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Loss of canonical Wnt signaling is involved in the 
pathogenesis of Alzheimer’s disease

Alzheimer’s Disease (AD) and Wnt Signaling 
AD is the most prevalent dementia, increasing drastically 
with age (Mayeux and Stern, 2012). It is manifested by a pro-
gressive loss of learning and memory; as a result of the accu-
mulation of senile plaques (SPs) and neurofibrillary tangles 
(NFTs) in the hippocampus and cerebral cortex (Selkoe and 
Hardy, 2016). The most studied hypotheses to explain the on-
set and development of AD is the amyloid hypothesis (Selkoe 
and Hardy, 2016). According to this cascade, amyloidogenic 
amyloid precursor protein (APP) processing lead to amy-
loid-β (Aβ) eptide formation; deregulating kinases, phospha-
tases, and several signaling pathways that promote tau phos-
phorylation, synaptic failure and neurodegeneration (Selkoe 
and Hardy, 2016). However, although the neuropathological 
signs, and potential protective mechanisms of AD have been 
described, the precise cause remains unclear. Interestingly, 
an important signaling pathway that is strongly related to AD 
is Wnt signaling (De Ferrari et al., 2014; Inestrosa and Vare-
la-Nallar, 2014). This pathway is fundamental in the develop-
ment of the Nervous Central System; but also plays important 
roles in the adult brain, regulating processes of synaptic 
plasticity and memory (Inestrosa and Varela-Nallar, 2014). 
Diverse reports have indicated that Wnt signaling is impaired 

in different AD mouse models (Scali et al., 2006; Toledo 
and Inestrosa, 2010). More important, familial AD patients 
with PS1 mutations have reduced β-catenin levels, strongly 
suggesting Wnt signaling loss (Zhang et al., 1998). More im-
portant, an allele of low-density lipoprotein receptor-related 
protein-6 (LRP6) associated with a loss of function of Wnt 
signaling is a susceptibility gene for late-onset AD (De Ferrari 
et al., 2007). In fact, a recent study showed that AD patients 
have a loss of Wnt activity, such as indicated by decreased 
β-catenin levels and increased tyrosine-216 phosphorylation 
of glycogen synthase kinase 3 (GSK-3β) compared with age-
matched controls in the prefrontal cortical lobe structures of 
AD brains (Folke et al., 2018). Therefore, is possible that Wnt 
signaling activity plays a key role in the development of AD.

Wnt ligand binds to the Frizzled (Fz) receptor and LRP5/6 
co-receptor, disassembling the destruction complex and in-
hibiting GSK-3β (Gao and Chen, 2010). This permits β-cat-
enin to accumulate and translocate to the nucleus, where 
it binds to transcriptional factors T-cell factor/lymphoid 
enhancer factor (TCF/LEF) to induce the transcription of 
Wnt target genes (Nusse and Clevers, 2017). In contrast, 
in absence of Wnt proteins, GSK-3β becomes active, phos-
phorylating β-catenin and promoting its degradation via 
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proteasome (Nusse and Clevers, 2017). The Wnt signaling 
family is composed of 19 ligands and 10 Fz receptors, which 
depending on the cellular context and ligand-receptor bind-
ing could activate Wnt/β-catenin dependent or independent 
signaling (Mikels and Nusse, 2006; Grumolato et al., 2010). 
In the neurons, the Wnt-Fz complexes are expressed spatially 
and temporally distinct in the cell (Varela-Nallar et al., 2012). 
Fz1 is located at the presynaptic region, promoting synaptic 
differentiation in hippocampal neurons (Varela-Nallar et 
al., 2009); Fz2 is mainly located at the neuronal soma (Va-
rela-Nallar et al., 2012); Fz3 is expressed in dendrites (Vare-
la-Nallar et al., 2012), regulating axonal outgrowth, guidance, 
and neural tube closure (Wang et al., 2002; Lyuksyutova et 
al., 2003); Fz5 control the survival of mature neurons in the 
thalamus (Liu et al., 2008), and it is localized in growth cones 
during development of hippocampal neurons (Varela-Nallar 
et al., 2012; Slater et al., 2013), where regulates synaptogene-
sis in the hippocampus (Sahores et al., 2010); Fz7 expression 
decreases during hippocampal development with a distribu-
tion in the soma and neurites (Zhao et al., 2005) and Fz9 is 
important for hippocampal development, due its enrichment 
at the growth cone (Varela-Nallar et al., 2012) and it is ex-
pressed along the processes of the post-synaptic region in 
mature hippocampal neurons (Ramirez et al., 2016).

Wnt signaling has important functions in the adult brain. 
Among these, it regulates the presynaptic structure (Ines-
trosa and Varela-Nallar, 2014), inducing the clustering of 
synapsin I (Lucas and Salinas, 1997; Hall et al., 2000) and the 
α7-nicotinic acetylcholine receptor (nAChR) (Farias et al., 
2007); promoting the endocytosis and recycling of vesicles 
and increasing the pre-synaptic sites (Cerpa et al., 2008). 
Also, stimulated dendritogenesis (Ciani et al., 2011), induced 
neurotransmitter release (Cerpa et al., 2008), facilitates the 
induction of LTP (Chen et al., 2006) and its activity is modu-
lated in spatial memory tasks (Tabatadze et al., 2012), playing 
a role in synaptic plasticity and cognition. The majority of the 
canonical Wnt pathway effects are mediated by the transcrip-
tion of Wnt target genes; however several effects also could 
be occurring by a mechanism that did not required changes 
in the expression of Wnt target genes ref-jnc. An example is 
Wnt-7a in hippocampal neurons, which induces the cluster-
ing of presynaptic proteins without altering the expression 
of genes in response to β-catenin (Cerpa et al., 2008). But, 
independent of the mechanism, it is essential to highlight that 
synaptic failure is an early event in the AD pathology (Terry, 
1991; Selkoe, 2002), supporting the possibility that Wnt sig-
naling activity could be the key in AD pathogenesis.

Role of Wnt Signaling in the Pathogenesis of 
AD
Almost twenty years ago, our laboratory first proposed a re-
lation between the Wnt signaling pathway and AD, suggest-
ing that activation of Wnt/β-catenin signaling is protective 
against amyloid toxicity in vitro (De Ferrari and Inestrosa, 
2000). Later, diverse reports have validated the neuroprotec-
tive role of the Wnt signaling pathway against the damage 
induced by Aβ species, preventing tau phosphorylation and 

preserving the cognitive abilities in vivo using mouse models 
of AD (Toledo and Inestrosa, 2010; Vargas et al., 2014; Rivera 
et al., 2016). We showed that activation of Wnt signaling by 
ANDRO (Andrographolide) (Tapia-Rojas et al., 2015a) ame-
liorates spatial memory loss, reduces the activation of inflam-
matory processes, and decreases the levels of Aβ species and 
tau phosphorylation in the hippocampus of a natural model 
of AD (Rivera et al., 2016). Similarly, in the triple transgenic 
(3×) transgenic (Tg)-AD mouse, activation of Wnt pathway 
reduces tau phosphorylation, Aβ formation, and prevents 
apoptosis (Jin et al., 2017). More importantly, our laboratory 
recently demonstrated that ANDRO improves learning and 
memory, recovery synaptic transmission, and reduces the 
levels of phosphorylated tau and Aβ aggregates in aged Octo-
don degus, a natural model of AD (Rivera et al., 2016). Thus, 
the protective role of Wnt signaling observed in vivo propose 
that activation of Wnt signaling pathways could be used as a 
potential treatment to impede the progression of AD.

Interestingly, studies have also suggested that the loss of 
Wnt signaling could be involved in the etiology of both fa-
milial AD (FAD) and sporadic AD (SAD). Concerning to 
FAD, mutations in the γ-secretase component Presenilin 1 
(PS1) blocks the Wnt/β-catenin pathway (Zhang et al., 1998); 
promoting GSK-3β activity, tau hyper phosphorylation 
(Takashima et al., 1998), β-catenin degradation (Zhang et al., 
1998) and repressing the transcriptional activities of the tran-
scriptional co-factors of TCF/β-catenin (Francis et al., 2006). 
Also, conditional Lrp6 gene deletion in a mouse model of AD 
stimulates amyloid pathology (Liu et al., 2014), suggesting 
that Wnt signaling dysfunction could be involved in the early 
appearance and severity in genetic cases of AD (Baki et al., 
2004). In SAD, the role of Wnt signaling in the initiation of 
AD is supported by studies that indicate that a polymorphism 
in the GSK-3 promoter increases its activity and is a risk fac-
tor for late-onset AD (Mateo et al., 2006). Also, an allele of 
the LRP6 co-receptor related to Wnt signaling dysfunction is 
a susceptibility gene for SAD (De Ferrari et al., 2007). Finally, 
chronic lithium medication reduces the prevalence of AD in 
patients with bipolar disorders (Forlenza et al., 2012), sug-
gesting that activation of Wnt signaling might prevent pro-
cesses necessary for the initiation and progression of SAD.

We recently demonstrated that loss of Wnt signaling activ-
ity could be a factor triggering the onset and progression of 
AD. In our last study, we were the first to demonstrate that 
inhibition of the Wnt signaling in the J20 Tg mouse model of 
AD, previous to the appearance of AD signs, accelerates the 
onset and development of the pathology, including accelerat-
ed Aβ production and aggregation, tau phosphorylation, and 
memory loss (Tapia-Rojas and Inestrosa, 2018). Interestingly, 
in the same study we reported that dysfunction of Wnt sig-
naling triggered a neurodegenerative AD-like process in wild-
type (WT) mice, leading to Aβ formation, tau phosphoryla-
tion, and alterations in learning and memory (Tapia-Rojas 
and Inestrosa, 2018). Thus, the loss of Wnt signaling could 
be considered a potential cause of AD and activation of Wnt 
signaling could prevent the development of the pathology.

In the following sections, we will describe studies that 
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demonstrate the influence of canonical Wnt activity on the 
production and aggregation of Aβ, tau phosphorylation and 
synaptic failure that leads to memory loss, the main events 
associated to the AD neuropathology. 

Wnt signaling promotes Aβ production 
The Aβ peptide is produced by amyloidogenic APP process-
ing, in which the APP protein is cleaved by the β-secretase 
enzyme and subsequently by the γ-secretase complex to gen-
erate products of 39–43 amino acids that are highly toxic to 
neurons (De Strooper et al., 2010). Amyloidogenic APP pro-
cessing is abnormal and the causes that lead to this process in 
the brain are unidentified (Masters and Selkoe, 2012). Several 
studies have suggested that Wnt signaling could play a role 
in Aβ production. A Wnt agonist of the Wnt pathway in N2a 
cells decreases the Aβ peptide concentration and represses 
the transcription of the BACE (β-secretase enzyme β-site 
APP-cleaving enzyme) through the binding of β-catenin to 
TCF4 (Parr et al., 2015). In contrast, loss of Wnt function us-
ing a β-catenin shRNA significantly increases BACE1 mRNA 
and its protein expression (Parr et al., 2015). Similarly, LRP6 
knockdown favors the formation of APP fragments via the 
amyloidogenic pathway, such as C-terminal fragment (CTF)β 
and the Aβ peptide (Liu et al., 2014). 

Interestingly, we have demonstrated that inhibition of the 
Wnt/β-catenin pathway increases the Aβ1–42 concentration 
and the Aβ42/Aβ40 ratio, favoring the formation of Aβ oligo-
mers in vitro (Tapia-Rojas et al., 2016). Specifically, our re-
sults show that blocking canonical Wnt signaling at different 
scales results in amyloidogenic proteolytic processing of APP, 
increasing the levels of C99, Aβ1–42 peptide, Aβ42/Aβ40 ratio, 
and low-molecular-weight Aβ oligomers such as trimers and 
tetramers (Tapia-Rojas et al., 2016). In contrast, we showed 
that activation of the Wnt pathway favors non-amyloidogenic 
APP processing, reducing Aβ1–42 peptide formation and ag-
gregation, with the concomitant increment in Aβ1–40 peptide 
(Tapia-Rojas et al., 2016). The ability of canonical Wnt sig-
naling to impede Aβ aggregation was also reported previously 
in our laboratory, using WASP-1 (Wnt-activating small mol-
ecule potentiator-1), a synergic molecule of the Wnt ligand 
Wnt-3a that enhances activation of the pathway, which blocks 
Aβ aggregation in in vitro assays (Vargas et al., 2015). More 
importantly, using mutant forms of β-catenin that are inca-
pable of binding to the TCF/LEF transcription factor (β-cat 
ΔTCF), we showed for the first time that activation of canon-
ical Wnt signaling requires of the transcription of Wnt target 
genes to switch APP processing to the non-amyloidogenic 
APP pathway, indicated by the formation of C83 fragment, 
and prevents Aβ1–42 production and formation of oligomers 
favoring the Aβ1–40 peptide generation (Tapia-Rojas et al., 
2016). Finally, we proposed that Wnt signaling regulates APP 
processing, possibly by a mechanism that involves changes 
in the expression of BACE1 enzyme, because overexpression 
of β-catenin activate Wnt target genes and reduce BACE1 
protein levels, in contrast to β-cat ΔTCF (Tapia-Rojas et al., 
2016). This mechanism is relevant, because BACE1 inhibition 
also reduces Aβ in plasma, cerebrospinal fluid (CSF), and 

brain samples of rats, monkeys, and in AD patients (Kennedy 
et al., 2016). Therefore, our results indicate that inhibition of 
the Wnt/β-catenin signaling pathway promotes amyloidogen-
ic APP processing, Aβ1–42 formation and aggregation.

It was previously reported that deletion of the Lrp6 gene 
in an APP-PS1 mouse model of AD aggravates amyloid 
deposition in the brain of these animals (Liu et al., 2014), 
suggesting that Wnt signaling also plays a role in the amy-
loid pathology in vivo. In addition, our laboratory demon-
strated that activation of Wnt signaling in aged Octodon 
degus reduced Aβ1–40 and Aβ1–42 peptides, decreased the lev-
els of Aβ oligomers, and the number of senile plaques in the 
hippocampus (Rivera et al., 2016), indicating that Wnt sig-
naling activation prevents the formation of the Aβ peptide 
and the development of amyloid deposits. Interestingly and 
in contrast to the previously mentioned, we recently demon-
strated that Wnt signaling dysfunction accelerates Aβ1–42 
production in the hippocampus of a J20 Tg AD mouse 
model and promotes Aβ1–42 formation in the hippocampus of 
WT mice (Tapia-Rojas and Inestrosa, 2018). The increased 
concentrations of Aβ1–42 peptide in the hippocampus of these 
animals was accompanied by an increase in the Aβ42/Aβ40 
ratio, suggesting higher toxicity in the brain of both Tg and 
WT animals only by inhibiting Wnt/β-catenin signaling 
(Tapia-Rojas and Inestrosa, 2018). This effect is similar to 
that previously reported in FAD patients, in which an in-
creased Aβ42/Aβ40 ratio has been directly related with severe 
forms of the pathology (Hellstrom-Lindahl et al., 2009). 
We also reported that in treated mice, the levels of Aβ1–42 in 
the CSF were decreased (Tapia-Rojas and Inestrosa, 2018), 
suggesting altered clearance of Aβ possibly as consequence 
of Aβ aggregation. In fact, we observed a major presence of 
Aβ soluble species in the brain of animals exposed to Wnt 
inhibitors and in J20 Tg mice we detected the presence of 
Aβ species that could correspond to hexamers and do-de-
camer soluble aggregates (Tapia-Rojas and Inestrosa, 2018), 
which are considered synaptotoxic (Lesné et al., 2006, 2013). 
The latter is consistent with reports that have indicated that 
few alterations in the Aβ42/Aβ40 ratio promote Aβ aggrega-
tion forming oligomers (Yoshiike et al., 2003; Kuperstein et 
al., 2010). Additionally, in Tg mice with deficient function 
of Wnt signaling we observed increased number of senile 
plaques (Tapia-Rojas and Inestrosa, 2018), validating the in 
vitro studies that indicated that Wnt signaling loss lead to Aβ 
production and aggregation. 

Importantly, we reveal that Wnt signaling inhibition trigger 
the formation Aβ1–42 and increase the Aβ42/Aβ40 ratio in the 
hippocampus of WT mice, effect that was accompanied of a 
reduction in Aβ1–42 concentration in the CSF. The Aβ pathol-
ogy observed in WT mice is consistent with previous studies, 
in which we demonstrated that a high methionine diet induc-
es dysfunction of canonical Wnt signaling at the same time 
that it promotes Aβ formation, oxidative stress and memory 
impairment (Tapia-Rojas et al., 2015b). Altogether, our in 
vitro and in vivo studies demonstrate that inhibition of Wnt/
β-catenin signaling promotes amyloidogenic APP processing, 
Aβ1–42 production, increased Aβ42/Aβ40 ratio and formation of 
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aggregates; which are fundamental for promoting toxicity in 
the AD pathology (McLean et al., 1999). 

The amyloid accumulation is promoted by an imbalance 
between Aβ production and clearance. Microglia in the brain 
plays an important role in Aβ clearance by a variety of phago-
cytic and digestive mechanisms. Among these mechanisms, 
TREM2 (an innate immune receptor and a Type I transmem-
brane protein) regulates phagocytosis and promotes microg-
lial survival, contributing to Aβ elimination (Ries and Sastre, 
2016). Interestingly, TREM2 promotes microglial survival by 
activating the Wnt/β-catenin signaling pathway, suggesting 
that Wnt pathway is necessary to the correct clearance of 
amyloid deposits (Zheng et al., 2017). Another possibility to 
degrade Aβ is promoting the expression of Insulin degrading 
enzyme (IDE). Unpublished data of our laboratory suggest 
that IDE is a target gene of the Wnt pathway, therefore Wnt 
signaling also could modulates Aβ degradation. More studies 
are necessary to validate these possibilities. 

Wnt signaling regulates tau phosphorylation  
Tau phosphorylation is mediated by diverse protein kinases 
which can phosphorylate tau at different sites (Mandelkow 
and Mandelkow, 2012). Among these enzymes, GSK-3β 
phosphorylates practically all tau residues described in AD 
(Kremer et al., 2011; Hernandez et al., 2013). GSK-3β is a 
central component of Wnt signaling and its activity is medi-
ated by the function of the Wnt/β-catenin pathway (Metcalfe 
and Bienz, 2011). GSK-3β inhibition impedes the formation 
of NFTs observed in a double transgenic of GSK-3β and tau 
protein (Engel et al., 2006). Our laboratory showed that Wnt 
signaling activation by ANDRO reduces tau phosphoryla-
tion in young and old APP-PS1 AD mouse model (Serrano 
et al., 2014). A similar effect was observed in aged Octodon 
degus treated with ANDRO, where the levels of phosphor-
ylated Thr231, Ser235, and both Ser202 and Thr205 (AT8 
epitope) were decreased (Rivera et al., 2016). Synergic acti-
vation of canonical Wnt signaling by WASP-1 in APP-PS1 
mice also reduced PHF-1 (Ser396 and Ser404) tau phos-
phorylation (Vargas et al., 2015), strongly suggesting that 
Wnt activation prevent tau phosphorylation. 

In contrast, mutations in PS1 promote GSK-3β activity and 
tau phosphorylation (Takashima et al., 1998). Conditional 
transgenic mice overexpressing GSK-3β in the adult brain 
showed decreased β-catenin levels in a nuclear fraction, in-
creased tau phosphorylation, and neuronal death (Lucas et 
al., 2001). Inhibition of Wnt signaling favors GSK-3β-medi-
ated tau hyper phosphorylation (Scali et al., 2006; Hooper et 
al., 2008). Local infusion of Dkk1, a canonical Wnt antago-
nist, leads to astrocyte activation, PHF1 tau phosphorylation, 
and neuronal death in the hippocampus of rats, effect that 
was blocked by lithium administration (Scali et al., 2006). 
In our last study we reported that attenuation of canonical 
Wnt signaling in J20 Tg mice accelerated the appearance of 
phosphorylated tau epitopes, including Thr231,Ser235, and 
AT8 (Tapia-Rojas et al., 2016). Surprisingly, we also have 
reported the presence of phosphorylated tau residues in WT 
mice blocking Wnt pathway. Inhibition of Wnt signaling by a 
high methionine diet also lead to increased phosphorylation 

at Ser235 and Thr231 sites in the hippocampus of WT mice 
(Tapia-Rojas et al., 2015b). This same effect was observed 
using specific inhibitors of the canonical Wnt signaling path-
way, which increased phosphorylation at Ser235, Thr231, 
PHF1 and AT8 epitopes in the hippocampus of WT mice. 
Then, inhibition of Wnt signaling activates kinases that can 
phosphorylate tau, specifically to GSK-3β, and thus could fa-
vor its dissociation of the microtubules.

Memory loss mediated by canonical Wnt signaling 
dysfunction 
Memory loss is the final consequence of AD pathology and 
according to the neurodegeration progress, memory im-
pairment is more evident (Shankar and Walsh, 2009). The 
amyloid hypothesis proposes that loss of cognitive abilities is 
product of the synaptic failure mediated by soluble Aβ species 
(Selkoe and Hardy, 2016). Wnt signaling plays key roles reg-
ulating synaptic structure and function (Speese and Budnik, 
2007; Oliva et al., 2013). Additionally, Wnt signaling acti-
vation occur in spatial learning (Tabatadze et al., 2012) and 
result in the transcription of Wnt target genes important to 
memory consolidation, such as calmodulin-dependent pro-
tein kinase type IV (CaMKIV) (Arrazola et al., 2009). Thus, 
activation of Wnt/β-catenin signaling recovers the hippocam-
pus-dependent cognitive impairment in an APP-PS1 mouse 
model of AD (Toledo and Inestrosa, 2010; Serrano et al., 
2014) and in Octodon degus (Rivera et al., 2016). The precise 

Figure 1 Wnt signaling activity is crucial in the pathogenesis of 
Alzheimer’s disease (AD). 
When Wnt signaling is active (Wnt ON), tau protein remains dephos-
phorylated and Aβ1–42 peptide is not produced preserving a normal 
condition; in contrast, loss of Wnt signaling function (Wnt OFF) leads 
to tau phosphorylation, Aβ1–42 production and aggregation and induces 
AD pathology. LRP6: Lipoprotein receptor-related protein-6; Fz: Friz-
zled; GSK-3β: glycogen synthase kinase 3.
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mechanism involved in the restoration of memory mediated 
by Wnt signaling activation in AD models is yet unknown, 
but possible mechanism could include the cholinergic system, 
because activation of canonical Wnt pathway promotes the 
pre-synaptic localization of α7-nAChRs (Farias et al., 2007) 
and the canonical ligand Wnt3a induce the differentiation 
of adipose-derived stem cells into cholinergic neurons, were 
the expression of Wnt3a increases and correlates with an in-
creased expression choline acetyltransferase (Liu et al., 2012). 

Interestingly, an increase in the levels of the Wnt/β-catenin 
antagonist Dkk-1 is necessary to produce Aβ-mediated synap-
tic loss (Purro et al., 2012), suggesting that Wnt signaling has 
a central role in synaptic failure and memory loss Aβ-induced. 
Thus, Wnt signaling loss accelerates the appearance of cog-
nitive impairment in J20 Tg mouse model of AD. More im-
portant, Wnt signaling impairment leads to altered long-term 
potentiation (LTP) in WT mice, a neurophysiological correlate 
of learning and memory (Chen et al., 2006), and triggered 
severe defects in spatial learning and memory in WT mice. 
Only blocking canonical Wnt pathway is possible to promote 
spatial memory loss (Tapia-Rojas and Inestrosa, 2018) and im-
paired recognition memory in WT mice (Fortress et al., 2013), 
suggesting that Wnt signaling activity modulates process of 
learning and memory by a mechanism independent of Aβ. 
Therefore, canonical Wnt signaling dysfunction is a key factor 
inducing learning and memory impairment and could be rele-
vant in neurodegenerative diseases such as AD.

Conclusions 
It is now known that the canonical Wnt signaling pathway 
is not only a protective agent in AD. Wnt/β-catenin signaling 
activity is fundamental for the onset of AD (Figure 1); sig-
naling inhibition can accelerate the appearance and develop-
ment of AD neuropathology and memory loss in a Tg mouse 
model of AD. More importantly, Wnt signaling dysfunction 
is sufficient to promote a neuropathological process that 
involves the development of three AD hallmarks: i) produc-
tion and aggregation of Aβ, ii) tau phosphorylation and iii) 
hippocampus-dependent cognitive impairment. Thus, loss of 
the canonical Wnt pathway could be considered a triggering 
factor of the AD pathogenesis and the use of activators of the 
Wnt pathway could be used to prevent the development of 
AD-like dementia. Currently, there are no public clinical tri-
als testing the beneficial effects of Wnt activation in a thera-
peutical treatment of AD. The challenge is to prevent the loss 
of the function of the Wnt pathway during aging, in order to 
prevent the appearance and development of AD.
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