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The mammalian target of rapamycin (mTOR) is a serine/threonine protein kinase involved in the regulation of
protein synthesis and degradation, longevity and cytoskeletal formation. The mTOR pathway represents a key
growth and survival pathway involved in several diseases such as cancer, obesity, cardiovascular disease and
neurodegenerative diseases. Numerous studies linked the alterations of mTOR pathway to age-dependent cognitive decline, pathogenesis of Alzheimer disease (AD) and AD-like dementia in Down syndrome (DS). DS is the
most frequent chromosomal abnormality that causes intellectual disability. The neuropathology of AD in DS is
complex and involves impaired mitochondrial function, defects in neurogenesis, increased oxidative stress, altered proteostasis and autophagy networks as a result of triplication of chromosome 21(chr 21). The chr21 gene
products are considered a principal neuropathogenic moiety in DS. Several genes involved respectively in the
formation of senile plaques and neuroﬁbrillary tangles (NFT), two main pathological hallmarks of AD, are
mapped on chr21. Further, in subjects with DS the activation of mTOR signaling contributes to Aβ generation
and the formation of NFT. This review discusses recent research highlighting the complex role of mTOR associated with the presence of two hallmarks of AD pathology, senile plaques (composed mostly of ﬁbrillar Aß
peptides), and NFT (composed mostly of hyperphosphorylated tau protein). Oxidative stress, associated with
chr21-related Aβ and mitochondrial alterations, may signiﬁcantly contribute to this linkage of mTOR to AD-like
neuropathology in DS.

1. Introduction
The mammalian target of rapamycin (mTOR) is a 289 kDa serine/
threonine protein kinase, highly conserved in all eukaryotes, and plays
a key role in maintaining energy balance in many tissues of the body.
The upstream signal components, which can interact and modulate the
mTOR activity, are growth factors, 5' AMP-activated protein kinase

(AMPK), phosphoinositide 3-kinase (PI3K)/Akt, and glycogen synthase
kinase 3 (GSK-3) [1]. Phosphorylation at Thr-2446, Ser-2448 and Ser2481 within the kinase catalytic domain (KIN) domain of mTOR are
correlated with an increase in mTOR activity. Adjacent to the KIN domain is the FKBP12 rapamycin-binding domain (FRB), the site of inhibitory interaction between rapamycin, a main mTOR inhibitor, and
mTOR. The binding of rapamycin to FKBP12 disturbs mTOR–protein
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complex; Raptor, Regulatory-associated protein of mTOR; PRAS40, Proline-rich Akt substrate 40 kDa; mLST8, mammalian homolog of protein Lethal with Sec Thirteen; Rictor,
Rapamycin-insensitive companion of mTOR; mSin1, mammalian stress-activated map kinase-interacting protein 1; PI3K, phosphoinositide 3-kinase; IGF1, Insulin growth factor 1; IKK,
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This review discusses the role of mTOR in DS, and in particular, how
mTOR inﬂuences Aβ deposition and tau aggregation, setting the stage
for future studies on potential therapeutic strategies of intervention to
slow the neurodegenerative process in DS and in AD.

complex formation, thus impairing mTOR activity [2]. The mTOR interaction with several components led to insights that mTOR dysregulation is involved in many diseases, such as aging [3], cancer [4],
obesity [5], cardiovascular disease [6] and neurodegenerative diseases
[7].
The catalytic mTOR subunit interacts with other proteins to form
two distinct complexes: the mTOR complex 1 (mTORC1) and mTOR
complex 2 (mTORC2). The former, mTORC1, is formed by mTOR, the
regulatory-associated protein of mTOR (Raptor), proline-rich Akt substrate 40 kDa (PRAS40) and the mammalian homolog of protein Lethal
with Sec Thirteen (mLST8). The main functions of mTORC1 are to
regulate protein synthesis, autophagy, mitochondrial function, lipogenesis, ketogenesis, and glucose homeostasis. mTORC2 is composed of
mTOR, rapamycin-insensitive companion of mTOR (Rictor), mLST8 and
mammalian stress-activated map kinase-interacting protein 1 (mSin1).
The mTORC2 is able to control cellular shape by modulating actin
function, but also phosphorylates Akt, which activates mTORC1 [8,9].
Regulation of mTORC2 activity remains unclear; probably its activity is
induced by PI3K/Akt signaling. On the other hand, mTORC1 is activated by growth factors (IGF1), insulin, LKB1/ AMPK, PI3K/Akt, GSK3β, IKKβ, MAPK, and p53 [10]. The best characterized downstream
targets for mTORC1 are p70S6K and 4EBP1 that regulate translation,
and Ulk1 and Atg13 that suppress autophagy. Several studies showed
that mTORC1 also is able to regulate the insulin response by p70S6K
activation, in particular in the brain. Phosphorylation of p70S6K by
mTOR leads to phosphorylation of insulin receptor substrate-1 (IRS-1)
and its degradation via the proteasome [11]. Clearly, the insulin/IGF-1/
mTOR signaling pathway is a negative cycle loop that regulates a
variety of pathophysiological features. Thus, the regulation of mTORC1
and mTORC2 activities are necessary for maintenance of brain homeostasis and in particular to restore the autophagic network [1].
The mTOR pathway and its upstream and downstream targets have
a prominent role in the central nervous system (CNS); thus, mTOR
regulates synaptic plasticity, memory retention and neuronal recovery
[12,13]. Recent studies from our laboratory have focused on the role of
mTOR in the development of AD [14,15]. mTOR signaling is closely
associated with the presence of two hallmarks of AD pathology: senile
plaques, composed mainly of ﬁbrillar β-amyloid (Aß) peptide, and
neuroﬁbrillary tangles (NFT), composed mostly of hyperphosphorylated tau protein. In fact, in subjects with AD and AD-like dementia, as in Down syndrome (DS), the activation of mTOR signaling
contributes to Aβ generation and the formation of NFT. In light of these
ﬁndings, our group started to investigate the status of mTOR pathway
in the frontal cortex from DS autopsy cases [16]. DS, a genetic disorder
characterized by the triplication of chromosome 21 (HAS21), is the
most frequent chromosome abnormality that causes neurologic deﬁciencies. One of the main characteristics in individuals with DS is the
early age of onset of AD pathology, with high incidence of clinical
symptoms reminiscent of AD in the late 40- to early 50-years of age
[17].
Our studies showed an early hyperactivation of mTOR signaling,
which is correlated with tau hyperphosphorylation, in the brains of
young DS subjects in comparison to healthy individuals. The sustained
activation of mTOR is maintained in adult DS, in which AD pathology is
marked. Within this context, DS provides a model for studying important aspects of AD. The neuropathology of AD in DS is complex and
involves impaired mitochondrial function, defects in neurogenesis, increased oxidative stress, altered proteostasis and autophagy networks
as a result of triplication of HSA21 genes [18]. Mapping of the gene that
encodes the precursor protein (APP) from which the Aβ present in the
senile plaques in both AD and DS to chromosome 21 was strong evidence that this chr 21 gene product was a principal neuropathogenic
contributor to AD as well as DS. In addition, aberrant activation of the
mTOR pathway, acting in parallel with other kinases overexpressed in
DS (DYRK1A and RCAN1), contributes to the hyperphosphorylation of
tau and formation of NFT.

2. mTOR, APP processing and Aβ in Down syndrome
As discussed above, the presence of three copies of genes on chr 21
results in a strongly enhanced risk of developing AD. Chr21 carries 233
coding genes, 299 long non-coding genes [19] and 29 microRNAs; it is
likely that one or more of these genes contribute to development of AD.
However, the phenotype resulting from a dosage-sensitive gene depends on the number of copies of the gene in the genome [20]. Further,
not all genes are dosage sensitive, and regulatory mechanisms act to
prevent a gene from being overexpressed, also in response to environmental changes.
Among the triplicated genes, APP is considered the most toxic
candidate that contributes to the pathogenesis of AD in the DS population. In addition, several other genes have been shown to contribute
to the onset of AD such as SOD1, BACE2, S100B, RCAN1 and DYRK1A.
However, the third copy of APP in DS is not directly correlated with Aβ
levels, and Aβ accumulation becomes signiﬁcant only in the second/
third decade of life, with some exceptions in a few childhood postmortem observations. Mouse and human studies suggest that APP is
dosage sensitive as a function of aging [21–23].
Several studies demonstrated that the processing of APP is disturbed
in AD. Genetic and cell biology studies have shed light on the role of α-,
β- and γ-secretases that produce either non-amyloidogenic or amyloidogenic peptides [24]. However, β-secretase is considered to be the
rate-limiting enzyme in Aβ generation. The amyloid cascade hypothesis
claims that the production of Aβ play a key toxic role in the brain that
ultimately result in AD pathology. In parallel, it has been suggested that
the amyloidogenic processing of APP also disturbs the metabolism of
tau and favors its aggregation [25].
Several other gene candidates encoded on Chr21 have been suggested to interfere with APP processing. Among these, the transcription
factor ETS2 was demonstrated to transactivate the APP promoter,
leading to its overexpression [26]. The small ubiquitin-related modiﬁer
3 (SUMO3) and DYRK1A can modulate APP post-translational modiﬁcations, thus altering Aβ production [27,28]. SUMO3 overexpression
signiﬁcantly increased Aβ40 and Aβ42 secretion, which was accompanied by an increase in full-length APP and its C-terminal fragments
[27]. Another candidate is miR‑155 that modulates γ‑secretase activity
through its eﬀect on the expression of sorting nexin 27 [29]. Interestingly, the β‑secretase homolog of BACE1, BACE2, is encoded on Chr21.
However, BACE2 does not exert β‑secretase activity, and in fact cleaves
APP on the carboxy‑terminal side of the β‑secretase cut site, preventing
generation of Aβ. While BACE2 mRNA is increased in DS, posttranscriptional regulatory mechanisms either prevent an increase in
translation or the rate of degradation. These ﬁndings suggest that BACE2 is probably not responsible for AD pathology in the DS brain and
may have a protective function [30].
Increasing evidence highlights that the activation of mTOR is able to
push Aβ generation and deposition [31]. At least two main mechanisms
can be discussed: i) mTOR, an inhibitor of autophagy, decreases the
functionality of autophagy/lysosome system and therefore Aβ clearance; ii) mTOR may interact with several key signaling pathways including PI3K/Akt, GSK-3β, AMPK and insulin/IGF-1 and thus regulates
Aβ generation/clearance [32].
2.1. mTOR, autophagy and Aβ production/clearance
Autophagy, a self-consumption mechanism, is a specialized degradative system for the removal of aggregated proteins and dysfunctional organelles [33]. This process is carried out within the lysosome,
where digestion of removed material occurs by the activity of acidic
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hydrolases. Autophagy, one of the best-characterized downstream
pathways regulated by mTOR, has been largely implicated in AD neurodegeneration [34]. Several studies suggested that reduced autophagy
in AD brain and animal models, leading to the accumulation of protein
aggregates, is likely caused by the hyperactivation of the PI3K/Akt/
mTOR axis. The control of autophagocytosis is impaired in AD as well
as in many other neurodegenerative diseases in which protein aggregation is one of the pathological hallmarks [35–37]. It is well established that aging, a major risk factor of neurodegeneration, is also
associated with defects in autophagocytosis [38,39]. On the other hand,
recent studies have revealed that induction of autophagy can reduce Aβ
accumulation and reduce cognitive decline in transgenic AD mice
[40,41].
As it occurs in AD brain, DS neurons are the earliest site of Aβ accumulation [42,43], indicating that secretory and endosomal systems
are central to Aβ generation. However, triplication of APP is suﬃcient
to cause endosomal enlargement and alteration of intracellular trafﬁcking defects [44,45], independent from Aβ.
A pathological link between APP and endosomal function was demonstrated in the Ts65Dn mouse model of DS, which carries an extra
copy of ∼ 185 genes located on a region of mouse chromosome 16
(MMU16) orthologous to the “DS critical region” of chr21 that is required for development of DS [46]. These mice display key gross
morphological features resembling human DS, and adult mice develop
AD-related endosomal pathology, such as intraneuronal Aβ accumulation and degeneration of basal forebrain cholinergic neurons [44].
Nixon and co-workers showed that elevated APP expression in ﬁbroblasts from DS individuals is necessary and suﬃcient to cause morphological and functional abnormalities of early endosomes, also observed in AD patients [47]. Interestingly, these endocytic abnormalities
can be reversed by reducing the expression of APP or BACE-1.
These results indicate that the processing of APP to Aβ peptide occurs in acidic compartments, either in the late endosomes or autolysosomes. In addition, multiple APP metabolites, not exclusively Aβ,
are likely to contribute to the neuropathology of AD in DS. For example,
secreted APPβ, formed by β-secretase cleavage of APP is reportedly
neurotoxic [48].
Studies from our group demonstrated a decreased LC3 II/I ratio, an
index of autophagosome formation, early in DS brain (before development of AD neuropathology) that persists in DS with AD in comparison to their respective age-matched controls. We also found that
speciﬁc components of the protein degradative pathways, both proteasome and autophagy, are oxidatively modiﬁed in DS cases [49].
Speciﬁcally, our results showed that oxidative damage targets GRP78,
UCH-L1, V0-ATPase, cathepsin D and GFAP and that these irreversibly
modiﬁcations, that likely disturb protein functions, are associated with
reduced proteasome activity. We demonstrated that oxidative damage
targets speciﬁcally diﬀerent components of the intracellular quality
control system such as GRP78, UCH-L1, V0-ATPase, cathepsin D and
GFAP that couples with decreased activity of the proteasome and autophagosome formation in DS brain [49]. Furthermore, a link between
protein oxidative damage and aberrant mTOR/autophagy axis induction was shown in Ts65Dn mice by our group [50].

Fig. 1. A schematic overview of the interactions of mTOR signaling with Aβ deposition in
Down syndrome brain.

downstream target of mTOR [53]. Data further supporting the link
between Aβ accumulation and the up-regulation of mTOR signaling
indicate that in primary neurons the levels of pAKT (Ser473), pmTOR
(Ser2448), and its downstream target p4EBP1 were signiﬁcantly increased following exposure to Aβ oligomers but not to Aβ monomers
[54]. Conversely, Hugon and colleagues reported that 20 μM of Aβ42
decreased the steady-state levels of phosphorylated mTOR and p70S6K
[55]. This apparently contradictory data may be reconciled based on
the evidence that the high concentration of Aβ used in their study is
extremely cytotoxic, thus aﬀecting multiple pathways not just mTOR.
To further elucidate the eﬀect of Aβ on mTOR signaling, a stable
transfected cell line (Chinese hamster ovary cells) with a cDNA encoding APP751 containing the Val-717-Phe familial AD mutation, 7PA2
cells, was used [32,56]. These cells produce high levels of Aβ oligomers,
which have been shown to cause alteration of LTP and also learning and
memory deﬁcits [57,58]. These transfected cell line display increased
mTOR activity and signaling compared to non-transfected CHO cells as
determined by measuring mTOR enzymatic activity and by measuring
the steady-state levels of p70S6K [31]. In parallel, treatment with a
gamma-secretase inhibitor, that blocks Aβ production, was able to
prevent mTOR hyperactivation [31]. Taken together these in vitro data
suggest a dose-dependent eﬀect of Aβ on mTOR signaling, where low
levels of Aβ cause an increase in mTOR signaling, while Aβ overload
decreases mTOR signaling.
Recent data from our group analyzed the functionality of the PI3K/
AkT/mTOR axis in the frontal cortex from DS autopsy cases without AD
neuropathology (typically under the age of 40 years) and DS with AD
neuropathology [16]. Our results showed a hyperactivation of the
PI3K/Akt/mTOR axis in the brains of subjects with DS with or without
AD pathology in comparison to healthy individuals. The hyperactivation was demonstrated by increased levels of the phosphorylated forms
of PI3K (p85 subunit at Tyr-508), Akt (at Ser-473), and mTOR (at Ser2448) and as well as alteration of both a mTOR downstream signaling
target, p70S6K, which is increasingly phosphorylated at Thr-389, and
autophagy [16].
These data were further supported by ﬁndings showing the prenatal
upregulation of pS6 and p70S6K, that persisted throughout postnatal
development, while the upregulation of p4EBP1 and mTOR in DS hippocampi also were detected postnatally [59]. This study also conﬁrmed
the upregulation of mTORC1 components and downstream signals in
DS-AD patients, showing a positive correlation with total tau and p-tau
[59].
AMP-activated protein kinase (AMPK), a key energy enzyme,

2.2. mTOR and intracellular signaling regulates Aβ levels
As noted above, mTOR integrates multiple signaling pathways in
response to growth factors, energy metabolism, nutrients and diﬀerent
stresses [51]. Among these pathways, the PI3K/Akt axis is the major
upstream activator of mTOR in response to growth factors such as insulin or insulin-like growth factors [51] (Fig. 1). Interestingly, a number
of in vitro studies have shown that Aβ is able to activate the PI3K/Akt
pathway. For example, treatment of PC12 cells with Aβ(25-35) leads to
increased Akt activity, in a PI3K-dependent manner [52], likely due to
an increase of mTOR signaling. Similarly, treatment with Aβ(25-35) in
N2A cells leads to a transient and signiﬁcant increase in p70S6K, a
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by other kinases, such as glycogen synthase kinase3-β (GSK-3β) [76].
Moreover, Dyrk1A transgenic mouse brains displayed an increase in tau
phosphorylation also at Ser-202 and Ser-404 residues [77]. Tau hyperphosphorylation occurring in the brains from both Ts65Dn mice and
DS patients correlates with DYRK1A hyperactivation [78]. In addition,
tau phosphorylation on Thr-212 occurs in patients with AD, and may
contribute to disease pathogenesis [79]. Overexpression of DYRK1A
may also contribute indirectly to the early onset of NFT through
phosphorylation of alternative splicing factors, leading to an imbalance
between 3R-tau and 4R-tau. The correct balance of 3R/4R is emerging
as critical for normal tau function, and its disruption may lead to the
typical NFT pathology seen in DS, AD, and various tauopathies [80].
The regulator of calcineurin 1 (RCAN1), formerly known as Down
syndrome critical region 1 (DSCR1, Adapt78), also is encoded on
HSA21, and its overexpression might result in increased p-tau levels.
RCAN1 acts as an endogenous regulator of calcineurin (Caln), a multifunctional calcium-activated serine/threonine protein phosphatase
[81]. RCAN1 overexpression results in the inhibition of signaling
pathways that are controlled by the nuclear factor of activated T cells
(NFAT) transcription factor [82,83]. In addition, Tau is dephosphorylated by Caln [84]. In AD the chronic overexpression of the
RCAN1, inhibits Caln and is associated with pathology progression
[85–88]. In DS fetal brains, Caln activity is lower than in normal subjects [89], together with hyperphosphorylated NFAT [90]. Dyrk1A interacts with and phosphorylates RCAN1 at Ser-112 and Thr-192 residues. Phosphorylation of RCAN1 at Thr-192 enhances the ability of
RCAN1 to inhibit the phosphatase activity of calcineurin (Caln), leading
to reduced NFAT transcriptional activity and enhanced Tau phosphorylation [81]. Therefore, the overexpression of Dyrk1A and RCAN1 in DS
may lead to an increase in Tau hyperphosphorylation, contributing to
the early onset of the pathological features of AD in DS patients (Fig. 2).
The trisomy of Hsa21 encoded genes might also have an eﬀect on
the expression and activity of kinases or phosphatases encoded by
chromosomes other than Hsa21 that controls tau phosphorylation. For
example, increased abundance of cyclin-dependent kinase 5 (CDK5) has
been reported in the brains of young Ts65Dn mice that model aspects of
DS [91]. As well, decreased activity of phosphatases such as protein
phosphatase 2A (PP2A) have been associated with the development of
AD in people who have DS [92].
APP was one of the ﬁrst postulated links between DS and AD pathology. APP and tau reportedly converge in cellular mechanisms that
could greatly compromise neuronal function such as mitochondrial
function [93]. Further, Aβ(1-42) oligomers contribute to

regulates cellular metabolism to maintain energy homeostasis in response to decreased intracellular ATP levels. The structure and function
of AMPK is mainly regulated by ADP levels [60]; AMPK is activated
when cellular ADP levels increase coping with changes in cellular energy status. AMPK activity decreases in AD brain, indicating decreased
mitochondrial biogenesis and function [61].
Of note AMPK and mTOR act as a common regulator of autophagy
through direct phosphorylation of Ulk since the Atg1/Ulk complex
plays an essential role in the initiation of autophagy [62]. Speciﬁcally,
AMPK directly modulates Ulk1 through phosphorylation of Ser-317 and
Ser-777, which results in activation of autophagy. Conversely, the activation of mTOR inhibits phosphorylation of Ulk1 Ser-757 and cuts oﬀ
the interaction between Ulk1 and AMPK, thereby reducing autophagy.
Moreover, both AMPK and mTOR participate in the regulation of Aβ
levels: 1) through induction of autophagy, the activation of AMPK
limits the generation of Aβ [61] while the activation of mTOR, i.e.,
inhibition of autophagy, likely facilitates Aβ accumulation [40]. It has
been proposed that Aβ levels in the AD brain are determined by the
overall functional status of autophagy and that AMPK activation inhibits mTOR signaling activity to facilitate autophagy and to promote
lysosomal degradation of Aβ [12,63]. Further, AMPK is a physiological
tau kinase and can increase the phosphorylation of tau at Ser-262.
AMPK can also directly phosphorylate tau at Thr-231 and Ser-396/404.
In adult neuronal progenitor cells (NPC) isolated from the hippocampus of Ts65Dn mice, the ratio of pAMPK/AMPK is reduced [64].
These results support the notion of the failure of AMPK signaling to
cope against reduced energy metabolism, i.e., reduced intracellular ATP
levels. Why and how this crucial metabolic sensor is not activated in DS
and the analysis of its upstream targets deserves further investigation.
Valenti et al. suggested a positive correlation between activation of
AMPK and increased mitochondrial ATP synthesis, and this beneﬁcial
eﬀect may be secondary to treatment of NPC with resveratrol and EGCG
on mitochondrial function [64]. According to this hypothesis, the speciﬁc activation or inhibition of AMPK by AICAR or compound C, respectively, was able to activate or inhibit ATP synthesis by oxidative
phosphorylation.
However, it is still unclear whether AMPK could serve a potential
therapeutic target for AD or DS with AD. Hence, further studies will be
needed to clarify the role of AMPK in AD and DS with AD.
3. Tau hyperphosphorylation and NFT pathology in Down
syndrome
Tau pathological modiﬁcations have been detected in the outer
molecular layer of hippocampus in DS individuals of 30–40 years of
age, followed later by NFT in the CA1 region of the hippocampus and
neuron loss in the entorhinal cortex [65]. Aberrant phosphorylation of
tau has also been reported in trisomic Ts65Dn and Ts1Cje, mouse
models of DS [66,67], which however do not develop tangles.
Genetic variants in the microtubule associated protein tau (MAPT)
gene are a risk factor for the age of onset of AD in people with DS [68],
promoting the formation of NFT [69]. The phosphorylation of tau plays
a physiological role in microtubule dynamics, the aberrant hyperphosphorylation of tau prejudices its ability to bind microtubules, leading
to self- assembly and formation of tau aggregates. At least 45 phosphorylation sites have been identiﬁed in the tau protein, most being
serine and threonine residues [70].
A number of studies have suggested that trisomy of DYRK1A, an
Hsa21-encoded protein expressed in fetal and adult brain, may contribute to the aberrant phosphorylation of tau [71]. People trisomic for
Hsa21 express elevated levels of DYRK1A and exhibit increased
DYRK1A kinase activity in their brains [66,72–74]. DYRK1A is found in
the cytosol of cells and colocalization between NFT and DYRK1A has
been reported [75]. In vitro studies indicate that tau is phosphorylated
by DYRK1A at Thr212 [66,76] and the phosphorylation at this site is
also able to prepare tau for further phosphorylation at additional sites

Fig. 2. A schematic overview of the interactions of mTOR signaling with tau pathology in
Down syndrome brain.
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autophagy observed in DS individuals and in DS and AD mouse models
[15]. The inhibition of autophagy by several diﬀerent compounds demonstrated delayed tau degradation and enhanced formation of tau
aggregates [101,102]. Moreover, autophagy inducers (e.g., rapamycin)
facilitate the degradation of insoluble forms of tau and also protect
against its toxicity in tau transgenic and AD mouse models [97,103]. In
agreement, studies from our laboratory demonstrated a tight association between reduced autophagosome formation and increased p-tau
levels in DS individuals prior to and after AD development [16,49].
These results support the crucial role of mTOR-related autophagy impairment in tau hyperphosphorylation and NFTs formation in DS and in
AD brains [14]. DS and AD individuals also demonstrated reduced
proteasome activity, reduced de-ubiquitinylating activity, and increased protein poly-ubiquitinylation that also supported the contribution of altered ATP/ubiquitin-dependent 26S proteasome in p-tau
aggregation and subsequent NFT formation [49,104]. However, tau
degradation can also be mediated by the 20S proteasome in an ATP/
ubiquitin-independent manner [105], which, interestingly, might be
regulated by the mTOR-inhibitor rapamycin [106,107].
Increased levels of oxidative stress (OS) appears early in DS individuals, from the fetal stage, as a result of triplication of genes involved in redox homeostasis, such as SOD1 or BACH1 [108,109]. It has
been well established that altered redox homeostasis in neurons contribute to the occurrence of the AD hallmarks NFT in DS and healthy
population [18,110,111]. Moreover, increased OS led to alteration of
insulin signaling associated with its mTOR-related branch [112,113].
Studies from our laboratory showed the oxidative modiﬁcation of lysosomal V0-ATPase and cathepsin D, which can result in reduced autophagy in DS individuals [49,114]. Within this context, increased OS
might represent a further bridge coupling mTOR/autophagy impairment with tau hyperphosphorylation an NFT deposition [112].
Studies on Ts65Dn mice showed that increased translocation of SET
to the cytoplasm led to an increase of tau phosphorylation at Ser-202/
Thr-205 as observed in DS and AD patients [96,115]. Cytoplasmic SET
is able to inhibit PP2A, leading to increased activation of mTOR/AMPK
signaling pathways, inhibition of autophagy, and subsequently hyperphosphorylated tau.
A further mTOR interacting molecules is SIRT1, which regulates
mTOR phosphorylation through TSC1/2, regulates S6K1 acetylation
and alters mTORC1-dependent S6K1 phosphorylation. Reduced levels
of SIRT1 were observed in DS/AD compared with younger DS cases
[101]. Moreover, decreased SIRT1 levels were observed in 12 monthsold Ts65Dn mice compared with 6 months-old Tg mice, and between 12
months-old Ts65Dn mice and their age-matched controls [116]. Furthermore, SIRT1 is a substrate of DYRK1A which, can promote tau
accumulation by controlling its de-acetylation process [117,118].
Therefore, SIRT1 alteration might represent an additional link between
aberrant mTOR signaling and NFT deposition in DS brain.
Finally, tau phosphorylation is also tightly related to tau OGlcNAcylation levels, a dynamic protein posttranslational modiﬁcation,
by which O-linked β-N-acetylglucosamine (O-GlcNAc) is transferred
enzymatically to serine or threonine residues of proteins. OGlcNAcylation modiﬁes nucleocytoplasmic proteins and is more like
protein phosphorylation [119,120]. O-GlcNAcylation and phosphorylation often occur at identical or proximal sites of a protein and thus
are reciprocal to each other. The crosstalk between O-GlcNAcylation
and phosphorylation has been implicated to be essential for the control
of vital cellular processes and for understanding the mechanisms of
certain diseases [119,121]. Intriguingly, O-GlcNAcylation levels serve
as a sensor of intracellular glucose metabolism, because the UDPGlcNAc donor for O-GlcNAcylation is formed from glucose metabolism
via the hexosamine biosynthetic pathway [122]. Recent studies demonstrated that O-GlcNAc can antagonize phosphorylation of tau in
tissue culture cells, rat brain slices and human AD patients [121–123].
Therefore, it is tempting to hypothesize that the early alteration of
insulin signaling, through mTOR-related IRS-1 inhibition, might lead to

hyperphosphorylated tau [94,95], and both Aβ(1-42) oligomers and
hyperphosphorylated tau synergistically contribute to cellular and
cognitive impairment in the AD and DS [70]. Moreover, it has been
shown that the overexpression of APP C-terminal in the CA1 region of
hippocampus is suﬃcient to induce the translocation of SET (PP2A
inhibitor 1 and 2) to the cytoplasm and thus to the increased phosphorylation of tau at Ser-202/Thr-205 as seen in the progression of the
disease in AD and also in DS [96].
3.1. Role of mTOR signaling in tau pathology
Compelling evidence support the critical role of mTOR in the taurelated pathological progress in DS and AD, implying that the activity
status of mTOR signiﬁcantly inﬂuences, if not determines, the abnormal
hyperphosphorylation of tau, the onset of paired helical ﬁlaments, and
the formation of NFT [32]. Multiple studies, mainly in AD, fully elucidated that the activation of mTOR signaling promotes tau pathology,
while inhibiting mTOR signaling decreases the progress of tau pathology [15,97]. Recent studies in DS patients and DS mouse models
conﬁrmed that the alteration of mTOR signaling is an early degenerating event in the brain that contributes to the early development of
AD hallmarks (Aβ and tau) and AD-like cognitive decline
[13,16,49,59]. The mechanisms by which hyperactive mTOR signaling
can lead to tau hyperphosphorylation are various some of which include: i) direct regulation of tau phosphorylation; ii) decreased autophagy turnover, which is a known degradation pathway for tau; and iii)
the enhancement of the translation of tau mRNA.
Results from our laboratory demonstrated the hyperactivation of the
PI3K/Akt/mTOR axis in the frontal cortex of subjects with DS with or
without AD pathology in comparison to healthy individuals [16]. PI3K/Akt/mTOR signaling is considered a primary candidate to transmit
pathophysiological responses from Aβ to tau. Our results suggested that
the aberrant activation of the mTOR axis led to the alteration of its
downstream signaling target p70S6K, that might directly cause tau
hyperphosphorylation. In addition, other kinases overexpressed in DS
(DYRK1A and RCAN1) acting in parallel with mTOR contributes, to the
tau hyperphosphorylation and to NFTs deposition observed in DS and
AD as noted above [16]. Unexpectedly, our results showed that GSK-3β,
one of the major candidate kinases involved in tau hyperphosphorylation, was inhibited in DS brain [16]. Similar data were obtained from old TC1 mice, a model of trisomy21, supporting the inactivation of GSK-3β in DS and consistent with the notion of a less
preeminent role of this kinase in tau hyperphosphorylation in DS
[1,78]. However, intriguingly, it was previously demonstrated a mutual
relationship between RCAN1, calcineurin and GSK-3β. When the
equilibrium between these three players is altered, such as in AD and
DS, aberrant tau phosphorylation may occur [98]. Furthermore, a
crosstalk between RCAN1 and mTOR may exist. Previous studies on
neuronal cells showed that RCAN1 overexpression leads to mitochondrial degeneration, observed in DS, and lower cellular levels of ATP,
which in turn can inhibit mTOR signaling and activate autophagy [99].
Within this context, the interaction between RCAN1, mTOR and GSK3β may have a key role in the progression of tau pathology in DS
(Fig. 2).
Recent studies, by Iyer et al. [59], analyzed the alteration of the
main components of the mTOR pathway in human hippocampi of DS
subjects during prenatal, early postnatal development and in presence
of AD pathology. The researchers conﬁrmed the upregulation of the
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4. Conclusion
The roles of mTOR in the brain of individuals with DS and how the
impairment of mTOR signaling can inﬂuence Aβ deposition and the
formation of NFT in this syndrome of trisomy of chr 21 is a key to better
understanding of the transition from DS to DS with AD, which occurs
typically in the 40–50 years of age range, and to AD itself. mTOR activation aﬀects the regulation of Aβ generation/clearance and tau
phosphorylation by two main mechanisms: a) inhibition of autophagy;
and b) the interaction with several key signaling pathways, including
PI3K/Akt, GSK-3β, AMPK and insulin/IGF (Fig. 1). We opine that the
PI3K/Akt/mTOR axis is a primary candidate to transmit pathophysiological responses from Aβ to tau. In brains of DS subjects the components of mTOR signaling are associated with the pathogenesis and
progression of AD [14,15,18]. Moreover, the extra copy of chr 21-encoded genes also appears to have an eﬀect on APP processing and tau
phosphorylation. These ﬁndings have profound implications for further
development of clinical interventions in DS and AD by inhibiting mTOR
activation for the treatment and prevention of AD and AD-like dementia
in DS. Several reports showed the beneﬁcial eﬀects of mTOR inhibitors
in the brain of AD mouse models. Since oxidative stress is extensively
present in brain of persons with DS and DS with AD, further studies into
the role of oxidative modiﬁcation to components of the mTOR pathway
are warranted. Indeed, though much has been learned, continued basic
and clinical research is necessary to further clarify the roles of the
mTOR activation/inhibition in DS.
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