seems to be a novel role of the TERT 
protein in neurons in brain tissue where it can localize to 
mitochondria and decrease oxidative stress, with several 
lines of evidence:  in cultivated embryonic mouse neurons 
after H2O2 treatment (Spilsbury et al., 2015), and in brain 
mitochondria from mice that underwent DR and rapamycin 
treatment (Miwa et al., 2016).

Roles of mTOR Signalling in the Brain
mTOR is a conserved serine/threonine kinase that is known 
to consist of two different protein complexes: mTORC1 and 
mTORC2. mTOR is a crucial nutrient sensor that plays a 
critical role in cellular metabolism, growth, proliferation 
and apoptosis as well as the cellular response to oxidative 
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development, degeneration and in mitochondrial quality 
control via mitochondrial autophagy (mitophagy).

TERT Mitochondrial Localization, Dietary 
Restriction and mTOR Signalling
Many of the beneficial effects of DR can be mimicked by 
decreasing mTOR signalling by rapamycin (Wilkinson et 
al., 2012), an inhibitor of mTOR signalling which has also 
been shown to increase lifespan and improve mitochondrial 
function (Miwa et al., 2014). We were interested to exam-
ine whether decreasing mTOR signalling with rapamycin 
in mice in vivo might also be able to drive the TERT pro-
tein into brain mitochondria as seen under short-term DR 
(Miwa et al., 2016). Indeed, we found that rapamycin feed-
ing of mice for 4 months resulted in a higher proportion of 
mitochondrially localized TERT, corresponding to a lower 
mitochondrial ROS release (Miwa et al., 2016). Critically, 
mitochondrial ROS release did not change in TERT knock 
out mice after rapamycin feeding, strongly implicating the 
involvement of mTOR signalling in mediating TERT locali-
sation to mitochondria to reduce mitochondrial ROS release. 
This observation in brain was confirmed mechanistically in 
vitro using non-neuronal cells: rapamycin treatment induced 
nuclear exclusion of TERT protein and decreased ROS levels 
in MCF-7 cells. We found the same ROS decrease in primary 
mouse ear fibroblasts from wild type mice under rapamycin 
treatment while fibroblasts from TERT knock-out mice did 
not display this effect (Miwa et al., 2016). Using the Src ki-
nase inhibitor bosutinib, TERT exclusion could be blocked 
and there was no decrease in ROS under this condition in 
mouse and human cells. Thus, TERT exclusion from the nu-
cleus in response to rapamycin treatment seems to employ 
the same molecular exclusion mechanism as that induced by 
oxidative stress requiring Scr kinase dependent phosphory-
lation of Tyrosine 707 (Haendeler et al., 2003). The amount 
of TERT shuttling (proportion of cytoplasmically localized 
TERT) after rapamycin treatment in cells was rather low and 
comparable to the slow exclusion kinetics of mild chronic 
oxidative stress induced by 40% oxygen atmosphere in a cell 
culture incubator which takes several weeks to exclude TERT 
from the nucleus (Ahmed et al., 2008), but lower than with an 
acute oxidative stress treatment such as H2O2 which excludes 
around 50% of TERT protein within a few hours (Ahmed et 
al., 2008; Singhapol et al., 2013). While rapamycin treatment 
decreased ROS after 24 hours (unpublished data) we have 

Figure 1 TERT localizes to neurons in the human hippocampus (CA4 region of a control Braak 0 brain).
Neurotrace staining (magenta, left image), TERT staining (green, 2nd from left, Epitomics antibody), DAPI (2nd from right) and merged image (right). 
DAPI: 4′,6-Diamidino-2-phenylindole; TERT: telomerase reverse transcriptase. The scale bar shown in the merged image is 50 μm.

Figure 2 Scheme of known stimuli for TERT mitochondrial 
localization in brain neurons.
(A) Telomerase reverse transcriptase (TERT) protein mainly in cyto-
plasm. (B) Known (oxidative stress and pathological tau, Spilsbury et 
al., 2015; glutaminergic stimuli, Eitan et al., 2016) and novel (rapamycin 
and dietary restriction, Miwa et al., 2016) stimuli result in increased 
mitochondrial TERT localization with lower reactive oxygen species 
(ROS) generation as a consequence. 
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stress. ROS have both activating and inhibitory effects on 
mTORC1, depending on cellular context, persistence, and 
strength of the oxidative stress. 

Studies indicate that changes in mTOR signalling in the 
brain affect multiple pathways including energy production, 
mitochondrial function, cell growth and autophagy. In addi-
tion, mTOR is present during early neural development and 
promotes extension of dendrites and axons during neuronal 
differentiation. It also controls synaptic plasticity and pro-
cesses underlying memory and learning in adult brain (Gar-
za-Lombó and Gonsebatt, 2016).

Evidence exists for mTOR activation contributing to 
Alzheimer’s disease (AD) progression and being closely as-
sociated with the presence of β-amyloid plaques and neuro-
fibrillary tangles as well as cognitive impairment (Cai et al., 
2015).

Autophagy, a cellular recycling process, is one of the 
important functions regulated by mTOR, and has been im-
plicated in neurodegeneration (Fivenson et al., 2017). For 
example, it has been suggested that reduced autophagy in 
AD brains results in accumulation of protein aggregates via 
the hyperactivation of the PI3K/Akt/mTOR axis (Perluigi et 
al., 2015). Autophagy also contributes greatly to mitochon-
drial turn-over and ensures a pool of healthy mitochondria 
(MacVicar, 2013). Thus, the mTOR pathway is increasingly 
recognised as an important signalling mechanism in brain 
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not performed longer than 3 days rapamycin treatment in 
the cell culture model with human or mouse cells. Thus, the 
exact exclusion kinetics of TERT after decreasing mTOR sig-
nalling has not yet been analysed in detail.

It is intriguing that the TERT protein can form part of a 
larger complex including mTOR, in cancer and transformed 
immune cells (Kawauchi et al., 2005; Sundin et al. 2012). 
However, whether such a complex also exists in neurons and 
what functional implications it might have is yet to be deter-
mined.

Given the well-known role of decreased mTOR signaling 
in activating autophagy we speculate that decreased mTOR 
signaling may improve mitochondrial function both by im-
proved mitochondrial quality control through mitophagy 
and by reducing ROS via increased mitochondrial TERT 
localization.

Summary
It is well recognized that mitochondrial dysfunction and 
increased oxidative stress play important roles in brain aging 
and the development of neurodegenerative diseases. Our re-
cent findings that i) decreased mTOR signalling and dietary 
restriction are novel stimuli for mitochondrial localization 
of TERT protein, and ii) the role of the telomerase protein 
TERT in brain on lowering mitochondrial ROS in an mTOR 
signalling dependent manner (Miwa et al., 2016), therefore 
identify new players and connections in an ever bigger net-
work of signaling events in the brain. Consequently, mTOR 
signalling and TERT protein could be potential therapeutic 
targets for neuropathological conditions via improvement of 
mitochondrial quality and decreased oxidative stress.
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