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The Wnt signalling system is essential for both the developing and adult central nervous system. It regulates numerous

cellular functions ranging from neurogenesis to blood brain barrier biology. Dysregulated Wnt signalling can thus have

significant consequences for normal brain function, which is becoming increasingly clear in Alzheimer's disease (AD), an

age-related neurodegenerative disorder that is the most prevalent form of dementia. AD exhibits a range of

pathophysiological manifestations including aberrant amyloid precursor protein processing, tau pathology, synapse loss,

neuroinflammation and blood brain barrier breakdown, which have been associated to a greater or lesser degree with

abnormal Wnt signalling. 
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1. Introduction 

The term dementia encompasses a group of devastating disorders with characteristic declines in cognition, function and

behaviour, which eventually severely impair patients' ability to perform instrumental and/or basic activities . Beyond the

patient, this profoundly impacts caregivers, families and society as a whole, which is facing ever increasing health care

costs associated with dementia . Alzheimer's disease (AD) is by far the most common form of dementia accounting for

60–80% of cases , with an estimated 40 million diagnosed patients worldwide . Current therapeutic options are

restricted to symptomatic treatments such as cholinesterase inhibitors or the glutamate receptor antagonist memantine,

which have a limited effect on memory and cognition . As disease-modifying therapies, which target the disease

process, are not yet available , AD dementia inevitably results in death within 5–12 years of symptom onset .

While the need for disease-modifying therapies that prevent disease onset or slow disease progression is clear, the lack

of such treatments reflects the complicated, multifactorial pathobiology of AD. Patients often present with a range of

disease manifestations, but what uniquely defines AD is the presence of protein aggregates in the form of extracellular

deposits of β-amyloid (Aβ) as diffuse and neuritic plaques, as well as intracellular neurofibrillary tangles (NFTs) consisting

of hyperphosphorylated tau  observed in post-mortem tissue. Yet, as of writing, therapeutic approaches targeting these

two disease hallmarks have not proven to be effective in clinical trials  (although approaches targeting tau are at a

relatively early stage of evaluation in patients ). This is likely to be for a number of reasons, beyond the scope of this

review. However, it does raise the possibility that an effective therapeutic strategy will require the targeting of several

pathological manifestations via different biological pathways, and that this may change over the time course of the

disease.

The Wnt signalling system plays a crucial role in many cellular processes such as cell differentiation, migration, and tissue

homeostasis. In the central nervous system (CNS), Wnt signalling regulates developmental programmes and, as is

increasingly recognised, it modulates a number of aspects of the mature brain such as synapse number and function, the

integrity and function of the blood brain barrier (BBB), as well as the biology of microglia (the resident immune cells of the

CNS). These key facets of the mature brain are significantly impacted in AD, raising the possibility that dysregulation of

Wnt signalling may play an important role in a number of different aspects of this complex disease .

2. Wnt Signalling Pathways—An Overview

Wnt ligands are lipid-modified , secreted glycoproteins, which, upon binding to cell surface receptors, trigger

intracellular signalling pathways that regulate various biological processes such as the cell cycle, cell migration and

establishment of cell polarity . The genomes of most mammals harbour 19 Wnt genes that can be grouped into 12

conserved subfamilies. These ligands are recognised by a heterodimeric receptor complex on the cell surface comprising

Frizzled (Fz) as well as single-pass transmembrane co-receptors LRP5, LRP6, Ror1, Ror2, or Ryk proteins (Figure 1) 

. The mammalian genome harbours 10 Fz genes, which encode 7-transmembrane (7TM) receptors that exhibit
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an N-terminal, extracellular, large cysteine-rich domain (CRD) used for Wnt binding . However, ligand-receptor

interactions are promiscuous as evidenced by the fact that there are multiple, non-mutually exclusive ligand receptor

combinations .

Figure 1. Wnt signalling pathways. Note that emphasis is placed on pathways and components that are of greater

relevance in the context of AD. (a) Canonical Wnt signalling pathway, off: In absence of Wnt ligand binding to Frizzled

(Fz)-LRP5/6 heterodimeric cell surface receptors, the Axin/APC/CK1α/GSK-3β destruction complex phosphorylates the

transcription factor β-catenin, marking it for proteasomal degradation. Endogenous canonical Wnt antagonists (including

sFRP and Dkk1) further favour the ‘off' state. (b) Canonical Wnt signalling pathway, on: Wnt ligand binding to Fz-LRP5/6

recruits the scaffolding protein DVL, which in turn inhibits GSK-3β activity of the destruction complex. β-catenin

subsequently accumulates in cytoplasm, allowing it to translocate to the nucleus where it transactivates the TCF/LEF-

mediated expression of canonical Wnt target genes. (c) Wnt/planar cell polarity (PCP) pathway: Wnt ligand binding to Fz-

ROR/RYK co-receptors recruits DVL, which in turn activates the small GTPases RHOA, RAC, and CDC42. RHOA and

RAC conjointly activate JNK, which stimulates Jun transcription factor dependent gene expression via phosphorylation.

Furthermore, RHOA, via ROCK, and CDC42 stimulate actin cytoskeleton remodelling.

Wnt ligand binding by the receptor complex induces conformational changes of the receptor complex and phosphorylation

of target proteins as intracellular signalling pathways are initiated. These signalling pathways can broadly be classified

into the canonical Wnt/β-catenin and non-canonical β-catenin-independent signalling cascades. The activation of specific

pathways depends on, among various other factors, the exact identity of involved ligand and receptor isoforms, the

expression of which is under tight spatiotemporal control .

The canonical Wnt/β-catenin signalling cascade is initiated upon binding of Wnt to the Fz-LRP receptor complex (Figure

1a,b) . This subsequently leads to the inactivation of a multiprotein complex consisting of CK1α, GSK-3β, Axin, and

APC, which usually phosphorylates β-catenin, thus marking it for proteasomal degradation . Accumulating β-catenin

can now translocate to the nucleus where it associates with transcription factors from the TCF/Lef family  to activate

transcription of Wnt/β-catenin target genes with known roles in proliferation, fate specification and differentiation in

development as well as adult tissue homeostasis .

Initiation of the non-canonical Wnt/PCP (planar cell polarity) cascade requires Wnt binding to a Fz-Ror/Ryk receptor

complex (Figure 1c) . Intracellularly, this causes the activation of small GTPases RhoA, Rac, and Cdc42 ,

which subsequently activate the downstream kinases JNK and ROCK , which in turn regulate actin and microtubule

cytoskeletons. As such, the Wnt/PCP cascade plays a vital role in the control of cell/tissue polarity and cell migration .

The Wnt/Ca  cascade requires binding of Wnt ligand to Fz receptor, which intracellularly triggers G-protein coupled

signalling . This in turn activates phospholipase C (PLC) , which stimulates the release of Ca  from intracellular

stores via the signalling molecule inositol triphosphate (IP3) . The mobilised Ca  then stimulates the Ca -sensitive

protein kinases protein kinase C (PKC)  and Ca /Calmodulin-dependent protein kinase II (CaMKII) , as well as the

Ca  sensitive transcription factor NF-AT. Through these effector proteins the Wnt/Ca  cascade regulates many

processes, ranging from developmental cell fate determination, cell/tissue migration, cell differentiation, and inflammatory

response mediation .
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Wnt signalling can furthermore be modulated by a number of endogenous agonists and antagonists , which are

important for the fine-tuning of Wnt signalling-regulated processes. There are seven secreted antagonist families (the

Dickkopf proteins (Dkks), secreted Frizzled-related proteins (sFRPs), Wnt inhibitory factor 1 (WIF-1), Wise/SOST,

Cerberus, insulin-like growth factor binding protein 4 (IGFBP-4), Notum and four transmembrane Wnt antagonist families

(Shisa, Wnt-activated inhibitory factor 1 (Waif1/5T4), adenomatosis polyposis coli down-regulated 1 (APCDD1), and

Tiki1). They exert their function either by sequestering/inactivating secreted Wnt (e.g., WIF1, Cerberus, sFRP, Notum) or

by blocking/sequestering elements of receptor complexes (e.g., Dkk1, Wise/SOST, IGFBP-4). For example, Dkk1

sequesters LRP6, thus preventing its heterodimerisation with Fz8 to block canonical Wnt/β-catenin signalling . When

the Dkk1 co-receptor Kremen 2 (Krm2) is present, this additionally leads to the endocytosis of LRP5/6-Krm2-Dkk1

complexes . The related Dkk2, however, can act both as an activator and as an inhibitor of the Wnt/β-catenin cascade

, in the presence Krm2, Dkk2 functions as an LRP6 antagonist, while in its absence it functions as an activator.

Conversely, there are two families of secreted proteins that act purely as Wnt agonists: R-spondins (Rspo) and Norrin. R-

spondins stimulate canonical Wnt/β-catenin signalling by promoting the internalisation of the transmembrane E3 ubiquitin

ligase ZNRF3 that usually marks Fz and LRP6 for degradation ; this is mediated by the Rspo receptors Lgr4, Lgr5, and

Lgr6 . R-spondins can also stimulate Wnt/PCP signalling via a mechanism that requires Wnt5a-Fz7 signalling, Rspo3

binding to the four transmembrane proteoglycan syndecan 4, and syndecan 4-dependent endocytosis of the entire Wnt5a-

Fz7-Rspo3-syndecan 4 complex ; in contrast to the action of Dkk1/Krm2 on canonical Wnt/β-catenin signalling through

Fz8/LRP6, this internalisation was shown to be crucial for Wnt/PCP signal transduction. Finally, Norrin, although

structurally unrelated to Wnts, binds Fz4/LRP5 to activate Wnt/β-catenin signalling .

The Wnt cascades thus constitute a highly complex signalling network with a range of different functions and roles in

development, mature homeostasis, ageing, as well as disease. The remainder of this review will provide more detailed

insight into Wnt signalling in the brain with a focus on the deregulation of Wnt signalling in AD.

3. Wnt Signalling in the Brain

Wnt signalling plays an important role in various aspects of the brain, ranging from brain development to normal brain

function. Indeed, the gene expression of various Wnt and Fz receptor isoforms is subject to tight spatio-temporal control,

as has been reviewed in . Unsurprisingly, altered Wnt signalling strength can have detrimental effects on the brain, as

is for instance observed during ageing where reduced Wnt signalling is evident.

4. Wnt Signalling in AD

Given the connection between age-related cognitive decline and decreased Wnt signalling strength, it is perhaps

unsurprising that Wnt signalling pathways are also suppressed in AD given the strong connection between AD and its

biggest risk factor–age . Indeed, the majority of AD cases are detected at an advanced age (sporadic late onset AD

or LOAD) supporting the fact the AD is predominantly an age-related disorder of the brain. However, mutations in certain

genes result in early onset heritable/familial AD or FAD). While FAD is associated with mutations in amyloid precursor

protein (APP) or APP processing genes (PSEN1, PSEN2, encoding components of the γ-secretase complex), numerous

additional risk genes (including APOE, TREM2, and UNC5C) as well as environmental factors confer susceptibility to

LOAD. Genetic studies have been invaluable in shedding light on the multiple pathological mechanisms observed in AD,

as will be discussed below. In several cases where gene variants have been linked to AD, these genes also show

connections to Wnt signalling pathways.

Among the first pieces of evidence indicating that abnormal Wnt signalling could be involved in AD came from a study that

discovered a polymorphism in the GSK3β promoter, which increased its activity and conferred increased susceptibility to

LOAD  (given the known biological role of GSK-3β, increased activity reduces canonical Wnt signalling by promoting β-

catenin degradation). Further supporting the link between reduced canonical signalling and AD, a single nucleotide

polymorphism (Ile-1062 → Val) and a novel splice variant within the canonical Fz co-receptor encoding gene LRP6 were

also associated with LOAD; functionally, in HEK293T cells, both reduced canonical Wnt signalling . In addition,

LRP6 mRNA and protein levels were significantly decreased in human AD brains compared to controls  (for an

extensive review on the connection between LRP6 and AD the reader is referred to ). Another Wnt signalling

suppressing component in AD is the induced neuronal expression of the endogenous Wnt signalling antagonist DKK1 in

the brains of post-mortem AD patients as well as in AD mouse models . In fact, it was demonstrated that AD-

associated Aβ fibrils induce Dkk1 expression in acute mouse hippocampal slices within several hours . Importantly,

DKK1 is a ligand for LRP6 and exerts it action by removing LRP6 from functional canonical Fz-LRP6 receptor

heterodimers . Interestingly, the Dkk1 homologue Dkk2 was also significantly upregulated in various AD mouse models,
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specifically within the myeloid cell lineage that includes microglia and other immune cells . The protein clusterin also

participates in the Aβ-DKK1 pathway. From a purely genetic standpoint, the encoding gene CLU had previously been

identified as a major LOAD risk gene in genome wide association studies (GWAS), where various AD-linked single cell

nucleotide polymorphisms were found to be associated with AD .

ApoE is a regulator of lipid homeostasis predominantly produced by astrocytes within the CNS. By binding to ApoE

receptors on neurons, it transports cholesterol to neurons, which lack cholesterol producing capabilities. . However,

among the three existing polymorphic alleles ε2, ε3 and ε4, the APOE ε4 allele is found in ~40% of AD cases despite only

being represented in 13.7% of the general population, thus classifying it as a major AD risk gene . The nature of the

role of ApoE in AD is multifaceted and still not fully understood, but highlighted by increased Aβ binding and deposition in

APOE ε4 carriers . In addition, collective evidence suggests that ApoE also interacts with Wnt signalling pathways in an

AD-relevant manner: ApoE4-mediated Aβ pathology in the APP/PS1 AD mouse model required the expression of its

neuronal receptor LRP1 , which had previously been found to suppress Wnt3a-driven canonical Wnt signalling in HEK

cells by interacting with Fz1 . Furthermore, ApoE4 treatment in PC12 cells, more so than ApoE2 and ApoE3,

suppressed Wnt7a-stimulated canonical signalling .

Genetic variants of triggering receptor expressed on myeloid cells-2 (TREM2) have also been linked to increased

susceptibility to LOAD . Although relatively rare overall, carriers of the most common and best studied TREM2
variant (R47H) had a 2–4 fold increased risk for LOAD, which is in the same range as the APOE ε4 allele (minor allele

frequency is population dependent but reaches up to 0.63% in the Icelandic population ). Within the CNS, TREM2 is

predominantly expressed by microglia where it was shown to modulate canonical Wnt signalling to support microglial

survival and microgliosis, both of which are markedly impaired in Trem2  mice . These and other findings highlight the

importance of the CNS immune system in AD, the proper function of which requires canonical Wnt signalling.

In addition to genetic analyses of AD pathogenic mechanisms, dynamic gene expression changes associated with AD and

the resulting protein level changes are equally important for enabling our understanding of this disease. In a recent mass

spectrometry based proteomics study, protein level changes were assessed in the brains and cerebrospinal fluid of AD

patients and compared with control, prodromal, and mild cognitive impairment (MCI) cases . Indeed, Wnt signalling

related proteins were among those proteins exhibiting increased levels. These proteins included the Wnt ligands WNT5A,

WNT5B as well as the endogenous antagonists SFRP1 and FRZB (SFRP3). While elevated SFRP1 and FRZB levels

would be consistent with a reduced Wnt signalling tone, increased presence of WNT5A and WNT5B may reflect a

pathological shift from canonical to non-canonical signalling that reduces synapse stability due to increased actin

cytoskeleton dynamics . In further support of a reduced Wnt signalling tone in AD brains, the phosphoproteome

(phosphorylation status of proteins within the proteome) revealed significant phosphorylation increases of GSK-3β target

proteins, which is indicative of increased GSK-3β activity and reduced canonical Wnt signalling strength . These

findings are corroborated by a further proteomics study, which reported that canonical Wnt signalling was dysregulated in

specific human AD brain regions versus control . The hippocampus for instance exhibited 17 differentially expressed

Wnt signalling related proteins, including GSK-3β, GSK-3α, and AKT3, which were all downregulated, as well as the DKK

homologue DKK3, which was upregulated. While the role of DKK3 as an agonist or antagonist of Wnt signalling is context

dependent , the downregulation of GSK-3β, GSK-3α, and AKT3 would be expected to result in increased β-catenin

stability and hence canonical Wnt signalling. This would be incompatible with the widespread notion that a reduction of

canonical Wnt signalling contributes to AD pathology.

These findings notwithstanding, Wnt signalling dysregulation has been found to be a prominent feature in AD and further

studies are needed to fully understand all the aspects involved. (Figure 2).
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Figure 2. Wnt signalling in AD. Dysregulated Wnt signalling may contribute to various pathological manifestation of AD,

including Aβ pathology, Tau pathology, neuronal pathology, synapse pathology, microglial pathology/neuroinflammation, as

well as BBB pathology. Known or hypothesised (indicated by ‘?') changes in Wnt signalling associated with each

manifestation are indicated (based on published literature). ↑ and ↓ indicate increased and decreased Wnt signalling

respectively. Created with Biorender.com.
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