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Thesis Abstract 

 

Sporadic Alzheimer’s disease (AD) is the most prevalent form of dementia in Australia and 
worldwide. Studies on the Familial form of AD have identified many of the molecular 
participants in the pathophysiology of AD; included in these is the Amyloid-β (Aβ) Precursor 
Protein (APP), which undergoes proteolytic processing to yield one of the pathological 
hallmarks of AD, Aβ. Another major hallmark of AD is hyper-phosphorylated, oligomerised Tau 
protein, which aggregates into Paired Helical Filaments (PHFs), which are then liable to form 
Neurofibrillary Tangles (NFTs). In this Thesis, we aimed to interrogate potential links between 
these two major contributors to AD in order to untangle the disease process.  

In order to extricate this pathological cascade, we consulted some of the risk factors 
associated with AD. Among some others, AD risk is heightened by impaired folate metabolism 
and elevated plasma homocysteine levels; these two conditions may arise through inadequate 
dietary consumption of folate and associated micronutrients, or genetic impairments in the 
processing of folate and methyl groups referred to as “One-Carbon Metabolism”. A major 
intracellular signalling mediator which is dependent on the proper cycling of one-carbon 
groups is the enzymatic family known as Protein Phosphatase 2A (PP2A). Methylated PP2A 
is widely recognised as the major Tau phosphatase, and deregulated PP2A enzymes have 
been found to co-exist in AD pathology with hyperphosphorylated Tau and degenerated brain 
regions most affected in AD. In vivo models of One-Carbon metabolism also show that Tau 
phosphorylation is also significantly elevated in the brain. In this study, we used the same 
model, mice with genetic deficiencies in the 5,10-methylenetetrahydrofolate reductase 
(MTHFR) enzyme, which were fed a normal folate or folate-deficient diet. We were able to 
show that the regulation of APP expression and post-translational modification is altered in 
major substructures on the brain, which helps affirm the link between a risk factor for AD 
(impaired folate metabolism), existing evidence for this risk in AD showing that PP2A and Tau 
are dysregulated in this model, and the perturbation of APP regulation. 

Since it is evidently a major enzyme deregulated in AD, we endeavoured here to tease apart 
how PP2A can be precisely controlled by post-translational modification in neurons. The two 
major post-translational modifications of PP2A are leucine methylation and tyrosine 
phosphorylation of the catalytic subunit.  

Currently, the only known source of the control of PP2A methylation arises from dietary supply 
of methyl groups, or One-Carbon metabolism, as briefly described above. Some groups have 
presented evidence suggesting that activation of cAMP signalling in non-neuronal cells affect 
the activity state of PP2A, while others show similar evidence for changes in PP2A methylation 
with the initiation of cAMP signalling. We thus deemed it necessary to delineate a more precise 
understanding of if, and how cAMP signalling affects PP2A methylation in neurons. To do this, 
we specifically investigated the activity and kinase targeting of cAMP-dependent protein 
kinase A (PKA) in cultured N2a cells. Indeed, we were able to show that activation of PKA 
with the cAMP-generating drug Forskolin led to time-sensitive demethylation of PP2A. We 
also observed that overexpression of the catalytic subunit of PP2A (PP2Ac) reduced the PKA-
targeted phosphorylation sites of Tau and the transcription factor CREB, which is heavily 
involved in learning and memory consolidation. We thereby demonstrate a novel mode of 
PP2A regulation with direct consequences for both AD pathogenesis and regulation of learning 
and memory.   

PKA-mediated changes in PP2A methylation appeared to have such important consequences, 
so we also used the MTHFR- and folate-deficient mouse models described above to 



investigate a major neural target of PKA and PP2A, CREB. We observed an interesting array 
of effects of disturbed One-Carbon metabolism on CREB expression and phosphorylation, 
which is linked to its transcription factor activity state. In the cortex and midbrain regions of 
mice with genetic deficiency of the MTHFR enzyme, CREB expression was altered, and CREB 
activity was elevated in the midbrain of these mice. Hence, in this thesis, we demonstrate that 
disturbed One-Carbon metabolism, which is related to multiple AD risk factors, dysregulates 
both APP and CREB, both of which are implicated in the AD process. These are linked through 
previous results from our lab showing that PP2A methylation and Tau phosphorylation are 
concurrently affected by this model in the same way they are dysregulated in AD pathology.   

In contrast to methylation of the catalytic subunit, tyrosine phosphorylation of PP2Ac was first 
reported to catalytically inactivate the enzyme. Unfortunately, these results have never been 
corroborated in vivo using independent methodologies. Since tyrosine phosphorylated PP2A 
has been reported to accumulate in close proximity to dystrophic neurites in AD, we deemed 
it important to substantiate the nature of PP2A tyrosine phosphorylation. If we could confirm 
that PP2A tyrosine phosphorylation and inactivation occurs in neurons, this may elucidate 
novel neurotoxic cascades in AD. In two distinct cell lines, we were able to show that the non-
receptor tyrosine kinase, Src indeed phosphorylates PP2A, but at two previously unidentified   
tyrosine sites. We also demonstrate that phosphorylation of one of these sites can impair the 
Tau phosphatase activity of PP2A in N2a cells.   

In the following body of work, we explore the importance of post-translational modifications of 
PP2A in the context of AD pathogenesis. Using cellular, in vivo and ex vivo techniques, we 
use this enzyme to navigate the role of dietary and genetic disturbances in the regulation of 
major proteins disturbed in AD, specifically Tau, APP and CREB. The novel findings we 
present provide the foundation for future study in the dysregulation of PP2A in memory 
disturbances and neurotoxicity in the molecular course of AD.  
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1.1 Alzheimer’s disease, a major neurodegenerative disorder 
Alzheimer’s disease (AD) is the most common form of dementia, and is characterized by an 

irreversible and progressive loss of neurons and connectivity. AD manifests clinically through 

a corresponding memory impairment with insidious onset and progressively worsening 

symptoms. Affected areas include medial temporal regions of the brain – including the 

amygdala and entorhinal cortex – and substructures of the hippocampus, the subiculum and 

cornu ammonis field 1 (CA1) [1]. Patients may also present with non-amnestic AD, with 

symptoms typically manifesting as impairments in language, visuospatial and executive 

function. This is likely due to atypical AD neuropathology which may spare the hippocampus 

or predominantly affect the limbic regions [2].  

There are two forms of Alzheimer’s disease, late onset/sporadic AD, which accounts for the 

vast majority of cases, and early onset/familial AD. Mutations in the transmembrane Amyloid 

precursor protein (APP) and the Presenilin-1 complex (PSEN1 [3-5]) have been linked to rare, 

early onset AD or Familial AD. Sporadic AD has no genetic cause, but several risk factors 

have been identified. Advanced age is by far the primary risk factor. Other risk factors include: 

Modifiable lifestyle or behavioural factors (e.g. a lack of physical activity and poor nutrition [6]); 

a medical history of certain diseases such as hypertension, diabetes, or brain trauma [7-10]; 

and genetic or age-related physiological changes (e.g. alterations in folate and homocysteine 

metabolisms (Fig. 1.1). These risk factors, though independent, are not mutually exclusive 

and can sometimes exist as co-morbidities.  
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Conversely, the use of certain medications such as non-steroidal anti-inflammatory drugs 

(NSAIDs), hormone therapy and statins have been linked to a decreased risk of Alzheimer’s 

disease [11-13]. Similarly, lifestyle factors such as the consumption of a Mediterranean diet or 

high cognitive activity through a high level of education are also associated with reduced risk 

of AD [6, 14, 15]. 

The neuropathological hallmarks of AD can be confirmed only by examination of post-mortem 

brain tissue. First, staining of brain tissue reveals a high density of senile or mature β-Amyloid 

(Aβ) plaques in AD-affected regions. These dense-core, neuritic plaques are composed of 

extracellular deposits of Aβ resulting from aberrant processing of APP. The second major 

neuropathological hallmark of AD is the presence in affected brain regions of intracellular 

filamentous lesions called neurofibrillary tangles (NFTs). These contain highly phosphorylated 

Tau proteins [1]. Tau-positive neuropil threads and dystrophic neurites, which are associated 

with Aβ-containing neuritic plaques, are also a widespread and characteristic lesion of AD.  

The deregulation of Tau is thought to be a key mediator of Aβ-induced neurotoxic cascades, 

resulting in synaptic failure, and ultimately neuronal death In AD, there is also decreased brain 

volume, which is largely attributed to neuron death due to loss of functional connectivity of 

synapses [16]. This is likely mediated by Tau dysfunction, resulting in cytoskeletal deregulation 

and perturbed energetics in axonal and dendritic compartments of neurons.  

 

Figure 1.1 Risk factors for sporadic AD. While no definite cause of Alzheimer’s disease has been 
determined, several factors have been reported to increase the risk of onset of AD. Of particular 
relevance to our project is the role of alterations in homocysteine and folate metabolism. 
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1.2 Proteins implicated in the pathogenesis of Alzheimer’s disease 

1.2.1 The Amyloid Precursor Protein  
1.2.1.1 Regulation and Cellular Function 

APP is expressed at high levels in the brain. Of the eight isoforms generated through 

alternative splicing, the 695 amino acid isoform is the most commonly expressed in neurons, 

while the 751 and 770 amino acid isoforms are expressed in glia and in peripheral tissue [17]. 

Expression of APP is upregulated during neuronal differentiation and synaptogenesis, 

followed by steady-state expression at cellular senescence after full maturation, with minimum 

turnover [18-20]. 

APP maturation is differentiated by N-glycosylated or N-, O- glycosylated forms. N-

glycosylated APP, localises mainly to the endoplasmic reticulum after synthesis and is defined 

as immature APP [21]. Conversely, mature APP is both N- and O- glycosylated, which is 

necessary for the cell surface expression [22] and subsequent secretion of APP ([23, 24] Fig. 
1.2). Membrane-bound APP is proteolytically processed by either α or β secretase, followed 

by the γ-secretase complex, with the respective secreted APP fragment (sAPPα or sAPPβ) 

generated as a result (Fig. 1.2). Both membrane localisation and cleavage of APP require its 

N- and O- glycosylation [25]. Specific genetic mutations in the secretase components, β-

Amyloid Cleaving Enzyme (BACE-1) and PSEN-1 have been causally associated with familial 

AD (reviewed in [3]). The fragment of APP located within the β and γ secretase cleavage sites 

form the oligomer- and plaque-forming Aβ fragment.   

The α-processing of APP appears to protect against Aβ plaque formation [26] and Glycogen 

Synthase Kinase-3β (GSK-3β)-mediated Tau phosphorylation [27]. At the synapse, sAPPα 

stimulates pro-survival signalling cascades, de novo protein synthesis in synaptoneurosomes, 

and the enhancement of threshold frequencies that alter synaptic strength [28-30]. sAPPα 

promotes neuroprotection via G-protein initiated signalling mediated by Protein Kinase B / Akt 

[31]. Conversely, fibrillar Aβ may also bind to APP, leading to activation of GαO and subsequent 

neurotoxicity [32]. 

Less is understood about the synaptic role of sAPPβ, which is generated by amyloidogenic 

processing of APP [33]. sAPPβ interacts with Death Receptor 6, leading to axonal 

degeneration and neuronal death [34]. Recent evidence indicates that this interaction and 

subsequent axonal pruning may also be required for experience-dependent learning in the 

somatosensory cortex of mature animals [35].  



 

P a g e  6 | 199 

 

 

The APP Intracellular Domain (AICD), formed after γ-secretase cleavage of APP, binds to GαS, 

which stimulates adenylyl cyclase (AC) to synthesise cyclic adenosine monophosphate 

(cAMP); this second messenger binds to and activates cAMP-dependent protein kinase (PKA) 

and inhibits GSK-3β [37].  

 

1.2.1.2 Phosphorylation of APP at Threonine 668 alters protein-protein interactions 
and subcellular localisation 
APP is phosphorylated within its C-terminal intracellular domain– of particular interest at the 

Threonine 668 residue. Key kinases targeting mature APP in neurons are cyclin-dependent 

kinase 5 (cdk5) and GSK-3β [38-40]. Other kinases have been shown to phosphorylate 

immature APP at Thr668, including c-Jun N-terminal Kinase (JNK), under conditions of cellular 

stress [41, 42]. APP phosphorylation is thought to target the protein to the plasma membrane, 

including localisation to growth cones and neurite terminals [40, 43]. Neurotrophic growth 

factor (NGF) stimulates APP phosphorylation and redistribution in immature, developing 

 

Figure 1.2 Regulation of the Amyloid Precursor Protein. APP has multiple regions that can be 
post-translationally modified. Newly synthesised APP (immature, N-glycosylated APP) translocates 
to the plasma membrane after O-glycosylation. Here, proteolytic processing by α- or β-secretases 
causes the secretion of sAPPα and sAPPβ, respectively. β-secretase cleavage generates the 
intracellular C83 peptide fragment.  The α-cleavage of APP leads to C99/APP intracellular domain 
peptide fragments (AICD). Following α- or β-cleavage of APP, γ-secretase cleaves APP in the 
transmembrane domain, which can lead to Aβ production after β-secretase cleavage of APP. 
Adapted from Plumber, et. al., 2016 [36]. 
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neurons, but also impairs APP phosphorylation in mature neurons [44].This suggests that 

APP-Thr668 phosphorylation has different functions throughout the course of cellular 

development. The phosphorylation of Thr668 may also serve to stabilise APP at the plasma 

membrane [45], where it can be processed proteolytically by α- and β-secretase complexes.   

Phosphorylation of Thr668 reduces APP binding to Tropomyosin receptor kinase A (TrkA), a 

high-affinity receptor for NGF in neurons and other tissues. The APP-TrkA interaction has 

been demonstrated to reduce Aβ generation by facilitating APP transport to the Golgi 

apparatus [44]. Therefore, phosphorylation of APP at this side contributes to Aβ generation by 

maintaining APP localisation to the membrane. APP phosphorylation also prevents the 

neurotoxic caspase-3 and caspase-8 mediated cleavage of APP [46, 47]. Similarly, Peptidyl-

prolyl cis-trans isomerase NIMA-interacting 1 (Pin1) binds APP-pThr668-Pro669, restoring 

APP turnover at the plasma membrane, thereby preventing Aβ secretion [45, 48]. Through 

regulating the interactions of APP with other proteins in the cell, the phosphorylation of Thr668 

appears to be a central feature in the regulation of APP.  

The γ-secretase C-terminal fragment (CTF) of APP binds to the Fe65 protein, and histone 

acetyltransferase Tip60 (KAT5 in humans), in complexes known as nuclear spheres (Fig. 1.3 
[49, 50]). These complexes then translocate to the nucleus, where they regulate gene 

expression and impair Aβ generation [21, 49]. Thr668 phosphorylation causes a 

conformational change in the cytoplasmic tail of APP, preventing its interaction with Fe65 

interaction and nuclear sphere generation (Fig. 1.3 [21, 50]), thereby maintaining the 

membrane localisation of APP, and facilitating β-secretase cleavage.   
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Figure 1.3 APP Thr668 phosphorylation contributes to Aβ formation and intracellular 
signalling. The phosphorylation of APP can lead to increased β-cleavage and subsequent 
Aβ secretion by neurons. APP phosphorylation can therefore potentially lead to Aβ 
deposition. Non-Thr668-phosphorylated APP can associate with Fe65 proteins and 
translocate to the nucleus to regulate gene transcription in neurons. This interaction is 
prevented by Thr668 phosphorylation and thereby alters gene expression patterns in 
neurons.  

 

1.2.1.3 APP phosphorylation has been linked to AD 

Given the importance of phosphorylation in regulating protein-protein interactions, subcellular 

localisation and proteolytic processing of APP, a role in AD seems likely. Indeed, pThr668-

APP species have been isolated from AD brain tissue [51]. They are associated with senile 

plaques and neurofibrillary tangles in AD [52]. Immunohistochemical analyses have also 

identified pThr668-APP in the dentate gyrus and the entorhinal cortex [53], two areas 

implicated in the degenerative process of AD. The link between APP phosphorylation, AD 

markers and neurodegeneration has been confirmed in many cellular and animal models of 

AD in a majority of published studies [42, 44, 54, 55]. However, it is worth mentioning that 

some authors, have rather suggested that the phosphorylation of APP at Thr668 is not related 

to Aβ plaques. This conclusion was based on studies showing that changes in both secreted 

fragments of APP (sAPPα/β), or insoluble Aβ were undetectable in mice expressing the APP 

with T668A mutation, preventing its phosphorylation. Moreover, the authors were unable to 

distinguish any difference in Aβ load in mice bearing the T668A mutation, relative to their WT 

counterparts [56]. These discrepancies could be explained by another report indicating that 

both dephospho- (T668A) and phospho-mimicking (T668E) mutations impair APP protein 

interactions, so that the conformational changes induced by the T668A point mutation are 

likely responsible for its apparent lack of effect on Aβ generation [21].  
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1.2.2 The microtubule-associated protein Tau is a key player in AD pathology  

1.2.2.1 Structure and Function of Tau 
Tau was first identified in neurons as a microtubule-associated protein essential for tubulin 

polymerisation [57]. There are six Tau isoforms, owing to alternative splicing of N-terminal 

exons 2, 6 and 10 (0N, 1N, 2N Tau) and the expression of three-repeat (3R) or four-repeat 

(4R) Tau, referring to the number of C-terminal microtubule binding (MTB) repeat domains 

(Fig. 1.4 [58]). Tau exists as an unfolded protein, with a lack of any substantial secondary 

structure [59]; however, the microtubule binding repeats form the basis of nuclei for 

aggregation in AD [60, 61]. The neurofibrillary tangles (NFTs) observed in AD are comprised 

of Tau aggregates with a characteristic Paired Helical Filament (PHF) structure [62]. 

 

The localisation of Tau within neurons is highly dynamic and regulated, and closely linked to 

its functional specificity. During development, Tau is evenly distributed in the soma and 

developing neurites, and is primarily localised in the axonal compartment in mature neurons 

[64, 65]. Notably, 4R Tau is not expressed embryonically or during neurodevelopment, but 

binds tubulin with a higher affinity [66-68]. 

 

Figure 1.4. Schematic diagram of Tau structure, function and dysfunction. The microtubule-
associated protein Tau, encoded by the MAPT gene, contains multiple regions implicated in its 
regulation and function. These include N-terminal alternatively spliced regions in several exons of 
the MAPT gene, proline-rich PXXP motifs important for protein-protein interactions, and microtubule 
binding repeat domains that give rise to juvenile, 3-repeat (3R) Tau, mainly expressed in 
development or Adult 4-repeat (4R-) Tau (represented). Tau function can also be directed by site-
specific phosphorylation. Phosphorylation regulates microtubule binding activity of Tau and the tau-
mediated regulation of cytoskeletal dynamics, neuritogenesis and motor proteins involved in axonal 
transport. Excessive phosphorylation of Tau at specific epitopes can lead to microtubule 
destabilisation and pTau aggregation, facilitating the formation of characteristic PHFs and NFTs of 
AD. Adapted from Goedert, 2004 [63] 
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Tau is critical to the establishment of neuronal polarity [69], the development and maintenance 

of axons [70] and neuronal growth and differentiation [71, 72]. Tau participates in the 

morphology and dynamics of the filamentous actin network known as the lamellipodium, 

largely by modulating its volume [71] (for more information, see attached review in Appendix 

[73]). Additionally, Tau plays a central role in regulating axonal transport [74, 75]. Neurons 

have, specialised mechanisms at the Axon Initial Segment to maintain anterograde transport 

of Tau, which facilitates axonal extension [76].  The retrograde transport of Tau back to the 

somatodendritic compartment is prevented by a diffusion barrier consisting of intact 

microtubule networks, and is degraded by site-specific Tau phosphorylation [76]. This is in 

contrast to the functionally related Microtubule-associated protein 2 (MAP2) protein, which is 

primarily located in the somatodendritic compartment and rarely observed in the axon [64]. 

Consequently, Tau is critical in maintaining axonal health. The relatively minor pool of Tau 

localised to dendritic spines appears to also be highly important in neuron function, through 

roles in synaptic plasticity and intracellular signalling (discussed below).  

1.2.2.2 Phosphorylation of Tau: more than just an agent of disease 

Tau distribution and function are essentially informed by site-specific phosphorylation (Figure 
1.3). What is being increasingly recognised is the importance of Tau in the intracellular 

signalling process of neurons. While Tau is primarily localised in the axonal compartment [72, 

77], the protein-protein interactions and site-directed phosphorylation of Tau in the plasma 

membrane and microdomains of the plasma membranes in dendrites appear to be equally as 

important as the canonical functions of Tau. 

Adult 4R-Tau has 85 putative sites for phosphorylation -mostly Ser/Thr, and some Tyr 

residues- many of which have been experimentally validated (Table 1.1 [78, 79]). There are 

several sites of phosphorylation of Tau which are of high significance in the AD process and 

are mediated by some of the kinases depicted in Table 1.1. These sites of phosphorylation 

have been well-studied and have been extensively validated (Table 1.2). Some of these 

phospho-epitopes are generated by dual-site phosphorylation, with contribution by more than 

one kinase, often after priming by one. Some notable phospho-epitopes include PHF-1 and 

the AT8 sites (Table 1.2).  

  



 

P a g e  11 | 199 

 

 

Table 1.1 Notable Tau kinases and their functional importance in neurons. The major Tau kinases 
contributing to PHF formation are the proline-directed protein kinases cdk5 and GSK-3β. The other 
Ser/Thr protein kinase of interest is PKA, whose role in Tau regulation is comparatively unclear. 
Tyrosine phosphorylation of Tau by Abl and Src-family non-receptor tyrosine kinases (especially Fyn 
and Src) have garnered a heightened interest recently due to their regulation of non-microtubule binding 
activities of Tau in neurons. Bold lettering indicates major/primary sites for Tau phosphorylation by 
respective kinases.    

  

Kinase Target site(s) Functional significance Refs. 
Cyclin-dependent 
Kinase 5 (cdk5)  

Ser199, Ser202, 
Thr205, Thr212, 
Thr231, Thr235, 

Ser404 

• Primes Tau for GSK-3β 
phosphorylation.  

• Promotes Tau aggregation 
and neurotoxicity. 

• Regulates Pin1-Tau 
interaction 

[80-83] 

p38 MAPK family Ser199,202,Thr205, 
Thr231 

• p38α/β: Promoted Tau 
aggregation & 
neurotoxicity 

• p38γ: Impairs formation of 
Tau-Fyn-PSD95 complex 

• p38γ: Protects against 
Tau-mediated NMDAR-
induced seizures 

[84-86] 

Cyclic-AMP-
dependent protein 
kinase (PKA)  

Thr212, Ser214, 
Thr217, Ser262, 
Ser404, Ser409, 

Ser413 

• Regulates Tau association 
to microtubules. 

• Primes Tau for GSK-3β 
phosphorylation 

[83, 
87-89] 

Glycogen synthase 
kinase 3β (GSK-3β) 

Thr181, Ser199, 
Ser202, Thr205, 

Thr212, 
Ser214,Thr217, 
Thr231, Ser262, 
Ser396, Ser404, 
Ser409, Ser413 

• Contributes to AD PHF 
formation.  

• Regulates Tau in synaptic 
plasticity. Modulates Tau 
association to 
microtubules. 

[83, 
90-93] 

Abl Tyr394 • Found in PHFs and foetal 
brain.  

• May affect Ser396 
phosphorylation by GSK-
3β. 

[94, 
95] 

Fyn, Src Tyr18, Tyr197* 
* Validated as a 
Fyn substrate only 

• Found in PHFs and NFTs, 
and developing neurites. 

• Facilitates Fyn-Tau binding 
• Regulation of Fyn-

mediated NMDAR 
excitotoxicity. 

[96-99] 
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Table 1.2 Common Tau phospho-epitopes and the functional implications of 
phosphorylation at these sites. 
A small fraction of neuronal Tau is phosphorylated on tyrosine residues. Tyr18 

phosphorylation is largely mediated by Src-family non-receptor tyrosine kinases (SFKs) Fyn 

and Src [96, 97, 99]. The association of these kinases with Tau is mediated mainly through 

their kinase Src-Homology 3 (SH3) domains, which interacts with proline-rich PXXP motifs of 

Tau (Fig. 1.3), but also to a smaller extent, through their SH2 domain [111, 112]. Importantly, 

binding to SH3-Fyn regulates Tau localisation to the plasma membrane. Tau plasma 

membrane association and interaction with Fyn are both impaired by phosphorylation at the 

PHF-1 (pSer396/404; Table 1.2) and AT8 (Ser199/202 + Thr205; Table 1.2) phosphoepitopes 

[113-115]. Interestingly, the phosphorylation at Tyr18 also impairs its interaction with SH3-Fyn 

and plasma membrane targeting, while enhancing binding to SH2-Fyn [112]. Fyn-tau protein-

protein interactions play an important role in modulating excitatory synaptic function, while 

being independent from the microtubule binding function of Tau [111].  

The proline-directed protein kinases (PDPKS) that regulate Tau appear to have similar roles 

in determining Tau function. GSK-3β, cdk5 and p38α MAP Kinase all contribute to Tau 

aggregation through phosphorylation of sites such as PHF1, AT8 and AT180 (Tables 1.2, 1.3 

[85, 109, 116-118]), leading to neurotoxicity. Conversely, recent evidence also shows a 

protective role of Tau phosphorylation in mouse models of AD, with p38γ phosphorylating Tau 

at Thr205 and preventing the formation of a Tau-Fyn-PSD95 complex at the post-synaptic 

   Epitope Phosphorylation 
site 

Functional consequences Selected 
References 

AT8 Ser199/202 
+ Thr205 

• Microtubule (MT) dissociation of 
Tau 

• Implicated in neuro-development 
• Involved in neurite outgrowth 
• Increased during mitosis 
• Structural plasticity of neurons 

[100, 101] [102] 

AT100 Thr212 + Ser214 • MT Dissociation 
• Nuclear localisation in cellular 

aging 

[103, 104] 

AT180 Thr231 • MT Dissociation 
• Targeting of Pin1 prolyl-

isomerase to Tau 
• Implicated in neuro-development 
• Structural plasticity of neurons 

[105-107] 

CP13 Ser202 • Enriched in pre-tangle Tau 
• Structural plasticity of neurons 

[108] 

PHF1 Ser396/404 • Highly enriched in Alzheimer 
PHFs 

• Essential for synaptic plasticity 
• Structural plasticity of neurons 

[105, 109, 110] 
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density which mediates excitotoxic stimulation of neurons by Aβ [84]. A major non-PDPK 

targeting Tau is PKA, which plays a substantial role in determining the binding of Tau to 

microtubules and interactions with other kinases by phosphorylation [87-89, 119]. 

1.2.2.3 The role of Tau in neuronal plasticity 

Tau distribution in neurons is regulated by a number of mechanisms. For example, Tau mRNA 

localises to axonal ribosomes via a 3’-untranslated region (UTR) within Tau mRNA and 

subsequently protein synthesis occurs within the axon [120]. The epitope-specific 

phosphorylation of Tau (Table 1.2) and other cellular mechanisms of partitioning, such as 

axonal diffusion barriers and proteosomal degradation of Tau, help to restrict its localisation 

to the axon [76, 121]. 

Various biological models have helped to establish an essential role for Tau in the initiation 

and outgrowth of neurite-like processes (the precursors to mature axons and dendrites). 

Neurite outgrowth is a functional form of neural plasticity and an established model for the 

study of neurodegenerative mechanisms. In neuroblastoma cells, AT8-phosphorylation of Tau 

is increased following cAMP-mediated neuritogenesis, and overexpression of Tau enhances 

neurite outgrowth [102]. AT8 phosphorylation results in microtubule dissociation of Tau, 

reducing the stability of microtubules, thereby potentially facilitating microtubule reorganisation 

and extension. Furthermore, in bovine chromaffin cells, insulin-mediated neurite outgrowth 

involves increased Tau expression [122]. This indicates that both total and phosphorylation 

levels of Tau are involved in neurite outgrowth.  

Long-term changes in synaptic strength and responsiveness have also been linked to Tau 

function. GSK-3β mediated Tau phosphorylation at Ser-396 is essential for induction of N-

methyl-D-aspartate receptor (NMDAR)-mediated down-scaling of synaptic transmission in the 

hippocampus, also known as long-term depression, LTD, [123]. In demonstrating a role for 

Tau in LTD, genetic Tau knock-down led to impairments in α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid-sensitive (AMPA) glutamate receptor internalization. In another recent 

study, basal synaptic transmission in the mossy fibre tract of the hippocampus was also 

compromised in Tau knockout mice, as well as transgenic mice expressing a mutant Tau 

protein that leads to Tau aggregation and mis-sorting in the CA3 region of the hippocampus 

[124]. Moreover, formation of Tau oligomers was found to induce pre- and postsynaptic 

structural defects by affecting synaptic vesicle density and synaptic bouton morphology; also 

altering calcium influx dynamics, resulting in disturbed regulation of synaptic plasticity [124]. 

Thus, deregulation of Tau in dendrites, despite being a primarily axonal-localised protein, can 

have far reaching consequences for synapses by promoting their deterioration.  
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There are other documented forms of neuronal plasticity describing functional and structural 

changes to neurons associated with characteristic patterns of Tau phosphorylation. Reversible 

AD-like Tau phosphorylation at multiple epitopes has been observed in diabetic mice [125]. 

Likewise, a reversible increase in Tau phosphorylation at the AT8, PHF-1, CP13 and AT180 

phosphoepitopes (Table 1.2) has been observed in hypothermic and anaesthetised mice 

[126]. Phosphorylation at these sites led to impaired microtubule binding of Tau and cognitive 

impairment upon mouse arousal. Similarly, in hibernating ground squirrels, highly 

phosphorylated Tau becomes miss-sorted from its primary axonal localization and 

redistributed into the neuronal soma and dendrites. This adaptive process leads to changes 

in neural plasticity, specifically the retraction of mossy fibres from hippocampal CA3 synapses; 

it is rapidly reversed upon animal arousal [127]. A recent study of Tau in the pyramidal cells 

of the CA3 hippocampal region of hibernating Hamsters has also given novel insights into its 

differential physiological roles in apical and basal dendrites [128]. Enrichment of 

phosphorylated Tau in apical dendrites is correlated with a transient reduction in the size of 

dendritic spines, but this is not the case in basal dendrites. Unexpectedly, this structural 

synaptic regression was not correlated with hippocampal memory deficits.  

Tau deficiency has previously been associated with behavioural and motor deficits such as 

hyperactivity, muscle weakness and impairment in fear conditioning tests [80, 129]. However, 

other evidence suggests Tau reduction prevents seizures, increases inhibitory currents and 

normalizes excitation/inhibition balance and NMDAR currents in transgenic mouse models of 

AD overexpressing human APP [130]. Moreover, more recent and advanced genome editing 

techniques have assisted in a nuanced understanding of the role of Tau in neuronal responses 

to Aβ insults. For example, the ΔTau74 truncation in which mice express only the projection 

domain of Tau prevent Aβ-induced excitotoxicity in vivo [131]. Similarly, the recent TauΔex1 

model involves a deletion of the major part of the first exon of the MAPT gene and abolishes 

the expression of Tau also show reduced seizure susceptibility with no impairments in learning 

and memory formation [132]. Thus, we may conclude that Tau is both important in mediating 

some forms of neuronal plasticity, and simultaneously facilitating toxic aberrations in neuronal 

plasticity, including hyperexcitability and excitotoxicity.  

1.2.4 Tau pathology and Tauopathies 

There are a subset of neuropathologies which involve the toxic accumulation and dysfunction 

of Tau, known collectively as Tauopathies. These include Pick’s disease, Corticobasal 

Degeneration (CBD) and Frontotemporal dementia (FTD, [133]). Mutations in the MAPT gene 

encoding Tau have been identified in FTD-linked to chromosome 17 (FTD-17), and are 

attributable to nearly one-third of genetic FTD [134]. Disease-related mutations in Tau lead to 

energetic deficits at the synapse due to disturbances in cytoskeletal-dependent transport [135, 
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136] and reduced number of axonal mitochondria [137-139]. In contrast to FTD, genetic Tau 

mutations have not been found in AD. While there are no known genetic links between Tau 

and AD, studies of transgenic models bearing FTD-related familial P301L mutation [140-143] 

continue to provide valuable insights into the role of Tau dysfunction in FTD, but also in AD. 

Indeed, these genetic models allow us to dissect and understand the direct effects of Tau 

deregulation on neuronal homeostasis, independently of the effects of Aβ pathology 

associated with APP models of AD.    

In AD, Tau becomes phosphorylated at a rate that is at least three times higher than that under 

physiological conditions. Current literature suggests that elevated site-directed 

phosphorylation, rather than gross hyperphosphorylation of Tau, is the driving force behind 

Tau-mediated microtubule instability [144] and neurodegeneration in AD [145]. For example, 

phosphorylation at Ser/Thr-Pro sites has been implicated in Tau neurotoxicity in a Drosophila 

model [146]. Some phosphorylation sites of Tau, such as PHF1 are well-documented to occur 

in Tau pathology, especially in AD [108, 110], while other sites have different functional 

implications, such as Thr231, determining Tau as a substrate for Pin1 [82]. Significantly, the 

mislocalisation, abnormally elevated phosphorylation of Tau, destruction of microtubules and 

dendritic spines and subsequent neuron dysfunction are hypothesised to be all consequences 

of Aβ exposure [147].   

1.2.5 Neurotoxicity in AD is mediated by Tau 

Tau pathology can lead to cognitive impairment and deficits in the structural and functional 

integrity of neurons. This can occur in models without Aβ pathology [124, 148]. Human studies 

of sizeable cohorts (n > 2000) have demonstrated that Tau pathology can be observed in 

individuals up to 20 years before any sign of Aβ pathology becomes visible [149]. Increasing 

levels of Tau through overexpression sensitises neurons to transport deficits; this leads to a 

lack of mitochondria at the synapse, resulting in oxidative stress and energy deficits, impairing 

neurite outgrowth [150]. 

Tau is required for Aβ-induced deficits in axonal transport [137] that ultimately culminate in 

disturbing dendritic spine dynamics [151]. Introducing human-derived Aβ into animal models 

is sufficient to induce LTD and NMDAR-dependent dendritic spine loss [152]. However, the 

neuronal hyperexcitabiliy and excitotoxicity induced by Aβ pathology in rodent models is 

abrogated when the animals do not express Tau [130, 153], further indicating that Tau is 

essential for Aβ-mediated dendritic alterations. These data provide a basis for the hypothesis 

that Aβ drives Tau dysfunction through synaptic mechanisms.  

Primary neuron exposure to toxic oligomeric Aβ also induces a redistribution of Tau to the 

soma and dendrites, impaired transport of organelles and marked microtubule loss [139]. The 
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interaction between Fyn and Tau, and the localisation of Fyn at excitatory synapses are 

essential for the synaptotoxic effects of Aβ. The expression of a truncated form of Tau lacking 

MBDs or Tau-knock-down models prevent the interaction between Fyn and NMDARs, thereby 

avoiding Aβ-mediated hyperexcitability in vivo [131]. Thus, Tau plays a key role in mediating 

the neurotoxicity and inducing intracellular signalling pathways that promote 

neurodegeneration. There is currently strong support for the “Tau axis hypothesis of AD” 

(outlined in [154]), wherein Aβ and p-Tau converge to produce multiple neurotoxic effects, 

including deficits in axonal transport, damage to the neuronal cytoskeleton [139], and oxidative 

stress induced through mitochondrial dysfunction [137].  

Since phosphorylation of Tau plays such a critical role in mediating many toxic events 

observed in AD, the regulation of p-Tau is of particular interest. Like other cellular 

phosphoproteins, the phosphorylation state of Tau depends on the concerted action of 

endogenous protein kinases and phosphatases. There are multiple protein kinases (Table 
1.1) and protein phosphatases regulating Tau [155, 156]. One major Ser/Thr phosphoprotein 

phosphatase in the brain, protein phosphatase 2A (PP2A), is also the main Tau phosphatase 

in neurons [157]. Our group has shown that PP2A expression and activity levels decrease in 

AD-affected brain regions (namely, the cortex and hippocampus) in a manner that correlates 

with the presence of pTau pathology [158, 159]. Based on the central role of PP2A in 

modulating pTau levels and its dysfunction in AD [160], we are especially interested in 

elucidating how exactly PP2A is regulated and how PP2A-Tau functional interactions can 

change in health and disease.  

1.3 A nuanced role for Protein phosphatase 2A in Alzheimer’s disease 
1.3.1 A brief introduction to the PP2A family 

In all cells, the balance of protein phosphorylation is determined by the action of kinases and 

phosphatases. The major protein Serine and Threonine phosphatase family known as PP2A 

comprises at least 96 distinct members that collectively contribute to the regulation of most 

cellular functions [161]. The typical PP2A enzyme exists as a heterotrimer consisting of a 

scaffolding subunit (A, PPP2R1A/B isoforms), a catalytic subunit (PP2Ac, PPP2CA/B 

isoforms) and one of many regulatory B-type (B, B’, B” or B’” families) subunits that are 

encoded by 15 different genes, with 23 regulatory subunits in total identified thus far. This 

dazzling complexity helps to inform PP2A enzyme substrate specificity, subcellular localisation 

and differential expression throughout tissues (reviewed in detail in [162]).  PP2A is also 

regulated by a plethora of endogenous and exogenous factors. For instance, inhibitory toxins 

such as okadaic acid, and endogenously expressed inhibitors such as I1PP2A and I2PP2A 

(also called “SET”), which bind to PP2A and impair its phosphatase activity [163]. Biological 

“activators” of PP2A have a range of mechanisms and selectivities for PP2A holoenzymes, 
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and are often classed accordingly. Some major “activators” of PP2A include quinolone, 

ceramides, memantine and sodium selenate. Those can either act directly on PP2A, indirectly 

inhibit endogenous PP2A inhibitors, or work in tandem with other activators through different 

mechanisms (reviewed in [164]). In most cases, though it is worth mentioning that the exact 

mechanisms underlying the modulation of PP2A activity by endogenous or exogenous 

activators remain to be fully revealed and validated.  

1.3.2 Fine-tuned control of PP2A complexes 

In addition to subunit composition, multiple post-translational modifications also modulate 

PP2A substrate specificity, subcellular compartmentalisation and interaction with a diversity 

of partners. Catalytic and regulatory-type subunits have been described to be post-

translationally modified. Importantly, post-translational modifications such as PP2Ac 

methylation are important in determining subunit composition and subcellular distribution of 

PP2A holoenzymes [165].In addition, phosphorylation of certain PP2A subunits has been 

reported to modulate holoenzyme phosphatase activity, as detailed below.  

1.3.2.1 Post-translational modifications in PP2A subunits critically regulate PP2A  

PP2A is reversibly methylated (Fig. 1.5) at the C-terminal Leucine-309 of the catalytic subunit, 

by the dedicated Leucine Carboxyl Methyltransferase 1 enzyme (LCMT-1, [166, 167]). 

Conversely, Protein Phosphatase Methylesterase 1 (PME-1) demethylates PP2Ac. PME-1 

also binds to and inactivates PP2A by an independent mechanism [168]. Notably, PP2Ac 

methylation also critically modulates the binding of the PP2A chaperone protein, α4 and Target 

of rapamycin signalling pathway regulator (TIPRL), which plays a role in recycling mature 

PP2A complexes [169]. 

PP2Ac methylation informs the formation of specific heterotrimeric holoenzymes through 

regulatory subunit binding. It has been shown to promote B-family (including Bα) subunit 

recruitment to the core (AC) enzyme (Fig. 1.5), while having no significant effect on assembly 

of holoenzymes containing other regulatory B’-type subunits [170]. Thus, methylation of 

PP2Ac can significantly influence the biogenesis of (ABαC) holoenzymes and intracellular 

enzyme composition, thereby affecting PP2A substrate specificity and subcellular localisation 

[165, 171, 172]. However, the regulation and function of PP2A methylation in neurons is still 

not well understood. This will be explored in subsequent chapters of this thesis.  
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Besides methylation, PP2Ac has been reported to be Tyrosine phosphorylated by tyrosine 

kinases such as viral Src (v-Src), and non-receptor tyrosine kinases, including growth-factor 

and insulin-mediated signalling, resulting in its inactivation [173, 174]. In these landmark 

studies, it was noted that this phosphorylation is very transient and labile, based on 

observations that PP2A is capable of rapid intramolecular auto-dephosphorylation, leading to 

a restoration of activity. Moreover, tyrosine phosphatases such as Protein Tyrosine 

Phosphatase 1B (PTP1B) can dephosphorylate tyrosine-phosphorylated PP2Ac. Based on in 

vitro assays with purified PP2Ac, it was proposed that PP2A phosphorylation solely occurs at 

the Tyr307 (Y307) site. However, it is important to note that this has never been validated in 

vivo, or by using more advanced techniques like mass spectrometry approaches. Of particular, 

relevance to our project, increased levels of tyrosine phosphorylated PP2Ac have been 

identified in AD brain tissue, relative to normal controls. In these studies, immunohistochemical 

and confocal microscopy analyses with commercial pY307-PP2Ac antibodies indicated that 

tyrosine phosphorylated PP2Ac was associated with pre-tangle and tangle-bearing neurons 

[175]. Yet, the precise mechanisms of PP2Ac Tyrosine phosphorylation are yet to be fully 

characterised and will inform part of this Thesis (Chapter 6).  

The Thr304 residue of PP2Ac has also been reported to be phosphorylated in vitro by auto-

phosphorylation activated protein kinase [176, 177]. Phosphorylation of Thr304 has been 

linked to PP2A inactivation. It also modulates the association of PP2Ac with B-family 

members, but not other regulatory subunit types [178, 179]. Yet, the regulation and functional 

significance of Thr304 phosphorylation remains to be established in vivo. Lastly, like many 

other cellular proteins, PP2Ac is targeted for degradation by ubiquitination. It has been 

proposed that the targeting of PP2Ac by the E3 ubiquitin ligase Midline 1 (Mid1) determines 

the phosphorylation of many microtubule-associated proteins by influencing the levels of 

PP2A associated with the microtubule network [180]. The α4 subunit provides a scaffold for 

 

Figure 1.5 PP2A (ABαC) holoenzyme formation. The association of the B-family (especially 
Bα) regulatory subunits of PP2A with AC dimers is dependent on PP2Ac methylation at the L309 
residue by the methyltransferase, LCMT-1. Inactive PP2A can be found in complex with PME-1, 
which not only demethylates L309 through its function as a methylesterase, but also inactivates 
PP2Ac through displacement of manganese ions in the catalytic pocket.  
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the association between Mid1 and PP2Ac at microtubules [181]. Mid1 mono-ubiquitinates α4 

prior to a change in α4 conformation, which leads to Mid1-mediated PP2Ac ubiquitination, 

inactivation and degradation [182]. This represents one example of the fine-tuned control of 

PP2Ac levels and activity in cells.  

1.3.2.2 Modifications in A and B-type subunits can also influence PP2A regulation  

B’-subunit family members have also been reported to be phosphorylated at several sites. Of 

relevance to the CNS, activation of cAMP/PKA signalling promotes the phosphorylation of the 

B56δ subunit at Ser566; this promotes PP2A activation and subsequent dephosphorylation of 

DARP-32 at Thr75, which coordinates the efficacy of dopaminergic neurotransmission in 

striatal neurons [183]. Likewise, PKC phosphorylates the B’δ subunit at Ser566, and the 

resulting activation leads to the Ser40 dephosphorylation and inactivation of tyrosine 

hydroxylase, a key enzyme in the synthesis of catecholamines [184]. Phosphorylation of B’δ 

at Ser573 [185] and phosphorylation of B’α at Ser41 [186] that display opposite effects on 

PP2A catalytic activity have also been reported in non-neuronal models.  

It is likely that similar phosphorylation of B’ subunits occurs in the neuronal context and is 

relevant to the regulation of other established neuronal functions of (AB’C) holoenzyme. For 

instance, in Drosophila, PP2A-B’ homologs are essential for presynaptic functioning, vesicle 

density and active zone formation, regulated by GSK-3β [187]. B’ complexes are critical in 

distal axon, synaptic dense-core vesicle and Ca2+ channel organisation via association with 

the F-actin binding protein Liprin-α1, which itself is essential for active zone assembly [188]. 

Lastly, the scaffolding (A) subunit of PP2A is also Ser/Thr phosphorylated. Ser303, Thr268 

and Ser314 have all been identified as sites for PP2A-A phosphorylation in vivo, which may 

modulate the localisation and subunit interaction dynamics of PP2A heterotrimers [189]. Yet, 

much remains to be learned on the regulatory function of PP2A subunit phosphorylation. 

1.3.2.3 Differential distribution of PP2A holoenzymes modulate their function 

Another major mode of PP2A regulation lies in the holoenzyme subcellular 

compartmentalisation. Post-translational modifications of PP2A subunits can influence the 

enzyme spatial distribution and thus its ability to interact with, and dephosphorylate substrates. 

PP2Ac methylation promotes the accumulation of (ABαC) in lipid rafts and the subsequent 

dephosphorylation of Tau in the plasma membrane [165]. Demethylated pools of PP2Ac, 

conversely, are concentrated to non-raft domains of the plasma membrane. Additionally, the 

A subunit is palmitoylated, which targets PP2A complexes to the plasma membrane, thereby 

contributing to functional roles of PP2A in this compartment [190].  
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1.3.3 PP2A is an important enzyme in neuron homeostasis 

While a primary focus of PP2A in neurons and AD has typically centred on its role as a Tau 

phosphatase, PP2A also plays other important functional roles, for example in the synaptic 

compartment. The viral (SV40) small t antigen binds to the A and C subunits of PP2A in a 

similar way to B-type subunits [191], rendering the enzyme inactive. Mice with inducible small 

t expression in forebrain and hippocampal regions are entirely deficient in NMDAR-mediated 

LTD induction [192]. Meanwhile PP2A dephosphorylates and modulates the function of 

multiple receptor subunits that contribute to excitatory transmission [193, 194]. In addition to 

receptor subunits, PP2A can also dephosphorylate and regulate the permeability of neuronal 

Ca2+ channels [195, 196]. 

The role of PP2A in neuronal plasticity is not limited to regulation of membrane-bound proteins 

like ion channels and receptors. Modulation of several Actin-regulating proteins in dendritic 

spines is also PP2A-dependent and determines the morphology and synaptic function of the 

spines [197]. PP2A also dephosphorylates tubulin and associates with microtubules [198]. 

This is in addition to the binding to and dephosphorylation of microtubule-associated proteins 

such as Tau and MAP2 [199], and the regulation of dynamic microtubule instability [198, 200] 

by PP2A. There are extensive roles played by PP2A in different aspects of cytoskeletal 

regulation in neurons – we have reviewed this area in depth and attached the published article 

in the appendix of this thesis.  

1.3.3.1 PP2A plays a critical role in the regulation of the neuronal cytoskeleton – See attached 
review [73] for in-depth discussion 

The microtubule, F-actin and neurofilament networks play a critical role in neuronal cell 

morphogenesis, polarity and synaptic plasticity. Significantly, the assembly/disassembly and 

stability of these cytoskeletal networks is crucially modulated by protein phosphorylation and 

dephosphorylation events. In the attached review, we examined the role of PP2A (and other 

phosphoprotein phosphatases PP1 and Calcineurin) in the homeostasis of the neuronal 

cytoskeleton. There is strong evidence that these enzymes interact with and dephosphorylate 

a variety of cytoskeletal proteins, resulting in major regulation of neuronal cytoskeletal 

dynamics. Conversely, we also discussed how multi-protein cytoskeletal scaffolds can also 

influence the regulation of PP2A, PP1 and Calcineurin, with important implications for neuronal 

signalling and homeostasis. Deregulation of these scaffolds and PP2A are associated with 

many neurological diseases. The article was part of a Special Issue entitled “Cytoskeleton-

dependent regulation of neuronal network formation” in Molecular and Cellular Neuroscience.  
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1.3.3.2 PP2A is the major Tau phosphatase and Tau regulator in the brain 

PP2A represents about ~71% of all Tau phosphatase activity in neurons [157]. The most 

potent PP2A species in the dephosphorylation of Tau is the ABαC heterotrimer [201, 202], 

which binds to the MTB-domain of Tau. Therefore, PP2A-Tau binding does not occur at the 

microtubule. Likewise, PP2A only dephosphorylates Tubulin-unbound Tau [73]. The proline-

rich region (PXXP motifs, Fig. 1.3) just upstream of the MTB repeat domains is critical for 

PP2A binding of Tau, and as such, PP2A-ABαC has a much higher affinity for 4R-Tau, 

compared to foetal and juvenile 3R-Tau [199, 201]. Of note, FTD-17 mutations in Tau (such 

as the P301L substitution in the PXXP domain) in the PP2A-ABαC binding region impair 

PP2A-Tau association by as much as 70% [140], while phosphorylation-mimicking glutamate 

clusters in the N-terminal proline rich region of Tau also inhibit PP2A binding [203]. Similarly, 

phosphorylation of Tau at Thr231 also inhibits PP2A binding so that pThr231-Tau is poorly 

dephosphorylated by PP2A [199, 204]. Importantly, PP2A plays a greater role in the regulation 

of Tau phosphorylation than the Tau kinases GSK-3β and cdk5, since simultaneous 

phosphatase and kinase inhibition results in Tau hyperphosphorylation in the mouse 

hippocampus [205].   
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1.4 PP2Ac Methylation: Classical and new modes of regulation 

1.4.1 One-carbon metabolism is the typical regulator of PP2A methylation 

The activity of LCMT-1, and therefore the methylation state of PP2A are dependent on cellular 

availability of methyl donors. The universal methyl donor for LCMT-1 and all other 

methyltransferases is S-adenosylmethionine (SAM). Supply of SAM is dependent on a 

complex pathway of biochemical reactions described as “one-carbon metabolism” (Fig. 1.6). 

This cycle ultimately transforms dietary folate into the methyl donor SAM. Briefly, dietary folate 

is first converted to 5-Methylfolate (5-MTHF) via a series of metabolic reactions, including the 

conversion of 5,10-MTHF to 5-MTHF by 5,10-Methylenetetrahydrofolate reductase (MTHFR). 

The methyl group of 5-MTHF is then used in the remethylation of homocysteine (Hcy) to 

methionine by methionine synthase, for which dietary vitamin B12 is a cofactor. Methionine is 

converted by methionine adenosyltransferase to SAM which donates the methyl group to 

methyltransferases, leading to functional methylation of proteins, lipids or DNA [167, 206-208]. 

This reaction results in the generation of S-Adenosyl-homocysteine (SAH), which is then 

hydrolysed to Hcy. Hcy can re-enter this transmethylation cycle. Alternatively, Hcy may also 

be converted to cystathionine and cysteine via Cystathionine-β-Synthase (CBS), via the 

transsulfuration pathway [209]. 

 

 
Figure 1.6: One-carbon metabolism controls LCMT-1 activity and PP2Ac methylation. In this 
cycle, methionine is metabolised into the universal methyl donor S-adenosylmethionine (SAM) by 
methionine adenosyl-transferase (MAT). After methyl group transfer to methyltransferases like LCMT-
1, the metabolite S-adenosylhomocysteine (SAH) is produced and hydrolysed to homocysteine by 
SAH-hydrolase (SAHH). Homocysteine can be metabolised into cystathionine and then cysteine 
through a transsulfuration pathway involving cystathionine β synthase (CBS) and requiring vitamin B6 
as cofactor.  Alternatively, homocysteine can be converted to methionine by methionine synthase in a 
reaction requiring 5-methyltetrahydrofolate (5-MTHF) and vitamin B12. Significantly, the generation of 
the active folate metabolite, 5-MTHF, is under the control of the 5, 10-methylene tetrahydrofolate 
reductase (MTHFR) enzyme.  
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1.4.2 Altered one-carbon metabolism: A risk factor for Alzheimer’s disease 

Several epidemiological studies have linked disturbances in folate and Hcy metabolism with 

brain atrophy, cognitive decline and increased risk for AD [210-212]. Elevated plasma Hcy 

levels nearly double the risk of developing AD in the elderly [213, 214]. Recent meta-analyses 

further support a causal link between elevated plasma total Hcy (tHcy) and AD [215] and a 

link between common polymorphisms in the MTHFR gene critical in one-carbon cycling in 

cells, and increased risk for AD [216].  

Elevated plasma total Hcy (tHcy) was initially noted in clinical cases of AD [217] just prior to 

this being confirmed in post-mortem histopathological investigation [218]. Subsequent larger-

scale studies in cohorts of people already diagnosed with the disease have also identified 

plasma tHcy as a strong risk factor for AD [214]. Long-term, prospective studies retrospectively 

assessing the risk of AD development found that women with mid-life elevations in tHcy were 

more prone to the development of dementia [219]. Additionally, neuroimaging studies have 

indicated that elevated Hcy worsens cerebral white matter lesions in patients with AD [220], 

and that poor vitamin B12 status is associated with intensified cerebral white matter lesions 

[221]. Common polymorphisms in MTHFR, elevated plasma tHcy and reduced plasma folate 

levels have each been independently associated with increased AD risk [222]. Recent meta-

analyses further support a causal role for the MTHFR C677T polymorphism in AD by elevating 

circulating tHcy [215, 216]. A recent consortium statement from experts also suggests that 

elevated plasma tHcy is a modifiable risk factor for development of cognitive decline dementia 

and AD [223]. 

Clinical trials aiming to alleviate AD symptoms with B-vitamin supplementation have yielded 

mixed results, likely owing to the complex heterogeneity of the disease and the swathe of risk 

factors involved in AD (Fig. 1.1), and in some instances, arguably poor trial design. Properly 

conducted double-blinded randomised trials in 800+ participants have unarguably 

demonstrated that long-term folic acid supplementation enhances cognitive function as 

assessed by the diagnostic mini-mental state examination, MMSE [224]. However, it was 

reported that B-vitamin supplementation (folate, B9 and B12) is not an effective treatment in 

AD patients wherein plasma tHcy levels are not elevated [225]. This suggests that using 

supplementation with B-vitamins, including folate, to slow or reverse symptoms of AD may be 

ineffective unless an individual is already B-vitamin deficient. Other findings suggest that while 

B-vitamin supplementation could assist the slowing of grey matter atrophy in AD [226], the 

patient must start with healthy ω-3 fatty acid levels, otherwise whole brain atrophy is 

unaffected [227]. This reiterates the importance of interacting risk factors of AD, including 

dietary, genetic and metabolic risk factors (Fig. 1.1). In addition, it is worth mentioning that 

some of the published negative B-vitamin trials may be flawed due to poor design, for instance 
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those with small cohorts, are non-randomised non-blinded and by not adequately taking into 

account vitamin absorption and genetic heterogeneity of participants [223]. Another 

confounding factor in clinical trials assessing effects of plasma tHcy and the onset of AD are 

measurements of cognitive activity; otherwise meaningful studies have been limited by a lack 

of baseline measurements of cognition in placebo groups [228]. Other essential criteria 

identified by the above consortium of experts include baseline levels of B-vitamins and plasma 

tHcy, an absence of dementia at the start of the trial, and the trial must have a clinically 

meaningful duration to measure losses in brain volume [223]. A similar confounding factor in 

such studies includes the effect of common MTHFR polymorphisms which affect folic acid 

absorption; un-metabolised folic acid does not enter the brain [229], and could even be 

detrimental [230, 231]. It thus remains to be seen whether further trials with active B-vitamin 

compounds can mitigate or prevent conversion to dementia.  

1.4.3 Disturbances in one-carbon metabolism affect neuronal function and homeostasis by 

several mechanisms 

First, disturbances in one-carbon metabolism (illustrated in Fig. 1.6 and Table 1.3) exert 

damaging effects in the brain through a deficit in methyl group supply essential for neuronal 

homeostasis, including those necessary for protein and epigenetic modifications. Hereditary 

malabsorption of folate is linked to retardation in neural development [232]. MTHFR gene 

polymorphisms that lead to decreased MTHFR activity are common in humans – up to ~50% 

of some ethnic populations possess at least one C677T allele. Meanwhile, severe MTHFR 

deficiency due to the TT genotype, which affects ~12% of populations, leads to 

hyperhomocysteinaemia (HHcy) and decreased methionine synthase activity (Fig. 1.5). This 

is associated with neurological abnormalities [233]. Mouse models of severe MTHFR 

deficiency show a number of behavioural and neural biochemical deficits including HHcy and 

altered methylation potential, as well as increased mortality rates [234]. They have a loss of 

hippocampal volume, increased hippocampal apoptosis, disturbances in neurotransmitter 

metabolism and reduced cognition and memory [235]. MTHFR deficient mouse models also 

show reductions in cerebellar volume, with subsequent disturbances in spatial memory [235]. 

This suggests that the brain is particularly sensitive to disturbances in one-carbon metabolism, 

and that methyl group supply is essential for neuron function.  

Treatment of Neuro-2A (N2a) neuroblastoma cells with exogenous Hcy also blocks the 

extension of neurites [236]. Exposure to Hcy leads to apoptotic cell death of Purkinje fibres 

cultured in vitro, following reduced neurite length and arborisation [237]. Hippocampal and 

Purkinje cell death may also be exacerbated by aberrant synaptic function in animal models 

wherein one-carbon metabolism is disturbed. Many changes in synaptic function induced by 

alterations in one-carbon metabolism are linked to glutamate receptors. Animals with severe 
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MTHFR deficiency exhibit a range of neurological abnormalities including seizures that are 

typical of glutamate hyperexcitability [234]. Conversely, excess 5-MTHF stimulates kainate-

type glutamate receptors and lowers seizure threshold in offspring [238]. Notably, Hcy and its 

metabolite, L-Homocysteic acid, bind to glutamate and glycine binding sites of NDMARs [239], 

suggesting a direct mechanism for the hyperexcitability observed in these models. Direct 

treatment of ex vivo slices with Hcy bi-directionally alters the activity-dependent increases in 

synaptic strength underlying cellular memory and long-term potentiation (LTP), in a 

concentration-dependent manner [240]. In vivo, chronic Hcy exposure enhances reversal 

learning performance of mice in the Morris Water Maze [241], suggesting an enhancement of 

LTD induction that is consistent with overall prolonged NDMAR activation. 

Hcy is also readily oxidised and its metabolites have been linked to oxidative stress and 

neuronal damage [242]. Aside from the transmethylation pathway catalysed by methionine 

synthase, illustrated in Fig 1.6, Hcy can be metabolised by CBS in the transsulfuration 

pathway, which leads to the formation of glutathione (GSH), a major cellular antioxidant [243]. 

Importantly, methionine synthase activity is impaired by the presence of free radicals, while 

the opposite is true for CBS [244, 245]. Therefore, transsulfuration of Hcy to the antioxidant 

GSH is also sensitive to redox changes in the brain [246]; this pathway is a major redox buffer 

system in mammalian cells. It has also been demonstrated that, in addition to elevated Hcy, 

there is also a pronounced loss of GSH in the AD brain [247]. This imbalance may contribute 

to apoptotic cell death in the hippocampus and can be mediated by intracellular Ca2+ elevation 

and caspase activation [248]. 

Similarly, folate deprivation also induces neuronal impairment. Dietary folate deficiency 

impairs vesicular transport, synaptic plasticity and neurite outgrowth and increases sensitivity 

to apoptosis [249]. Significantly, active folate also possesses antioxidant properties [250], and 

folate deficiency has been associated with oxidative stress through its ability to increase Hcy 

[222, 251, 252], or by independent mechanisms such as the scavenging of free radicals [253-

256].  Thus, perturbed one-carbon metabolism leads not only to neurotoxicity, but also induces 

severe changes in synaptic function before cell death ultimately occurs. 
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Table 1.3 In vivo models and consequences of disturbed one-carbon metabolism. This table describes some key models utilised in vivo 
which induce deficiencies in one-carbon metabolism by dietary or genetic means. Key neurological consequences relevant to AD are outlined.

Type Experimental Paradigm Neurological Indications Selected 
Refs. 

In vivo dietary 
interventions 

Methionine-enriched 

(Including High-
Methionine/Low-Folate) 

• ↑ pThr668-APP 
• ↑Aβ1-40, Aβ1-42 secretion 
• ↑Tau expression and Alzheimer-like phosphorylation 

[257, 
258] 

“B-vitamin” (B6, B12 and 
Folate) deficient 

• ↑PS1, BACE1 expression and Tau phosphorylation in TgCRND8 (dual 
APP mutations) and wild-type mice. GSK-3β activation and impaired 
PP2A activity. Rescued by SAM supplementation. 

• ↑Aβ1-40, Aβ1-42, sAPPα/β 
• Elevated Homocysteine, Impaired DNA repair and sensitisation to Aβ 
• Acceleration of Aβ formation in Tg2576 (APP-Swedish mutation). Higher 

GSK-3β activity. 

[259-261] 

pseudo-MTHFR deficiency • Induced by high-folate/methionine diets. Short-term memory 
impairments 

[231] 

 

In vivo genetic 
disturbances of 
enzymes involved 
in one-carbon 
metabolism 

Cystathionine-β-Synthase 
deficient 

• ↑pThr668-APP, ↑ Alzheimer-like pTau, ↓PP2Ac methylation. 
• Exacerbated Aβ40, Aβ42 deposition in female APP / PS1 transgenic 

mouse model of AD 

[258, 
262] 

5,10-
methylenetetrahydrofolate 
reductase deficient 

• ↑ Alzheimer-like pTau and ↓PP2Ac methylation in Cortex, Hippocampus, 
Midbrain and Cerebellum 

• Impaired motor function, long-term and short-term memory. Reduced 
whole brain and hippocampal volume, reduced thickness of CA1 and CA3 
regions of the hippocampus. Deregulated Choline signalling systems.  

• Reduced volume of Cerebellum and cerebral Cortex, with enlarged lateral 
ventricles 

[235, 
263, 264] 

 

 

Methionine synthase 
deficient  

• Altered Choline metabolism and neurotransmission. Impaired learning 
and memory. 

[265] 
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1.4.3.1 One carbon metabolism is tightly linked to neurotransmission 
Not only do alterations in folate metabolism in the brain affect responses to neurotransmission, 

but these aberrations impair the synthesis of multiple neurotransmitters – SAM donates a 

critical methyl group to tetrahydrobiopterin (BH4), which is an essential cofactor for 

phenylalanine, tryptophan and tyrosine hydroxylases, the rate limiting enzymes in 

catecholamine (adrenaline, noradrenaline and dopamine) and tryptamine (serotonin and 

melatonin) synthesis [266].  

Additionally, cholinergic signalling in the brain is also tightly linked to folate metabolism. 

Acetylcholine (ACh) is a highly important neurotransmitter in the CNS [267]. Its precursor, 

choline, can be converted to betaine [268]. In turn, betaine serves as a  methyl donor, allowing 

for Hcy remethylation in the absence of SAM [269]. However, it is worth noting that this 

pathway only occurs in the peripheral tissue (for example, the liver), but not in the CNS, due 

to the absence of betaine Hcy methyltransferase in the brain. Brain choline efflux facilitates 

peripheral betaine conversion and is inhibited by N-methyl-nicotinamide, which is formed by 

SAM-dependent methylation [270]. In conditions of dietary folate or genetic MTHFR 

deficiencies, peripheral tissues have a reduced SAM:SAH ratio. As a compensatory 

mechanism, brain choline efflux is increased to restore the balance between methyl donors 

and metabolites [271]. Reduced ACh supply has been linked in vivo to lowered dietary folate, 

MTHFR deficiency and impaired cognition in an SAM-dependent manner [267].  

1.4.4 Disturbed one-carbon metabolism induces deregulation of Tau and APP, at least in part 

by altering PP2A methylation 

Since LCMT-1 activity is dependent on SAM supply (Fig. 1.6), the methylation of PP2Ac is 

also contingent on continuous SAM supply. Our group has demonstrated in murine models 

that severe MTHFR deficiency and low dietary folate can synergise to downregulate PP2Ac 

methylation and Bα expression with a concomitant increase in pTau formation in the cortex, 

hippocampus and cerebellum [263]. Importantly, PP2Ac methylation and LCMT-1 expression 

are reduced in affected brain regions from autopsy AD brain tissue [158, 159]. In vivo injection 

of Hcy also induces Tau phosphorylation in the hippocampus by impairing PP2A methylation 

[272, 273].  

The phosphorylation of APP at Thr668 has implications for neuronal cell biology and the 

pathogenesis of AD. APP is yet another protein which is subject to regulation by PP2A via 

dephosphorylation. PP2A regulates APP directly by dephosphorylation, and indirectly by 

regulating kinases which target APP [274, 275]. The incubation of neuronal cells with the 

broad-spectrum phosphatase inhibitor Okadaic Acid (OA) has been used as a basic model to 

identify potential functions of PP1 and PP2A [42, 276]. OA treatment of N2a cells not only 
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leads to APP Thr668 phosphorylation, but also an increase in β and γ-secretase activities, 

with eventual Aβ generation [276, 277].The inhibition of PP2A promotes JNK activation and 

APP phosphorylation at Thr668 [42, 274, 278].  

Despite the limitations of using OA as an experimental model to specifically inhibit PP2A, other 

evidence indicates that PP2A regulates the phosphorylation of APP in neurons. Our group 

has shown that impaired PP2Ac methylation results in increased phosphorylation of APP at 

Thr668 and concomitant generation of sAPPβ, with a parallel loss of the neuroprotective 

sAPPα [258] in both cells and in vivo. These effects appear to be a product of the reduced 

methylation potential in N2a cells and in vivo from an altered SAM:SAH ratio and Hcy exposure 

[258]. The loss of methyl-PP2Ac has functional implications for the development of AD, 

however we will also explore the consequences of impaired one-carbon metabolism on the 

phosphorylation of APP and the related mechanisms in Chapter 5, using the MTHFR-deficient 

mouse model used in previous studies and in Chapter 4 (Table 1.3, [263]).   

1.5 PP2A methylation: a potential target of cAMP/PKA signalling 

1.5.1 Neuronal cAMP/PKA signalling: overview 

The signalling cascade affected by the generation of cAMP is a particularly important one in 

neurons. Activation of adenylate cyclase is responsible for the formation of cAMP following 

local spikes in Ca2+ concentration, or ligand binding to G-protein coupled receptors (GPCRs, 

Fig. 1.7). The binding of cAMP to one of two regulatory subunits on the tetrameric cAMP-

dependent protein kinase (PKA), leads to the release of two PKA catalytic subunits which 

phosphorylate Ser/Thr residues within [Arg-Arg-X-Ser*/Thr*-X] motifs where X is a 

hydrophobic amino acid [279]. Within the cell, cAMP availability and binding to PKA is 

determined by temporal diffusion gradients, degradation of cAMP by phosphodiesterases and 

cellular localisation and distribution of PKA, determined by A-kinase anchoring proteins 

(AKAPs, reviewed in [280]). There is also a pool of PKA and adenylate cyclase localised to 

the nucleus, indicating that PKA signalling in this compartment has a high level of significance 

[281]. This complex spatiotemporal regulation contributes to cAMP/PKA signal specificity. 
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1.5.1.1 CREB: An important transcription factor targeted by cAMP/PKA signalling 

The nuclear target of PKA signalling, the cAMP-Responsive Element Binding protein (CREB), 

plays an important role in regulating the expression of multiple proteins involved in key 

neuronal functions (see below). CREB targets regions of DNA known as cAMP-responsive 

elements (CREs) that regulate gene transcription. CREB is activated by PKA-mediated 

phosphorylation at the Ser133 site; thus, this phosphorylation is often used as a readout for 

CREB activity [282, 283]. PKA also phosphorylates and activates Ser/Thr kinases in neurons 

which target CREB, such as mitogen-activated protein kinase (MAPK) and calcium-calmodulin 

activated protein kinase (CaMK) family members [284, 285]. CREB phosphorylation induces 

association with CREB-Binding Protein (CBP) [286] and CREB-regulated transcriptional 

coactivators (CRTCs), leading to gene transcription via a basic leucine zipper region within 

CREB binding to CREs [287]. 

 

 

 

Figure 1.7: Neuronal cAMP/PKA signalling.  Adenylate cyclase (AC) becomes activated following 
stimulation of metabotropic neuronal receptors, or elevation of intracellular calcium (which can occur 
in response to neuronal calcium influx from ionotropic glutamate receptors or signal-dependent 
release of calcium from the endoplasmic reticulum). Calmodulin plays an important role in modulating 
the activation of adenylate cyclase by calcium. Adenylate cyclase is also directly activated by drugs 
like Forskolin. Activation of the enzyme stimulates the synthesis of cAMP. Subsequently, cAMP binds 
to the regulatory subunits of PKA, causing release and activity of two catalytic subunits. PKA activity 
is therefore dependent on available pools of cAMP, degraded by phosphodiesterases (PDEs). Active 
PKA directly phosphorylates glutamate receptors, stabilising them at the plasma membrane, which 
contributes to LTP. PKA phosphorylates and activates the nuclear transcription factor CREB, which 
promotes consolidation of LTP by promoting gene transcription of proteins involved in synaptic 
plasticity. PKA is targeted to the microtubule network by microtubule-associated protein 2 (MAP2) 
and phosphorylates Tau at Ser214, which modulates the binding of Tau to MTs.  PKA signalling is 
also involved in neurite outgrowth and adult neurogenesis in the hippocampus. 
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1.5.1.2 cAMP/PKA signalling: an important regulator of the cytoskeleton 

The cAMP-PKA signalling pathway regulates multiple aspects of neuronal functionality. PKA 

signalling critically modulates neurite outgrowth and differentiation and regulation of 

cytoarchitecture (Figure 1.7). In multiple models of neuronal differentiation, the PKA signalling 

pathway is essential for initiating and extending neurite outgrowth [288-291]. The generation 

of cAMP and its subsequent binding to PKA leads to the release of the PKA catalytic subunit, 

resulting in the phosphorylation and activation of CREB. Active CREB facilitates the 

transcription of multiple cytoskeletal elements contributing to neurite extension [289, 290]. In 

pheochromocytoma (PC12) cells, PKA also targets the Rho-family Guanine triphosphate 

hydrolase (GTPase) Rac1, leading to actin binding and filament assembly to facilitate axonal 

differentiation [289]. PKA signalling is capable of responding to extracellular cues such as Ca2+ 

to more subtly regulate cytoskeletal dynamics. In filopodia, cAMP can determine the response 

to these extracellular cues in a graded manner, leading to responsive attraction of the growth 

cone, induced by dynamic reorganisation of the actin cytoskeleton induced by PKA [292-295].  

1.5.1.3 cAMP/PKA signalling: A central mediator of synaptic plasticity, learning and memory 

PKA plays an essential role in the molecular mechanisms underpinning and the consolidation 

of learning and memory in the hippocampus, referred to as LTP [296-298]. Actin-mediated 

internalisation of AMPA receptors in hippocampal neurons is mediated by PKA in an activity-

dependent manner [299]. PKA also directly phosphorylates the AMPA receptor subunits 

GluA1 and GluR1, in plasma membrane, thereby facilitating LTP [298, 300]. Importantly, PKA 

is targeted to the plasma membrane in a complex with AMPA receptors by AKAP5 [301], 

suggesting that PKA targeting dynamics and excitatory receptor function are tightly linked. 

Aside from directly modulating glutamate receptor function at the synapse to mediate LTP 

induction, cAMP-PKA signalling also consolidates synaptic plasticity in a long-term manner. 

Late-LTP (L-LTP) refers to the protein transcription-dependent consolidation of activity-

dependent strengthening of synapses, and is dependent on CREB function [302-306]. Protein 

levels of GluA1 have been reported to be reduced in mice expressing dominant-negative 

CREB (S133A mutation), suggesting this as one mode of memory consolidation by CREB 

[307]. Neuronal CREB activity has also been linked to dendritic spine density [308, 309], which 

is likely mediated by its ability to impact the expression of cytoskeletal proteins.  

Consolidation of glutamate-induced synaptic plasticity may also occur through the stimulation 

of the dopamine (type 1 and 5, also referred to D1 and D5) and β-adrenergic receptors. 

Activation of these GPCRs results in cAMP generation and subsequent targeting of glutamate 

receptors by PKA. The AMPAR subunit GluA1 is phosphorylated by PKA in response to D1 

receptor stimulation, circumventing memory deficits in vivo [310], while stimulation of D1 and 
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D5 receptors also enhances the magnitude of LTP [311, 312]. Similarly, D1 receptor activation 

leads to NMDAR-GluN1 subunit phosphorylation [313], which modulates Ca2+ permeability 

and therefore NMDAR excitability [314]. The stimulation of β-adrenergic receptors also leads 

to PKA-mediated increase in the amplitude of excitatory post-synaptic potentials via GluN1 

[315]. Both dopamine and adrenaline–type receptors enhance NMDAR Ca2+ permeability 

through GluN2B phosphorylation, mediated by PKA [316].  

1.5.1.4 CREB is also implicated in neuronal cell survival 

Notably, several studies support an important function for CREB in mediating cell survival in 

multiple regions of the brain [317, 318]. CREB is responsive to growth factors, such as NGF 

[318]. It is also responsible for the transcription of other growth factors, such as brain-derived 

neurotrophic factor (BDNF) in developing cortical neurons [319]. A role for CREB in 

neurogenesis, survival and neuron maturation in the sub-ventricular zone of the brain has 

been demonstrated through expression of a dominant-negative S133A CREB mutant [320]. 

Others have found that expression of this non-functional mutant in the hippocampus leads to 

increased cell death, and impaired expression of a group of genes known as Activity-

Regulated Inhibitors of Cell Death [321]. Overexpression of wild-type CREB in the same study 

resulted in increased BDNF expression and cell survival.    

1.5.2 Alterations in cAMP/PKA signalling in AD promote neuronal dysfunction  

The cAMP/PKA signalling pathway is affected in AD and in the normal ageing process. Some 

evidence suggests that Aβ-mediated impairment of mitochondria leads to inhibition of CREB 

activity subsequent synaptic degeneration [322]. PKA-mediated regulation of CREB is 

impaired in the AD hippocampus [323, 324]. PKA has also been identified as a Tau kinase 

(Table 1.1). Phosphorylation at the Ser214 residue by PKA makes Tau a more favourable 

substrate for GSK-3β, another key kinase in AD pathogenesis [88, 89], thereby facilitating Tau 

aggregation [325]. The cAMP pathway has also been implicated in the alternative splicing of 

Tau at exon 10, which is implicated in PHF-Tau pathology [326, 327].  

As such, this pathway has been proposed as a therapeutic target in AD. Indeed, the 

phosphodiesterase type-4 (PDE-4) inhibitor Rolipram, which increases the available pool of 

cAMP in cells can reverse the effects of Aβ toxicity in rodent models of AD [328-330]. However, 

lower PDE4 activity in the aged prefrontal cortex of primates, induces the miss-localisation 

and phosphorylation of Tau at Ser214 in dendritic spines, which is associated with heightened 

risk for neurodegeneration [331]. Additionally, Rolipram treatment in wild-type mice enhances 

Tau phosphorylation without affecting CREB activity [332], which could as well promote 

neurotoxicity. If translated to healthy human subjects, there would be little benefit of Rolipram 

in improving learning and memory. This indicates that perhaps the broad-spectrum targeting 



 

P a g e  32 | 199 

 

of cAMP-PKA signalling may be ineffective in the treatment of AD. Rather, it might be more 

beneficial to target specific signalling molecules like PKA or PKA substrates.  

1.5.3 cAMP/ PKA signalling can alter PP2A methylation 

There is some preliminary evidence for a role of PKA signalling in regulating PP2A, and more 

specifically, PP2Ac methylation. In non-neuronal cells, pharmacological activation of 

cAMP/PKA signalling enhances PP2A methylation. Models employed include in vivo 

experiments in kidney and myoblast cell cultures [333]. Early studies in Xenopus oocytes also 

indicate increased PP2A methylation as a consequence of adenylate cyclase activation [334]. 

Critically, PP2A has also been demonstrated to be the phosphatase responsible for nuclear 

dephosphorylation of PKA-targeted CREB in a range of systems [335-337].  

The potential link between neuronal cAMP/PKA signalling and PP2A methylation has 

important implications for AD. As described above, PP2Ac methylation is important for B-

subunit binding and formation the ABαC holoenzymes that primarily mediate 

dephosphorylation of Tau. Furthermore, the regulation of PP2Ac methylation contributes to 

the sensitivity of excitatory neurons to exogenous Aβ in vivo [338]. Considering the role of 

PKA signalling in cell survival, Tau phosphorylation, and synaptic function, the discovery of 

any potential cross-talk in the regulation of PP2A and PKA would be important for the 

understanding of neuronal homeostasis and neurodegenerative processes underlying AD. To 

that end, Chapter 3 of this thesis will explore the connection between PKA signalling and 

PP2Ac methylation state. We will also investigate if PP2A enzymes can modulate cAMP-PKA 

mediated targeting of CREB, Tau phosphorylation and the stimulation of neurite outgrowth.  

 

1.5.4 cAMP/PKA signalling could be disturbed by impaired one-carbon metabolism 

Animal models inducing disturbances in one-carbon metabolism typically induce deficits in 

learning and memory, as well as in domains of brain function like motor learning and 

performance (Table 1.3, [241, 339, 340]). It is therefore interesting that Hcy exposure has 

been linked to hippocampal deficits in vivo [241], and alterations in cellular CREB activity [239]. 

Other in vivo investigations have demonstrated that deficiencies in methyl donors lead to 

impaired CREB activity in the cerebellum [341]. A loss of cholinergic neurons in models of 

impaired one-carbon metabolism also occurs in vivo [340, 342]. Since alterations in one-

carbon metabolism are a risk factor for AD, and CREB becomes down-regulated in AD, there 

could be a cross-talk between metabolic and signalling pathways that regulate CREB and AD 

markers. Critically, nuclear CREB has been reported to be dephosphorylated by PP2A [335-

337], and both CREB and PP2A become impaired in AD [158, 159, 323]. Thus, we propose 

in Chapter 5 to investigate how cellular and in vivo alterations of folate metabolism affect PP2A 

and CREB activity.   
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1.6 Deregulation of Src-mediated PP2Ac Tyrosine phosphorylation could also 
be linked to neurodegenerative processes in AD 

While alterations in one-carbon metabolism or specific signalling pathways could contribute to 

the pathological process of AD through impairment of PP2A methylation, this key tau 

phosphatase is also regulated by tyrosine phosphorylation. In this context, it has been reported 

that PP2A tyrosine phosphorylation is also enhanced in AD, resulting in inhibition of PP2A 

activity [175]. Src kinase has been identified as a primary tyrosine kinase mediating PP2A 

tyrosine phosphorylation. The function of Src-family kinases is also closely linked with Tau in 

neurons [97, 111, 131]. Since the deregulation of Src kinase also occurs in AD [343], one aim 

of our thesis project will be to revisit the functional relevance of Src-mediated tyrosine 

phosphorylation of PP2A. 

1.6.1 Structure and regulation of Src-family kinases 

 Src-family kinases are the most common non-receptor type tyrosine kinases. Aside from Src, 

they include Fyn, Yes, Fgr, Lck, Lyn, Hck and Blk [344]. SFKs are activated in response to 

extracellular stimuli, such as growth factor binding to respective receptors; they play a diversity 

of regulatory roles in cells including differentiation, survival, endocytosis and adhesion [345]. 

The most prominent Src family kinases in the brain appear to be Src and Fyn [346]. All Src 

family kinases share “Src Homology” (SH) Domains, which help to determine kinase functions. 

In Src family kinases, there are three of these domains, SH1, SH2 and SH3 (Fig. 1.8).  

 When inactive, the C-terminal Tyr527 residue of SFKs is phosphorylated, facilitating an auto-

inhibitory loop within the SH1/kinase domain, which allows the 527 residue of a SFK to bind 

to its own SH2 domain, and induces SH2-SH3 binding, thereby “locking” itself ([344, 346], Fig 
1.8). Dephosphorylation of Tyr527 by protein tyrosine phosphatases (PTPs), such as PTPα 

causes for a conformational change in SFKs, which enables Tyr416 phosphorylation within 

the SH1 domain to occur, allowing kinase activity [347]. Substrate recognition is facilitated by 

the SH2 (phosphotyrosine binding) and SH3 (Proline rich / PXXP binding) domains, while the 

SH3 domain also regulates cytoskeletal association and substrate targeting of SFKs via 

proline binding. The N-terminus of SFKs contains a unique domain of ~55 amino acids, that 

can either be myristoylated at a conserved Gly2 site, or palmitoylated at cysteine residues in 

all SFKs except for Src and Blk [344]. Myristoylation and palmitoylation are needed for 

membrane association of SFKs, while the dephosphorylation of Tyr527 requires SFKs to be 

myristoylated [348].  
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1.6.2 Functional significance of Src in neuronal homeostasis 

The cellular Src kinase (also called c-Src or simply Src) plays a critical role in mediating 

responses to extracellular stimuli such as neurotransmitters [349, 350] or growth factors [351]. 

It can also integrate signals from neurotransmitters to activate growth factor signalling [352]. 

Src modulates intracellular responses of neurons to extracellular stimuli through regulation of 

endocytic mechanisms [353, 354]. Accordingly, the neuronal axonal and microtubule 

cytoskeletal networks are regulated by Src [355, 356].  

Src has an integral role of the kinase in several distinct neuronal populations, for instance, Src 

activity affects serotonergic cells (i.e. those that respond to serotonin, 5-HT) in the frontal 

cortex. In these cells, Src is found in close proximity to serotonin receptors 5-HT1-7R in complex 

with the scaffolding protein β-Arrestin. The association of β-Arrestin complexes with 5-HT2 

receptors can in turn potentiate responses to GPCRs [350, 357]. The β-Arrestin Src complex 

can also regulates GPCRs, via endocytic mechanisms. Src interacts via its SH1 and SH3 

domains with the β-Arrestins proline-rich domain to form complexes with GPCRs and facilitate 

their internalisation [358]. Src regulates neuron excitability in response to GPCR ligands such 

as Pituitary Adenylyl Cyclase Activating Peptide (PACAP) by facilitating the formation of β-

Arrestin receptor complexes [354]. Src/β-Arrestin protein-protein interactions facilitate the 5-

HT2R response to serotonin in the frontal cortex by forming a complex with the kinase Akt. 

This leads to activation of Akt, which elicits a behavioural response [350].  Stimulation of 5-

HT1AR or 5-HT4R induces Src-mediated activation of Erk [349, 352] via transactivation of the 

platelet-derived growth factor β receptor (PDGFβ-R) in SH-SY-5Y cells [352]. Conversely, Src 

also modulates cellular responses to 5-HT1AR by inhibitory tyrosine phosphorylation, thus 

dampening the effects of 5-HT receptor signalling in vivo [359].  

 

Figure 1.8: Src family kinase structure. Src family kinases consist of three highly conserved regions, 
SH3 domains that bind proline-rich regions of interacting proteins, SH2 phosphotyrosine binding 
domains and the kinase domains, SH1. Src is subject to auto inhibitory Tyr527 phosphorylation; upon 
dephosphorylation, Tyr416 phosphorylation is facilitated, enabling kinase activity.  
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Glutamatergic cell function and response to excitation are also mediated by Src activity. The 

NDMAR subunit GluN3A is less sensitive to Mn2+ ions and is less Ca2+ permeable than other 

NMDAR subunits, and can be tyrosine phosphorylated by Src, leading to NMDAR 

internalisation [353]. Src thus participates in the removal of less excitable glutamate receptors 

in neurons. Initial observations suggested that only Fyn-, but not Src- or Yes- knockout mice 

have severely impaired LTP and long-term memory formed in the CA1 region of the 

hippocampus [360]. However, more recent evidence indicates that Src tyrosine kinase activity 

is both necessary and sufficient for LTP induction in CA1 neurons [361]. One underlying 

mechanism may be the LTP-induced phosphorylation of Tyr1070 on NMDAR-GluN2B, 

stabilising their surface expression at the plasma membrane, thereby allowing neurons to be 

more responsive to excitatory stimuli [362]. This represents both a response to glutamatergic 

inputs, and a modulatory response of glutamate receptors in neurons. Src family kinases also 

enhance glutamate receptor sensitivity through dopamine receptor signalling. NMDAR-NR2B 

subunits have impaired phosphorylation following neuronal treatment with the SFK inhibitor 

“PP2”, thereby blocking LTP induction in the hippocampus [312]. Conversely, Src also 

participates in LTD through AMPA receptor internalisation, with Src-dependent 

phosphorylation of the GluR2 subunit needed for this process [363].   

Src is also an important regulator of neurite outgrowth. In response to stimulation of muscarinic 

Acetylcholine receptors (mAChRs), Src promotes Erk and CREB activation in primary 

hippocampal neurons, thereby inducing neurite extension [364]. Additionally, mAChR 

activation leads to Src-dependent transactivation of fibroblastic growth factor receptors, 

resulting in neurite formation in primary hippocampal neurons and primary axon extension in 

adult hippocampal cells [365]. Src is highly concentrated in growth cones [366], assisting in 

axon guidance [367]. Moreover, in vitro, Src directly phosphorylates p190-RhoGTPase 

activating protein (GAP) [368], an adhesion molecule critical for neuromorphogenesis [369]. 

Transgenic mice deficient in Src and Fyn have a complete lack of Rho phosphorylation, with 

subsequent deficits in axon guidance and outgrowth [370]. Beyond Rho-GAP activation 

through tyrosine phosphorylation, the cellular distribution and protein-protein interactions of 

Src also regulate neurite-related processes. Overexpression of constitutively active Src in 

Aplysia models leads to cortactin association, resulting in increased density, stability and 

elongation of filopodia [355]. Meanwhile, lipid-raft associated Src shows higher tyrosine kinase 

activity and leads to neurite outgrowth, and axonal elongation in cortical neurons [371]. 
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1.6.3 Src becomes deregulated in Alzheimer’s disease and plays a role in the disease 

process 

1.6.3.1 Src has a unique relationship with Tau 

Tau associates with SFKs in vivo, including Src [111, 114]. Enhanced Tau phosphorylation or 

FTD-17 mutations to the MAPT gene increases its association with the SH3 domains of Src. 

The resulting conformational changes lead to increased Src kinase activity [114, 115, 356], 

demonstrating a role for Tau as a signalling protein. Through the association with Src, Tau 

can modulate the growth-factor induced remodelling of the cytoskeleton [356]. Conversely, 

Src (and Fyn) are capable of phosphorylating Tau at the N-terminal Tyr18 residue [96, 97, 

111]. The complete functional implications of this are not entirely understood. However, it 

regulates the association of Tau to the plasma membrane, and potentially the association of 

Tau with Src family kinases such as Fyn [112, 372]. These results suggest that Tau and SFKs 

can regulate each other, suggesting potentially complex feedback mechanisms.  

1.6.3.2 Src regulates APP subcellular distribution and proteolytic processing 

The secretion of sAPPα has been linked to Src-induced activation of α-secretase following 5-

HT4 receptor activation in neurons [373]. This is thought to occur via the regulation of Munc18-

interacting (MINT) adaptor proteins, which can determine the subcellular targeting of APP in 

neurons [374]. Indeed, Src phosphorylates MINT1 at multiple tyrosine residues to allow 

differential targeting of APP to the Golgi apparatus or the plasma membrane [375]. 

Additionally, Src-mediated phosphorylation of MINT2 facilitates the endocytic internalisation 

of APP [376]. Similarly, muscarinic receptor activation also results in sAPPα formation in a 

Src-dependent manner, and involves Erk activation [377].  

1.6.3.3 Src dysfunction has been linked to AD 

The SFK Fyn has been hypothesised to play a central role in AD by mediating toxic functions 

of Aβ and Tau [131, 378]. While most AD studies have so far focused on Fyn of AD has 

surrounded [131, 378] there is accumulating evidence that deregulation of Src participates in 

the disease process.  

Recent data have demonstrated Src dysfunction in a transgenic mouse model of AD with 

mutations in APP/PSEN1/MAPT genes (3xTg) [379]. This is associated with impaired 

phosphorylation of NMDAR-GluN2B subunits, and deregulation of actin cytoskeletal dynamics 

in dendritic spines. These results imply that AD-like changes in neurons undermine Src-

mediated regulation of excitatory synapses. This can lead to the synaptic dysfunction typically 

seen in experimental models of AD. Corroborating these observations, Src kinase activity is 

progressively impaired in AD patients with increasing Braak stage [343]- a measure of the 
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severity of pTau pathology. Thus, the disease process may progressively induce a complete 

loss of Src function.  

Like Fyn, Src may also mediate neurotoxicity in AD. In APP/PSEN1 mouse models of AD 

pathology, Aβ exposure induces reactive gliosis in a Src dependent manner [380]. In neurons, 

Src-dependent activation of Rac1 promotes the γ-secretase cleavage of APP and subsequent 

Aβ secretion [381]. Fyn-Tau SH3 interactions have also been implicated in targeting protein 

complexes in NMDAR-containing post-synaptic densities, which mediate excitotoxic 

responses to Aβ in vivo [131]. Recent evidence suggests that Tyr18 phosphorylation of Tau, 

which is also mediated by Src, is important for NMDAR-dependent toxicity in primary neuronal 

cultures [98]. The precise nature and cause of Src dysfunction in AD, and what other 

consequences it may have are still somewhat unclear.  

1.6.4 A potential role of Src in the deregulation of PP2A in AD 

1.6.4.1 Src has been reported to inactivate PP2A via Tyr307 phosphorylation 

The first interaction between PP2A and Src was first reported more than two decades ago 

when expression of the viral Src (v-Src) oncogene, which is constitutively active, was shown 

to phosphorylate PP2Ac at the Tyr307 residue in vitro; this phosphorylation was associated 

with inhibition of PP2Ac catalytic activity [173]. The phosphorylation of PP2Ac was also 

reported to occur in v-Src-transformed fibroblasts [174]. It was similarly observed after 

epidermal growth factor and insulin stimulation, catalysed by Src and the related SFK, Lck 

[173].  

Tyr307-phosphorylation of PP2Ac has been proposed to be an important mode of PP2A 

regulation in multiple cell and tissue types, and has been used in numerous studies as a 

readout of PP2A inactivation.  Over the years, PP2Ac-Tyr307 phosphorylation has been 

associated with functions as diverse as axon recovery in the CNS [382] and sperm motility 

[383]. More significantly, it has been suggested to play a role in many major diseases including 

several cancer types [384, 385]. Of particular relevance to our project, deregulation of PP2Ac 

tyrosine phosphorylation has been implicated in AD pathology [175]. 

Yet, it is worth mentioning that the PP2Ac Tyr307 phosphorylation site has never been found 

or validated in vivo using mass spectrometry since the initial in vitro experiments performed 

by Chen et. al. [173, 174]. Rather, the majority of results reporting changes in PP2A-pTyr307 

have relied on the use of commercially available antibodies directed towards this site. 

Significantly, our group and our collaborators have recently found these “anti-pY307-PP2Ac” 

antibodies are rather unreliable due to their non-specifity, with their blanket use proving to be 

highly problematic in delineating PP2A function [386]. This discovery raises serious questions 
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about the validity of functional PP2A phosphorylation studies that have relied on these 

antibodies. 

1.6.4.2 A possible link between Src and PP2A in AD 

Another way by which Src-dependent signalling could contribute to AD pathogenesis may be 

through the reported ability of this kinase to directly phosphorylate and inactivate PP2A. 

Indeed, Src-mediated PP2A deregulation may participate in the neuronal response to various 

“stress” or toxic stimuli. For example, it has been reported that in cerebral ischemia [387], and 

in Aβ-treated cortical neurons, Src-mediated phosphorylation of PP2Ac leads to activation of 

Erk1/2 [388], resulting in PHF-1 phosphorylation of Tau. Metabotropic glutamate receptor-

dependent activation of Src also leads to PP2Ac phosphorylation and inactivation, and 

subsequent Erk activation in striatal neurons [389]. 

Post-mortem studies in human have suggested that Src may promote indirect Tau 

phosphorylation at Ser/Thr sites by impairing PP2A activity via tyrosine phosphorylation [390]. 

In agreement with this hypothesis, enhanced PP2A phosphorylation at Tyr307 has been 

reported to occur with neurofibrillary pathology in AD [175].  However, the proven transient 

and labile essence of PP2A tyrosine phosphorylation [174], combined with the demonstration 

that all commercial anti-pY307 antibodies are flawed, raises some serious doubts on the 

conclusions drawn from these studies performed in autopsy tissue. Thus, while there is strong 

support for a role of Src in PP2A regulation, the modalities of this regulation remain to be 

elucidated. In Chapter 6, we will strive to re-evaluate the role of Src in PP2Ac phosphorylation 

using different cell models. 

It is also interesting that conversely, PP2A can dephosphorylate and inhibit Src activity in vitro 

[391, 392] so that downregulation of PP2A in AD could also in theory promote Src 

deregulation. Altogether, these observations are consistent with the concept that deregulation 

of Src-PP2A functional interactions could contribute to p-Tau pathology, albeit precise causes 

and underlying mechanisms are still unclear.  

We also propose that the regulation of PP2A (and therefore the Ser/Thr phosphorylation of 

Tau) is more complex than has previously been suggested. If we can validate that the 

phosphorylation of PP2Ac at tyrosine residues impairs phosphatase activity, the effects on 

Tau phosphorylation would be twofold in AD pathogenesis. The reduced expression of PP2A-

Bα [158], and impaired methylation of PP2Ac [159] in AD means that regular PP2A-Tau 

binding dynamics are disturbed, which would also result in enhanced SFK-Tau protein-protein 

interactions [97]. Indeed, PP2A and SFK enzymes bind Tau in the same regions, and therefore 

compete for binding. Moreover, AD-like phosphorylation inhibits the association of Tau with 

PP2A, thereby preventing dephosphorylation of p-Tau at Ser/Thr sites. At the same time, 
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detachment of PP2A and Tau phosphorylation enhance the binding of SFKs to p-Tau, and 

thereby the tyrosine phosphorylation of Tau [199]. Thus, decreased PP2A methylation and 

Src-mediated PP2A phosphorylation may both drive the accumulation of Tau species 

phosphorylated at Ser/Thr and Tyr sites, as observed in the AD brain. Thus, to gain some 

better understanding of Tau regulation, it is important to delineate the precise role of Src-

mediated PP2A phosphorylation.    

1.7 Hypotheses and Aims 

It is widely recognised that Tau and Aβ play central roles in the onset of AD. However, what 

is less understood is how Tau and APP are regulated in neurons. Current evidence strongly 

supports an essential role for PP2A in Tau regulation [155, 160], with a growing body of 

literature also implicating PP2A in the regulation of APP in neurons [258, 393, 394]. Recent in 

vivo studies from our group also indicate that methylation of PP2Ac protects against the 

neurotoxic effects and memory impairment induced by Aβ [338]. PP2Ac methylation depends 

directly on the proper functioning of one-carbon metabolism. This suggests a compelling link 

between one-carbon metabolism, APP phosphorylation, Aβ formation, Tau phosphorylation 

and neurodegenerative processes in AD.  

What is currently unknown, however, is how PP2Ac methylation is otherwise regulated. One-

carbon metabolic supply of methyl groups is undoubtedly critical for PP2Ac methylation, but 

we believe that other signalling pathways could also modulate PP2Ac methylation. These 

effects could be direct and/or cross-talk with the biochemical pathways that are part of the 

one-carbon cycle.  In other cell types, cAMP signalling has been suggested to alter PP2Ac 

methylation and cellular distribution [333, 334]. Thus, we aim to interrogate the role of 

cAMP/PKA signalling in the regulation of neuronal PP2Ac methylation, and investigate the 

functional effects on selected PKA and PP2A substrates. We hypothesise that PKA activation 

will modulate the methylation and compartmentalisation of PP2Ac to regulate their shared 

substrates (Fig. 1.9).  
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Furthermore, PP2A regulates several important proteins in neurons involved in AD. Our group 

has repeatedly demonstrated a role for PP2A in Tau dephosphorylation in vitro, in vivo and in 

Alzheimer’s disease [158, 159, 395, 396], while also linking Tau phosphorylation with 

disturbed PP2Ac methylation in a model of disturbed one-carbon metabolism in vivo [263]. 

Other observations from our group also suggest that disturbances in methyl-group supply may 

result in disturbed APP processing and deregulated phosphorylation of Thr668, caused by 

demethylated PP2Ac [258].  

Additionally, recent evidence has suggested a link between disturbed one-carbon metabolism 

in vivo and the deregulation of a number of important proteins in the brain, including CREB 

[341, 397]. There is also evidence implicating PP2A in the regulation of CREB, mainly through 

the dephosphorylation of this transcription factor [335, 337].  

Since PP2A methylation affects the phosphorylation of APP and CREB, and becomes 

impaired in mice with genetic MTFHR and dietary folate deficiencies, these disturbances may 

also manifest in this model. Therefore, we propose to assess the effect of altered one-carbon 

metabolism on important PP2A substrates in the brain, CREB and APP. We hypothesise that 

the phosphorylation and possibly the expression of these proteins may be deregulated in 

MTHFR and folate deficient mouse models (Fig. 1.9). 

 

Figure 1.9 Regulation of PP2Ac in Alzheimer’s disease. In this thesis, we aim to clarify the precise 
mechanisms of PP2Ac regulation by post-translational modification and their functional 
consequences for AD. Our fist aim (Chapter 3) will be to provide evidence of a novel link between 
cAMP/PKA signalling and neuronal PP2Ac methylation. Our second aim is to investigate how the 
disturbed methylation of PP2Ac in cells and in vivo models of MTHFR and folate deficiencies affects 
CREB and APP phosphorylation and expression (Chapters 4 and 5), since those are both functionally 
relevant substrates of PP2A in AD. Our final aim is to re-evaluate and clarify the role of Src in the 
regulation of PP2A by tyrosine phosphorylation of the catalytic subunit (Chapter 6).  
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Lastly, Src-mediated phosphorylation of PP2Ac at Tyr307 and subsequent inhibition of PP2A 

catalytic activity was first described in vitro over 25 years ago [173, 174]. Since then, reports 

have suggested that Src leads to increased Tau phosphorylation through PP2Ac inhibition 

[387, 389, 390, 398]. Despite these studies, and others indicating that PP2Ac-pTyr307 is 

increased in AD [175], it remains to be validated that PP2A is indeed phosphorylated at this 

site. Since there is a complex interplay between the binding of SFKs and PP2A to Tau, this 

represents a pressing issue. Thus, we propose to clarify the nature of Src-mediated tyrosine 

phosphorylation of PP2A, and assess its functional consequences for Tau phosphorylation. 

We will also investigate the effects of these functional interactions on neuritogenesis, which 

becomes impaired in AD. We hypothesise that Src targets PP2Ac for phosphorylation at 

residues other than Tyr307, leading to deregulation of Tau and neurite outgrowth.            
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Chapter 2: Materials and Methods 
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2.0 Reagents 
2.0.1 Chemicals 
Unless indicated, all reagents were purchased from Sigma.  

2.0.2 Plasmids 
In this thesis, COS-7 and N2a cells were transfected with plasmids listed in Table 2.1 below. 

Listed cDNA constructs are all mouse genes.  

Table 2.1 Plasmids used in this Thesis       
  

Encoded 
protein  

Plasmid  

HA-PP2AcWT 

 

pcDNA3.1 HA-wild-type PP2AC 

HA-PP2AcL309Δ 

 

pcDNA3.1 HA-PP2AC-L309Δ 

SrcCA 

 

pRc/CMV Src-Y529F 

HA3-PP2Ac#1 pcDNA5/TO HA3-PP2AC-tyrosine phosphomutant #1 (Y → F) 

HA3-PP2Ac#2 pcDNA5/TO HA3-PP2AC-tyrosine phosphomutant #2 (Y → F) 

HA3-PP2Ac#3 pcDNA5/TO HA3-PP2AC-tyrosine phosphomutant #3 (Y → F) 

HA-PP2Ac#3 pcDNA5/TO HA-PP2AC-tyrosine phosphomutant #3 (Y → F) 

Myc-PME-1 

 

pBABE-Myc-wild-type PME-1 
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2.0.3 Antibodies 
Antigen Origin 

species 
MW of 
target 
(kDa) 

Source Catalogue 
number 

Actin Mouse 42 Merck Millipore MAB1501 
APP (total) Rabbit 116 Merck Millipore MABN2287 
Phospho-APP  
(Thr668) 

Rabbit 116 Cell Signaling 
Technology, 
Fisher Scientific 

2451 

AF2508 
PP2A Bα subunit Mouse, 

monoclonal 
55 Merck Millipore 05-592 

PP2A total catalytic 
subunit 

Mouse 36 BD Biosciences  610556 

Demethylated PP2A 
catalytic subunit  

Mouse 36 Upstate 
biotechnology 

05-421 

Methylated PP2A 
catalytic subunit 

Mouse, 
monoclonal 

36 Dr. E. Ogris † 

CREB (total) Rabbit 42 Cell Signaling 
Technology 

9197 

Phospho-CREB (Ser133) Rabbit 42 Cell Signaling 
Technology 

91985 

Phospho-CREB (Ser133) Goat 42 Santa Cruz 
biotechnology 

sc-7978 
(discontinued) 

Glyceraldehyde 3-
phosphate 
dehydrogenase (GAPDH) 

Mouse 36 Merck Millipore AB2302 

GSK-3β Mouse 46 Cell Signaling 
Technology 

9832S 

Phospho-GSK-3β Rabbit 46 Cell Signaling 
Technology 

9323S 

Hemagluttinin (HA) Mouse Range Covance MMS-10R 
LSD1 Rabbit >100 Merck Millipore ABE365 
Na+/K+ ATPase Mouse 116 Abcam ab254025 
PKA Substrates Rabbit Range Cell Signaling 9624S 
PME-1 Mouse, 

monoclonal 
42 Dr. E. Ogris † 

Src  Mouse 59 Merck Millipore 05-184 
Phospho-Src (Tyr416) Rabbit 50-59 Cell Signaling 

Technology 
9643S 

Tau, total  Rabbit 50-75 Rpeptide T-1308-1 
Phospho-Tau (CP13) Mouse 50-75 Dr. P. Davies † 
Phospho-Tau (PHF-1) Mouse 50-75 Dr. P. Davies † 
Phospho-Tau (Ser214) Rabbit 50-75 Cell Signaling 

Technology 
77348S 

Tubulin Rabbit 55 Merck Millipore ABT170 
β-III Tubulin Rabbit 55 AbCam ab18207 
Phospho-Tyrosine  Rabbit Range Cell Signaling 

Technology 
8954S 

Table 2.2 Primary Antibodies used in this Thesis 
† : Denotes primary antibodies obtained from Dr. E. Orgris or Dr. P. Davis which are not commercially available 
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2.1 Cell culture and transfection 
Mouse neuroblastoma (Neuro-2a cells, N2a, American Type Culture Collection, ATCC) were 

maintained in RPMI 1640 culture medium (Thermo Fisher Scientific, Mulgrave, Vic.) 

containing 25mM Hepes (pH 7.4), 10% foetal bovine serum (FBS, Bovogen biologicals, 

Essendon, Vic) and 10μg/ml gentamicin (Thermo Fisher Scientific, Mulgrave, Vic). COS-7 

cells (ATCC; a gift from Dr. Rick Thorne, University of Newcastle) were maintained in 

Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher Scientific, Mulgrave, Vic), and 

supplemented as above. Cells were transiently transfected using Metafectene Pro reagent, 

following manufacturer’s instructions (Biontex Laboratories, Munich, Germany). Cells were 

transfected with plasmids expressing the hemagglutinin (HA) tagged wild-type PP2Ac (WT-

PP2Ac), the methyl-deficient L309Δ PP2Ac (L309Δ-PP2Ac), three PP2Ac de-phospho 

mutants (Y→F amino acid substitutions) labelled as PP2Ac #1, PP2Ac #2 and PP2Ac #3, as 

well as constitutively catalytic active Src (Y527F mutation, SrcCA). Cells mock-transfected with 

empty vectors (EV) were used as controls and referred to accordingly as “control cells” or 

“EV”. They behaved in the same way as non-transfected cells in our experiments. 

2.2 Cell treatment 

2.2.1 Activation and inhibition of cAMP/PKA signalling 

N2a cells were grown to confluence in 100mm dishes (Corning, NY, USA) in RPMI 1640 

medium containing normal folate and 10% Foetal Bovine Serum. Cells were serum-starved 

16-18h prior to experiments by replacing the normal culture medium with RPMI 1640 medium 

containing 0.5% FBS. When indicated, cells were incubated in the same medium in the 

presence of 50μM Forskolin for 0 to 60 minutes as indicated in Results. In other experiments, 

cells were incubated for 30 minutes at 37oC with the cAMP analogue 8-Br-cAMP (50μM) in 

the same medium. Cells were also treated with the cAMP/PKA inhibitors H89 (30μM) and 

KT5720 (10μM) in RPMI1640 containing 0.1% FBS for 45 minutes prior to incubation with 

Forskolin for 15 minutes. Lastly, to inhibit endogenous PME-1, cells were incubated for 3h with 

20μM AMZ-30 for 3 hours in RPMI 1640 medium containing 0.5% FBS. 

2.2.2 Folate deficiency 

To study the effects of folate depletion, cells were washed once with room temperature PBS, 

then incubated for up to four hours in RPMI 1640 cell culture medium without folic acid 

(ThermoFisher Scientific) in the presence of 5% FBS (Bovogen), prior to harvesting. 

2.2.3 SAH-Hydrolase inhibition and SAM supplementation 
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When indicated, prior to harvesting, N2a cells were starved overnight in RPMI medium 

containing 0.1% FBS in the presence of 100μM of either S-Adenosyl Methionine (SAM) or 

SAH-hydrolase inhibitor 3-deazaadenosine (3DA), or vehicle.  

2.2.4 Pervanadate treatment of N2a and COS-7 cells 

Under sterile and dark conditions, sodium orthovanadate (Na3VO4, 250mM) was added to 

30% H2O2 and PBS to a final concentration volume of 2.5ml. This reaction was left in dark 

conditions at room temperature to yield a 100x (10mM) solution of Pervanadate (PV). This 

100x solution was added to cell culture medium (DMEM) at a dilution of 1:100 for a final 

concentration of 100μM. Serum starved cells were incubated with PV for 15 minutes at 37oC.  

2.3 Preparation of cellular homogenates 

2.3.1 Total cell extracts 

Following treatment, cells were rinsed with room temperature PBS, then harvested in ice-cold 

extraction buffer E [25mM Tris pH7.4, 150mM NaCl, 1% Nonidet-P40, Complete MiniTM 

protease and phoSTOPTM phosphatase inhibitor cocktails (Roche, Dee Why , NSW, Australia), 

5mM PMSF, 1mM DTT, 0.5µM okadaic acid (Merck Millipore, Bayswater, VIC, Australia)] 

according to our previous methods [199]. Total cell extracts were sonicated on ice then 

centrifuged for 10 minutes at 13,000xg. Supernatants were collected and stored at -80oC until 

further analysis.  

2.3.2 Subcellular fractionation 

2.3.2.1 Nuclear purification of proteins 

Nuclei were isolated from confluent 100mm dishes according to a published protocol [399]. 

Briefly, cells were harvested in 500μl of RSB buffer (10mM Tris pH 7.4, 10mM NaCl, 3mM 

MgCl2, with cOmplete Mini TM protease and phoSTOP TM phosphatase inhibitor cocktails, 

0.5μM okadaic acid, 5mM PMSF), and centrifuged at 960xg for 1 minute. The pellet was 

resuspended in Buffer RSB-G40 (RSB + 10% glycerol and 0.25% NP-40) with 1mM DTT, 

before centrifugation at 10,000xg for 1 minute. The supernatant (non-nuclear fraction) was 

collected and stored at -80oC for future analysis.  

The pellet was rinsed once in RSB-G40 and once in RSB-G (RSB + 10% glycerol). The final 

pellet was resuspended in 100μl RSB-G40 buffer and homogenised. The sample was 

centrifuged for 5 minutes at 12, 000 x g. The supernatant (nuclear fraction) was stored at -

80oC for subsequent analysis. The nuclear marker Lysine-specific demethylase 1 (See 2.8 

Gel Electrophoresis and Western Blotting) was used as a protein loading control in this 

compartment. In other experiments, nuclei were prepared as described in section 2.3.2.2.  

2.3.2.2 Isolation of membrane fractions 
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Subcellular fractionation of cells was performed according to our previously published 

methods [165]. Briefly, cultured cells were washed in PBS, then incubated for 5 minutes at 

room temperature in a hypotonic sucrose buffer solution S [10mM Tris pH7.4, 250mM 

Sucrose, 1mM EDTA, cOmplete MiniTM protease and phoSTOPTM phosphatase inhibitor 

cocktails, 1mM DTT, 0.5µM okadaic acid, 5mM PMSF]. Cells were then harvested in the same 

ice-cold sucrose buffer and incubated on ice for 15 minutes. Cells were homogenised using a 

glass-Teflon Dounce homogeniser (DWK Life Sciences, New Jersey, USA). Aliquots of total 

cell homogenates were kept for future analysis, and remaining cell homogenates were first 

centrifuged for 10 minutes at 800 x g to pellet cell nuclei. The pellet was rinsed one time in 

buffer S and re-centrifuged for 10 minutes at 800 x g. The supernatant was discarded and the 

pellet (nuclear fraction P1) was resuspended in buffer E and sonicated.  

The first post-nuclei supernatant was centrifuged for 1h at 100,000 x g to separate cell 

membranes (pellet) from the cytosolic cell fraction S2 (supernatant). Pelleted membrane 

fractions were resuspended in buffer E, sonicated and centrifuged for 5 min at 12,000xg to 

remove insoluble material. The supernatant (Membrane fraction P2) was collected.  

All cell fractions were stored at -80oC until further analysis. Membrane enrichment was verified 

using Western blotting with antibodies directed against Na+/K+-ATPase (see 2.8: Gel 

Electrophoresis and Western blotting, below)  

2.3.4 Separation of cellular detergent-soluble and –insoluble pools 

Cells were rinsed in PBS and collected in ice-cold E buffer, as described in section 2.3.1. 

Aliquots of total cell extracts were kept for further analyses. The remaining cell homogenates 

were centrifuged for 45 minutes at 26,330xg. The supernatant (detergent-soluble fraction) was 

collected and stored at -80oC. The pellet (detergent-insoluble fraction) was resuspended by 

sonication in buffer E prior to storage at -80oC. 

2.4 Immunoprecipitation  

2.4.1 Immunoprecipitation of PP2AcWT and PP2Ac phosphorylation-incompetent mutants 

Cultured N2a or COS-7 extracts were homogenised in ice-cold buffer E, without DTT. Extracts 

were homogenised on ice using a microtube pestle (Eppendorf). Homogenates were then 

centrifuged at 13,000xg for 10 minutes. A small aliquot of the total protein extract was stored 

at -80oC for future analysis by Western blotting. The remaining homogenates were mixed with 

40μl anti-HA antibody-tagged magnetic beads (Cell Signaling, Genesearch, Arundel, Qld) and 

incubated at 4oC overnight. Immunoprecipitates were washed five times in the same 

harvesting buffer. After the last wash, LDS-based SDS-PAGE loading buffer was added 

directly to the beads and samples analysed by NU-PAGE as described in section 2.8. 
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2.4.2 PKA phosphorylation assay 

Growing COS-7 cells were transfected with the pBabe Puro Myc-PME-1 plasmid. Cells were 

harvested 36h post-transfection in ice-cold modified buffer E, containing 0.5% sodium 

deoxycholate, but without DTT. Cells were homogenised with a motorised pestle (Eppendorf). 

Extracts were then centrifuged for 5 minutes at 13,000 x g at 4oC. The remaining protein 

extract was added to a 20μl aliquot of anti-Myc antibody-tagged magnetic bead suspension 

(Cell Signaling, Genesearch, Arundel, Qld). This bead slurry was left to incubate overnight at 

4oC on a rotating mixer (Select Bioproducts, Edison, NJ, USA). The next day, the cell extract 

was removed and the beads were washed five times in 500μl of the same E buffer used in the 

protein extraction. After the fifth wash, the beads were resuspended in a PKA reaction buffer, 

containing recombinant mouse catalytic subunit of cAMP-dependent Protein Kinase A (α-

isoform, New England Biolabs).The phosphorylation reaction was started by adding 30μl PKA 

reaction mix containing 50mM DTT, 0.01% Brij-35, 0.2mM ATP and 1,250 units of recombinant 

PKA-cα. The suspension was incubated for 30 minutes at 30oC. The reaction was stopped 

with the addition of 15μl gel loading buffer. The sample was then heated for 10 minutes at 

72oC, before separation by NU-PAGE and Western blot analysis.  

2.5 Analysis of neurite outgrowth in N2a cells by confocal microscopy 

Growing N2a cells were seeded on poly-L-Lysine coated coverslips at a density of 1.5x104 

cells/mL in RPMI cell culture medium. The next day, cells were incubated overnight in 

starvation medium (RPMI 1640 medium with 0.5% FBS) to initiate the process of 

differentiation. As indicated in results, cells were incubated in the same medium with either 

Forskolin, Rp-cAMPs, 8-Br-cAMP, KT5720, H89 or PP2 (Merck Millipore, Bayswater, VIC, 

Australia) for 24h to 48h. 

To investigate neurite outgrowth, cells were fixed and permeabilized for 5min in ice-cold 

methanol [236]. After washing with PBS cells were incubated in a PBS plus 5% BSA solution 

(blocking step). Cells were then incubated for 1h in PBS+3% BSA with a primary antibody 

directed against β-III Tubulin (Abcam). Cells were washed and the secondary Alexa Fluor 488 

labelled antibody (Life Technologies, Mulgrave, VIC, Australia) was added for 1hr. After 

washing in PBS, coverslips were mounted with Fluoromount (Fisher Scientific) and examined 

on an Olympus FV1000 CLSM confocal microscope using a 60× objective. 

Captured images (z-stacks) were transferred to Adobe Photoshop/Illustrator CS5 for printing 

(Adobe Systems). Images were processed using ImageJ software (National Institute of Health, 

USA), and neurites were measured using the ImageJ Plugin application Neurite Tracer [400]. 
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2.6 Preparation of acute cortical slices from mouse brain 

3-6 month old male C57BL6 mice were anaesthetized with ketamine (100mg kg-1 I.P.) and 

decapitated. Brains were rapidly removed and placed in ice-cold sucrose substituted artificial 

cerebrospinal fluid (sACSF; 250mM sucrose, 25mM NaHCO3, 10mM glucose, 2.5mM KCl, 

1mM NaH2PO4, 1mM MgCl2 and 2.5mM CaCl2 [401]). Coronal slices (350μm) were sectioned 

using a vibrating microtome (Leica VT-1200S, Heidelberg, Germany) and then transferred to 

an incubation chamber containing oxygenated ACSF (118mM NaCl substituted for sucrose 

[401]). Slices were equilibrated for 1h at room temperature (22-24oC) prior to macro dissection 

of the cortex or hippocampus (Fig. 2.1). After isolation, cortical slices were placed for 0-60min 

at room temperature into fresh, carbogenated ACSF containing either 50μM Forskolin, 50μM 

Forskolin plus 2.5μM Rolipram, or vehicle.  

Total homogenates were prepared from slices the cortex, in 500μl buffer E. Following 

sonication on ice, samples were centrifuged at 13,000xg to remove insoluble material. The 

supernatant was stored at -80oC until further analysis by Western blot. 

 

2.7 MTHFR-deficient mouse models and dietary interventions 

 

Figure 2.1 Macrodissection of mouse cortex. Coronal slices (images obtained from Mouse Brain 
Atlas [402] at depths of A. ~-2.3mm and B. ~-3.3mm, relative to Bregma. Highlighted in left 
hemisphere of each slice, in red, are examples of cortical regions that were dissected from coronal 
slices  
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Brain tissue homogenates were obtained from previous studies performed in wild-type (WT) 

MTHFR+/+, heterozygous (HET) MTHFR+/- and homozygous (NULL)  MTHFR-/- female mice 

[263]. Briefly, 5-week old WT, HET and NULL mice fed on a normal chow diet containing 

6.7mg/kg folate (Harlan Teklad, Madison WI) were sacrificed by CO2 asphyxiation and 

different brain regions were collected and flash frozen (Fig 2.2.A). Additionally, 16-month-old 

WT and HET mice were fed for 6 months with either the above normal-folate containing control 

diet (CD) or a low folate diet (LF; Harlan Teklad, Madison, WI) with only 0.2 mg/kg folate, prior 

to sacrifice (Fig. 2.2.B).  

The CD and LF diets supplied to aged mice, also contained succinylsulfathiazole (10 mg/kg) 

to inhibit gastrointestinal bacterial growth and prevent absorption of folate from this source 

[263, 403]. Plasma tHcy was determined by high pressure liquid chromatography with 

fluorescence detection [404] and plasma folate was quantified with a Simultrac-SNB RIA kit 

(MP Biomedicals). Total homogenates were prepared from the cortex, cerebellum or midbrain 

mouse brain regions at a ratio of 1 g tissue/10 ml buffer E. Following sonication on ice, samples 

were centrifuged at 13,000xg to remove insoluble material. The supernatant was flash frozen 

and stored at -80oC. 

  

 

Figure 2.2 Mouse models of MTHFR- and folate- deficiencies. A. Wild-type (WT) MTHFR+/+, 
heterozygous (HET) MTHFR+/- and homozygous (NULL) MTHFR-/- female mice were fed a normal folate 
diet for 5 weeks before being sacrificed. Cortex, midbrain and cerebellar regions were collected and 
analysed for expression and phosphorylation of CREB or APP. Due to limitations in available tissue, the 
only region we were able to use from NULL mice in the analysis of CREB was the cortex. B. Aged (16-
month-old) wild-type mice were fed a normal- or low-folate containing diet and sacrificed after 6 months 
on the diet (final age of ~22 months). The cortex, hippocampus (Chapter 5 only) midbrain and cerebellar 
regions were collected and analysed for expression and phosphorylation of APP and CREB. Mice 
rearing, housing and sacrifice were performed in the laboratory of our collaborator Dr. T. Bottiglieri, 
(Baylor University, Dallas, TX, USA).   
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2.8 Gel electrophoresis and Western blotting 

Protein extracts (~50μg) of cell and mouse brain homogenates were separated on NU-PAGE 

Bis-Tris 4%-12% gradient mini or midi gels (Thermo Fisher Scientific). Precision PlusTM Protein 

Standards (BIO-RAD) were used as molecular weight standards.   Proteins were transferred 

overnight onto nitrocellulose membranes in a tris-glycine-methanol transfer buffer. Western 

blotting was performed according to the manufacturer’s instructions (LI-COR Biosciences, 

Millennium Science, VIC, Australia). Briefly, membranes were incubated for 1h in a Bovine 

Serum albumin (BSA)-PBS based blocking buffer (Odyssey blocking buffer, LI-COR 

Biosciences, Millennium Science, VIC, Australia) prior to sequential incubation with the 

indicated primary antibody (Table 2.1) and a species-specific Infrared IRDye®-labelled 

secondary antibody (LI-COR)  for 1h each, in the same blocking buffer containing 0.1% 

Tween20.  

Western blotting was performed using the OdysseyTM Infrared imaging system (LI-COR 

Biosciences). Band intensity was determined by two separate investigators using Image 

Studio Lite version 5.0 Software (LI-COR Biosciences) to accurately quantify protein levels. 

2.9 Statistics 

Pairwise comparisons were analysed using Student’s T-test.  Where appropriate, in animal-

based experiments, data was analysed using one-way ANOVA with Dunnett’s test. 

Differences where p< 0.05 were considered statistically significant. Data is presented as mean 

± standard deviation (SD) or standard error of the mean (SEM), as indicated. 
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Chapter 3: Regulation of PP2Ac 
methylation by cAMP/PKA signalling  
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3.0 Rationale and Significance  
PP2A is responsible for the regulation of many key neuronal functions, including synaptic 

plasticity, neuronal differentiation, cell cycle progression and survival [338] [73, 200, 236, 338, 

405]. Functional PP2A heterotrimers are formed by the association of specific A, B, and C 

subunits which determine PP2A enzyme substrate specificity [Chapter 1,406]. One 

mechanism that determines subunit composition is the C-terminal methylation of the catalytic 

subunit at the leucine 309 residue. Methylation at this site allows B-family regulatory subunit 

binding to the core AC dimer and the formation of PP2A-ABαC enzymes. Of particular interest 

to our studies is the link between methylation and PP2A-ABαC biogenesis, since this PP2A 

isoform is the primary Tau phosphatase in neurons [157].  

By controlling the supply of the methyl donor, SAM, the one-carbon metabolic cycle, is 

currently the only mechanism demonstrated to influence neuronal LCMT-1 activity, and 

therefore PP2Ac methylation in cells and in vivo (Refer to Chapter 1). Interestingly, it has been 

suggested that cAMP/PKA signalling is able to modulate PP2A methylation and activity in a 

number of non-neuronal cell types. For example, induction of cAMP signalling in Xenopus 

oocytes leads to PP2Ac methylation [334], though a precise understanding of how this occurs 

is still unknown. Others have shown that elevation of cAMP increases PP2A activity in kidney 

cells; the authors proposed that this effect may occur as a result of increased methylation of 

PP2Ac [333]. Furthermore, use of the adenylate cyclase activator Forskolin is associated with 

activation of PP2A enzymes [407]. Together, these data indicate that there may be a link 

between the generation of cAMP and PP2Ac methylation in neurons, as observed in other cell 

types. 

In this chapter, we wanted to investigate if, and how cAMP signalling could affect PP2Ac 

methylation in neurons. We observed that cAMP generation in N2a cells led to a time-

dependent demethylation of PP2Ac, and a redistribution of methylated PP2Ac and PP2A-

ABαC complexes. We also observed that PP2Ac methylation can affect the phosphorylation 

state of two downstream targets of cAMP signalling, the transcription factor CREB, and the 

microtubule-associated protein Tau. These observations support a role for the cAMP-

regulated methylation of PP2Ac in neuronal processes such as synaptic plasticity, 

differentiation and survival, especially as these functions are mediated by PP2A, CREB and 

Tau. 
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3.1 Introduction 

The cAMP/PKA signalling pathway is critical for proper neuron function and becomes 

deregulated in AD. Ligand binding to G-protein coupled receptors or elevated intracellular Ca2+ 

result in the activation of adenylate cyclase, leading to cAMP formation and PKA activation. 

cAMP binding to two regulatory subunits of tetrameric PKA induces the release of the two 

catalytic subunits that phosphorylate PKA substrates. Phosphodiesterases are responsible for 

the degradation and cycling of cAMP, and subsequent inactivation of PKA. There are many 

identified phosphodiesterase isoforms with different expression patterns throughout tissues, 

including in different brain regions [408]. PKA is localised and tethered to various intracellular 

compartments by A-Kinase Anchoring proteins (AKAPs) that control the subcellular targeting 

of the cAMP/PKA pathway. The regulation of PKA signalling in neurons has been reviewed in 

the introduction of this thesis and has been extensively described in the literature [409, 410]. 

Synaptic transmission in neurons is dependent on cAMP/PKA signalling. Excitatory AMPA 

receptor (AMPAR)-mediated synaptic transmission leads to rapid generation of cAMP by 

adenylate cyclase in the postsynaptic neuron [411]. PKA activation promotes AMPAR 

stabilisation at the synapse, contributing to post-synaptic plasticity [300, 316]. It induces actin-

mediated internalisation of AMPARs in hippocampal neurons upon LTP induction [299]. In 

addition to these functions at dendritic spines, cAMP/PKA signalling activity is also localised 

to other subcellular compartments, notably the nucleus. The major nuclear target of 

cAMP/PKA signalling is the transcription factor CREB. CREB targets regulatory regions of 

DNA known as cAMP-responsive elements (CREs) and is activated by PKA-mediated 

phosphorylation at the Ser133 site. CREB is also targeted by a handful of other kinases, 

including CaMKIV and MAPK, which are also regulated by PKA [282, 283]. CREB 

phosphorylation induces the association of CBP with CREB [286] or of CREB-regulated 

transcriptional coactivators (CRTCs) with CREB. Binding of these proteins to CREB leads to 

gene transcription [287].  

CREB is responsible for regulating the transcription of cytoskeletal regulatory proteins, either 

by inducing their expression, for example that of Doublecortin [412], or by suppressing the 

transcription of others, like p250GAP and Tau [413, 414]. PKA- mediated activation of CREB 

is essential for late phase (protein transcription-dependent) LTP [307, 415], and other aspects 

of neurotransmission and synaptic function. For instance, it affects the expression of the brain-

specific growth factors, NGF and BDNF, as well as tyrosine hydroxylase, the rate-limiting 

enzyme in the synthesis of dopamine [307, 319, 416, 417].  

The cAMP/PKA/CREB signalling axis is highly important for the formation and consolidation 

of LTP. Given the importance of PKA-CREB activity in memory formation, it is logically a major 
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signalling pathway impaired in AD, a disease characterised by significant memory loss. This 

conclusion is supported by studies showing reduced CREB phosphorylation and activity  in 

the hippocampus of AD-affected patients [323], and experimental in vivo models exposed to 

exogenous AD-like Aβ concentrations [418]. Furthermore, treatment with the 

phosphodiesterase inhibitor Rolipram improves hippocampal-dependent memory formation in 

mouse models of AD [328-330]. Similarly, increasing the expression of CREB in AD mouse 

models also alleviates memory deficits [419]. Conversely, PKA-mediated phosphorylation of 

Tau at Ser214 enhances the association of Tau with GSK-3β [325], a key Tau kinase 

implicated in AD pathology [88, 103]. Phosphorylation of Tau at Ser214 also facilitates the 

dissociation of Tau from microtubules [87]; this is thought to be a key event in AD, by promoting 

Tau aggregation. It also causes subpopulations of neurons to be more vulnerable to 

degeneration in the prefrontal cortex of primates [331]. Thus, activation of PKA could have a 

positive (enhancing CREB activity) or a negative (enhancing AD-like p-Tau pathology) impact 

in neurons. While the cAMP/PKA/CREB signalling pathway undoubtedly plays a role in AD, 

the exact nature of this role remains to be further examined.  

Another subset of regulatory enzymes critical to neuronal homeostasis includes PP2A [161]. 

As mentioned above, the typical PP2A enzyme exists as a heterotrimer of a scaffolding A 

subunit (two isoforms), a catalytic C subunit (two isoforms) and one of many regulatory B-type 

subunits (B, B’, B” or B’” families). In addition to subunit composition, the catalytic subunit is 

also post-translationally modified by methylation. PP2Ac methylation promotes the recruitment 

of Bα to the AC enzyme and stabilisation of PP2A-ABαC holoenzymes (Figs. 1.5, 1.6 [170]). 

In contrast, it does not significantly affect binding of B’-, B”- or B᾽᾽᾽/Striatin regulatory subunits 

[420] to the core enzyme. Thus, potential alterations in PP2A methylation ultimately result in 

a loss of PP2A-ABαC, and changes in intracellular PP2A subunit composition. This is highly 

relevant to our thesis project, since PP2A-ABαC enzymes are the primary Tau Ser/Thr 

phosphatase in neurons [155, 157], and have been shown to be down-regulated in AD autopsy 

brain tissue in tandem with p-Tau pathology [158, 159]. PP2A-ABαC enzymes also regulate 

other aspects of Tau function, including its microtubule-binding and stabilising activities [201, 

395].   

PP2Ac methylation can be reversed by Protein Phosphatase Methylesterase 1 (PME-1). PME-

1 has been suggested to play multiple roles in the regulation of PP2A in cells. Aside from 

PP2A demethylation, PME-1 can also bind to and inactivate PP2A by displacement of the core 

Mn2+ ions in the catalytic subunit [168]. PME-1 also functions as a chaperone for newly 

produced, demethylated PP2Ac, which is important to prevent ubiquitination of PP2A and 

subsequent proteasomal degradation [421].  
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Little is currently known about the regulation of PP2Ac methylation in neurons, aside from the 

contribution of the one-carbon metabolic cycle. Like all methylation reactions, PP2Ac 

methylation by LCMT-1 is dependent on the available cellular pool of SAM [236, 403] and is 

impaired via feedback inhibition of LCMT-1 by S-Adenosyl Homocysteine (SAH).  

Studies in non-neuronal cells suggests that the cAMP signalling pathway can regulate PP2Ac 

methylation [333, 334]. Similarly, PP2A regulates CREB via dephosphorylation in multiple cell 

types, including hippocampal neurons [335-337]. In this chapter, our goal was to first examine 

how the activation of cAMP/PKA signalling affects PP2Ac methylation in N2a cells and in ex 

vivo cortical slices prepared from mouse brain tissue. Furthermore, we aimed to investigate 

how this signalling module affects the regulation of CREB phosphorylation and other targets 

common to both PP2A and PKA, such as Tau.  

We found that activation of cAMP/PKA signalling leads to rapid changes in PP2Ac methylation 

and redistribution of PP2Ac in neuronal cells. We also observed a complex interplay between 

cAMP/PKA and PP2A-ABαC signalling pathways, which affected their function in the 

regulation of CREB, Tau and neurite outgrowth.    
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3.2 Results 
3.2.1. PP2Ac methylation and methylation-dependent PP2A subcellular 
distribution are altered by cAMP/PKA signalling 
3.2.1.1 Activation of cAMP/PKA signaling leads to time-dependent demethylation of PP2Ac  

To investigate whether PKA signaling can affect PP2Ac methylation, we treated serum-

starved N2a cells for 0 to 60 minutes with the widely used adenylate cyclase activator, 

Forskolin. Activation of PKA by Forskolin led to a significant ~20% to ~60% increase in 

demethylated PP2Ac at the 15, 20 and 30 minute time points (Fig. 3.1 A-B). After one hour, 

the Forskolin-mediated increase in PP2Ac demethylation was no longer observed and 

amounts of demethylated PP2Ac returned to basal levels. 

In order to verify if the demethylation of PP2Ac following Forskolin exposure was mediated by 

PKA, we pre-incubated a subset of N2a cells for 45 minutes with either 30μM H89 (a 

pharmacological inhibitor of Forskolin) or vehicle prior to stimulation with 50μM Forskolin for 

20 minutes. As a control, other subsets of cells were incubated in parallel for 0-30 minutes 

with vehicle + 50μM Forskolin (Fig. 3.1). Notably, H89+Forskolin-incubated N2a cells showed 

significantly less (approximately ~20%) PP2Ac demethylation, compared to untreated, serum 

starved N2a control cells (Fig. 3.1 C-D). In addition, there was ~50% less demethylated PP2Ac 

in H89+Forskolin-treated N2a cells, relative to N2a cells incubated with vehicle +50μM 

Forskolin (Fig. 3.1 C-D). This provided evidence that the effects we observed on PP2Ac 

demethylation were more specifically initiated by activation of cAMP-PKA signaling.    

Peak effects of Forskolin were also recapitulated by incubating N2a cells with 2.5μM of the 

phosphodiesterase inhibitor, Rolipram (Fig. 3.1 E-F). Indeed, demethylated PP2Ac levels 

were increased by ~70% in Rolipram-treated cells compared to vehicle-treated controls. 

These findings suggest that activation of cAMP signaling promote a time- and PKA-dependent 

demethylation of PP2Ac in N2a cells. 

To confirm these data obtained in cultured cells, we next examined the effects of cAMP/PKA 

activators in acute mouse cortical slice preparations. As seen in N2a cells, we observed a 

significant increase in PP2Ac demethylation after incubation of mouse cortical slices at room 

temperature with 50μM Forskolin for 15 minutes (Fig. 3.2.A). Likewise, when we incubated 

cortical slices with 50μM Forskolin combined with 2.5μM Rolipram (to prevent the degradation 

of cAMP by phosphodiesterases), we observed a significant increase in demethylated PP2Ac 

after 15 minutes. This effect was preserved after 60 minutes of incubation with a combination 

of Rolipram and Forskolin (Fig. 3.2.B). These data confirm that sustained elevation of cAMP 

can induce marked demethylation of PP2A in neuronal cells.  
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Figure 3.1 Pharmacological activation of PKA promotes PP2Ac demethylation. (A) Serum-starved 
N2a cells were incubated for the indicated times with 50μM Forskolin or vehicle, prior to harvesting, 
Duplicate aliquots of total cell homogenates were analysed by Western blot for the relative expression of 
demethylated and total PP2Ac using validated antibodies. Actin was used to normalise each blot for 
protein loading. Representative Western blots are shown. (B) Demethylated PP2A levels were quantified 
after densitometric analysis of blots and normalisation for total PP2Ac expression levels. Values shown 
represent mean ± S.D. (n = 5; *p<0.05). (C) Subsets of serum-starved N2a cells were pre-incubated with 
either 30μM H89 or vehicle for 45 minutes prior to stimulation with 50μM Forskolin for the indicated time. 
(D) Subsets of serum-starved N2a cells were pre-incubated with 30μM H89 or vehicle for 45 minutes 
prior to incubation with Forskolin or vehicle for 20 minutes. Demethylated PP2Ac levels were quantified 
after densitometric analysis of blots and normalisation for total PP2Ac expression levels in untreated 
(Vehicle), vehicle + Forskolin-incubated (Forskolin), and H89+Forskolin (H89)-treated N2a cells. Values 
shown represent mean ± S.D. (n = 5; p <0.05). (E) N2a cells were incubated for 45 minutes with 2.5μM 
Rolipram or vehicle. Cells were harvested and duplicate aliquots (~25μg proteins) of total cell 
homogenates were analysed by Western blot for the relative expression of demethylated PP2Ac as 
described in (A). (F) Demethylated PP2A levels were quantified after densitometric analysis of blots and 
normalisation for total PP2Ac expression levels, as in (D) and (F).  Data presented are mean ± S.D. (n = 
5; p < 0.05).  

C D 

E F 
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Figure 3.2 PKA activation induces PP2Ac demethylation in acute preparations of mouse 
cortex. Brain cortical tissue from 4- to 6 month-old female mice was obtained after sacrifice and 
sectioned into 350μm-thick coronal slices in an ice-cold sucrose-supplemented artificial CSF. Prior 
to homogenisation, isolated slices of mouse cortex were incubated with either 50μM Forskolin or 
vehicle for 0-30 minutes (A), or a combination of either 50μM Forskolin + 2.5μM Rolipram, or vehicle 
for 0-60 minutes (B). Duplicate aliquots of homogenates (~15μl protein extract per well) were 
analysed by Western blot for the relative expression of demethylated and total PP2Ac using validated 
antibodies. Actin was used to normalise each blot for protein loading. (A) Representative Western 
blots of experiments performed with Forskolin (upper panel). Demethylated PP2A levels were 
quantified after densitometric analysis of blots and normalisation for total PP2Ac expression (lower 
panel). Values shown represent mean ± S.D. (n = 5, *p<0.05, Forskolin versus vehicle-treated 
controls). (B) Representative Western blot (upper panel) for experiments performed with Forskolin + 
Rolipram and quantification of demethylated PP2A levels (lower) after densitometric analysis of blots 
as described in (A). Values shown represent mean ± S.E.M. (n = 3, *p<0.05, **p<0.01, Forskolin + 
Rolipram-treated slices, versus vehicle-treated controls).  
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3.2.1.2 PP2Ac methylation status varies in different cellular compartments 

By affecting PP2A subunit composition, PP2A methylation state is also an important 

determinant of the subcellular distribution of PP2A enzymes [165, 172, 405]. Demethylated 

PP2A enzymes are found in complex with PME-1 in the cytoplasm, but are typically enriched 

in the nucleus of COS-7 and HeLa cells [172, 422]. LCMT-1 and methylated PP2A enzymes 

are abundant in the cytoplasm, but also present in smaller quantities in the cell nucleus. Pools 

of LCMT-1 and methylated PP2A-ABαC enzymes are also found in cholesterol- and 

glycosphingolipid-rich lipid rafts [165]. PP2A methylation levels have been reported to 

fluctuate during the cell cycle in non-neuronal cells, and PP2Ac methylation is essential for 

the metaphase-anaphase transition in the cell cycle [405]. 

Thus, we next assessed the spatial distribution profile of methylated and demethylated PP2A 

enzymes in our N2a cell model. To that end, we comparatively analysed by Western blot the 

expression levels of methylated and demethylated PP2Ac in homogenates of total, nuclear, 

cytosolic and membrane fractions prepared from unstimulated, serum starved N2a cells. We 

found that the vast majority of endogenous PP2Ac is methylated, with only 17± 5.3% of total 

endogenous PP2Ac in demethylated form in total homogenates from these cells (n = 5). This 

is in agreement with previous reports showing that the bulk of cellular PP2A is in a methylated 

form in 3T3 fibroblasts and in mouse brain [338]. Furthermore, membrane-associated PP2A 

was predominantly methylated (Fig. 3.3), in agreement with our earlier findings [165]. As 

expected from earlier studies in non-neuronal cells [172], the nuclear fraction was the most 

enriched in demethylated PP2Ac (Fig 3.3). 

 

Figure 3.3 Subcellular distribution of demethylated and methylated PP2Ac. Unstimulated N2a 
cells were separated by subcellular fractionation (see Chapter 2: Materials and methods) into nuclear, 
membrane and cytosolic compartments. 50μg of protein from each purified cellular fraction were then 
analysed by Western blot to assess the distribution of demethylated PP2Ac using compartment-
specific protein loading controls (see Materials and methods). The graph presented here shows mean 
values ± S.D. for the proportion of methylated- (grey bars) relative to demethylated- PP2Ac (black 
bars) in each compartment, (n = 5 for nucleus, n = 6 for membrane, n = 3 for cytosol)  
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3.2.1.3 cAMP/PKA signalling leads to nuclear enrichment of demethylated PP2A and PME-1  

PKA signalling is subject to a highly organised spatiotemporal compartmentalisation, since the 

functional effects and targets of PKA activation differ in the plasma membrane, cytosol, 

cytoskeleton and nucleus [281]. Likewise, methylated and demethylated PP2A pools are also 

regulated in a compartment-specific manner [165, Fig. 3.3]. We have demonstrated that 

incubation of N2a cells with Forskolin induces an overall increase in endogenous PP2Ac 

demethylation (Figs. 3.1 & 3.2) and the cellular compartment that is most enriched in 

demethylated PP2Ac is the nucleus [Fig. 3.3, 172]. Thus, we next examined whether Forskolin 

stimulation correlates with the specific nuclear enrichment of demethylated PP2Ac. N2a cells 

were incubated for 0-30 minutes with 50μM Forskolin and nuclear proteins were isolated. After 

15 minutes of incubation with Forskolin, we observed a significant increase in the nuclear-

associated pools of demethylated PP2Ac and PME-1, compared to vehicle-treated controls 

(Fig. 3.4).  

 

 

 
Figure 3.4 Forskolin enhances the nuclear distribution of demethylated PP2Ac and PME-1. 
N2a cells were starved for 16h in low-serum containing medium and incubated with either 1μM 
KT5720, 100μM 8-Br-cAMPs, 50μM Forskolin, or vehicle. Total cell homogenates were prepared and 
nuclear fractions purified as described in Materials and methods. Duplicate aliquots of nuclear 
fractions were analysed by Western blot for the expression of demethylated or total PP2Ac, and 
PME-1 using validated antibodies. Actin or LSD-1 were used to control for protein loading; LSD-1 
was also used to assess the purity of nuclear fractions. (A) Representative Western blots. (B) 
Demethylated PP2A and PME-1 levels were quantified after densitometric analysis of blots and 
normalisation as described in previous figures. Demethylated PP2Ac and PME-1 levels in vehicle- 
(Black bars) and Forskolin-treated cells (15 minutes, Grey bars) are represented. Values shown 
represent mean ± S.E.M. (n = 4, *p<0.05: Forskolin-, versus vehicle-treated cells).   
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This is in agreement with previous observations showing a close association of PME-1 and 

demethylated PP2Ac in the nucleus [172]. Additionally, this effect was also observed when 

N2a cells were incubated with the cAMP analogue, 8-Bromo-cAMP. Nuclear PP2A 

demethylation was significantly inhibited when cells were incubated in the presence of the 

PKA inhibitor, KT5720 (Fig. 3.4), clearly indicating that this is a PKA-dependent signalling 

event in N2a cells.  
3.2.1.4.: PKA-induced PP2A holoenzyme redistribution in cell compartments 

We have shown in our results so far that PKA-dependent demethylation of PP2A is associated 

with its nuclear redistribution in N2a cells. Since the methylation status of PP2Ac can also 

determine the subcellular compartmentalisation of PP2A-ABαC holoenzymes [165], we also 

examined whether PKA signalling induces their redistribution. Following incubation with 50μM 

Forskolin, a significant loss of total PP2Ac and Bα was observed at the plasma membrane 

(Fig. 3.5). Importantly, the plasma membrane is highly enriched in methylated PP2Ac-ABαC 

enzymes and the Bα subunit is always found associated with the A and C subunits in vivo; 

thus, the loss of Bα reflects a loss of the PP2A-ABαC holoenzyme [258, 405, 406, 423].  

 

  

 

Figure 3.5 Incubation of N2a cells with Forskolin induces a loss of membrane-associated PP2A-
ABαC. Serum-starved N2a cells were incubated with 50μM Forskolin or vehicle for 0- 20 minutes prior 
to harvesting. Membrane fractions were then isolated as described in Materials and methods. Relative 
expression of PP2Ac and PP2A-Bα were analysed by Western blot using validated antibodies, following 
separation of proteins by SDS-PAGE. Aliquots were loaded by volume, with each lane containing 25μl 
of membrane isolates. Actin was used to normalise each blot for protein loading (A). Representative 
Western blot. (B) PP2Ac and PP2A-Bα levels were quantified after densitometric analysis of blots. 
PP2Ac and PP2A-Bα expression levels in membrane-enriched N2a compartments after treatment for 
20 minutes with Forskolin (Grey bars) or vehicle (Black bars). Values shown represent mean ± S.E.M  
(n = 4, * p < 0.05, Forskolin-treated cells compared to vehicle-treated controls)  
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We also analysed purified nuclear fractions for potential changes in PP2A subunit levels. As 

observed in purified membrane fractions, there was an increase in nuclear PP2Ac and Bα 

subunits levels in N2a cells exposed to 50μM Forskolin (Fig. 3.6). This increase was observed 

5 minutes after drug stimulation, and persisted for 10-15 minutes. These results, together with 

those shown in Fig. 3.5, indicate that following activation of PKA signalling in N2a cells, there 

is a translocation of PP2A-ABαC complexes. At the same time, rapid, localised activation of 

pre-existing pools of nuclear PKA [281] could mediate the more rapid (< 5 minutes) nuclear 

redistribution of PP2A subunits as a result of changes in PP2Ac methylation.   

  

  

 

Figure 3.6 Stimulation of cAMP/PKA signaling by Forskolin leads to nuclear enrichment of 
PP2Ac and Bα subunits. Serum-starved N2a cells were incubated for 0-15 minutes in 50μM 
Forskolin, harvested and separated into subcellular compartments, including nuclear-enriched 
fractions.Nuclear-enriched fractions were analysed for relative expression of PP2Ac and PP2A-Bα 
using validated antibodies. LSD1 was used to normalise for protein loading and to verify nuclear 
enrichment (A) Representative Western blots. (B)  Nuclear PP2Ac (Black bars) and PP2A-Bα (Grey 
bars) expression levels were quantified after densitometric analysis of blots. Values shown represent 
mean ± S.D. (n = 5, **p< 0.01, *p<0.05, Forskolin compared to vehicle treated cells) 
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3.2.1.5: Activation of cAMP/PKA signalling does not lead to PME-1 phosphorylation 

Considering our observations that PKA activation induces PP2Ac demethylation (Figs. 3.1, 
3.2), and that there is a nuclear enrichment of both PME-1 and demethylated PP2Ac, we 

wanted to determine whether PKA can directly regulate PME-1 activity. In this context, there 

is some emerging evidence that PME-1 activity can be modulated by phosphorylation. PME-

1 phosphorylation at a non-identified Ser/Thr residue by Salt-Inducible Kinase-1 has been 

reported in Opossum Kidney cells, and is associated with inhibition of the methylesterase 

[424]. However, phosphorylation of PME-1 that causes increased methylesterase activity has 

not yet been described in any cell type.  

In order to investigate whether PME-1 is phosphorylated by PKA, we used Myc-conjugated 

magnetic beads to immunoprecipitate Myc-tagged PME-1 (Myc-PME-1) from total 

homogenates of transiently transfected COS-7 cells. For this particular experiment, we chose 

to use COS-7 rather than N2a cells since these widely-used cells have a better transfection 

efficiency and express higher levels of recombinant proteins. Serum-starved cells expressing 

Myc-PME-1 were incubated with 50μM Forskolin or vehicle, prior to immunoprecipitation and 

extensive washing. Immunoprecipitates were then analysed by Western blot. Additionally, we 

analysed total homogenates of COS-7 cells to verify the overall level of phosphorylation of 

cellular proteins driven by PKA activation.  

As expected, in total homogenates, activation of cAMP/PKA signalling resulted in a significant 

increase in the amounts of proteins labelled with a well-validated antibody recognising PKA-

specific RRXS*/T*-phosphomotifs, relative to unstimulated cells  (Fig. 3.7). This confirmed 

that many endogenous proteins became phosphorylated by PKA activation. In contrast, we 

did not observe any noteworthy PKA-induced phosphorylation of PME-1 in our Myc-PME-1 

co-immunoprecipitates, suggesting that PME-1 is not a prevalent PKA substrate. Likewise, 

parallel in vitro kinase assays performed by Dr. Jean-Marie Sontag showed that PME-1 was 

not phosphorylated by recombinant PKA.  PKA-mediated phosphorylation of PME-1 is 

therefore not the anticipated mechanism of regulation of PP2Ac methylation by PKA, which is 

likely complex and will require further investigation.  
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Figure 3.7 Activation of cAMP/PKA signalling does not result in phosphorylation of PME-1 in 
COS-7 cells. Myc-PME-1 was immunoprecipitated from total homogenates of COS-7 cells transiently 
expressing Myc-PME-1 that were incubated with either 50μM Forskolin or vehicle. A. Western blot 
of total COS-7 homogenates probed with a validated antibody recognising phosphorylated PKA 
substrates (pPKA substrate, [RRXS*/T*]) to verify efficacy of Forskolin in PKA activation in COS-7 
cells. B. Western blot analysis of immunoprecipiated Myc-PME-1 with anti-Myc and anti-pPKA 
substrate antibodies.  
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3.2.2 Functional effects of PKA-mediated regulation of PP2Ac demethylation 
3.2.2.1 PP2Ac methylation modulates CREB activity in N2a cells 

We next focused our attention on assessing the functional significance of PKA-mediated PP2A 

demethylation. Of particular interest, CREB is a major target for phosphorylation in the PKA 

signaling pathway. Furthermore, PP2A may target CREB for dephosphorylation in the 

hippocampus [337]. We thus assessed whether there is a link between PKA-induced PP2Ac 

demethylation and CREB phosphorylation. Firstly, we re-analysed the N2a cell homogenates 

for PKA-induced changes in CREB phosphorylation (see Fig. 3.2). We primarily focused on 

0-15 minute time points, since stimulation of PKA for 5-15 minutes correlated with the greatest 

increase in PP2Ac demethylation in the nucleus, where CREB is localized (Fig. 3.4). There 

was a ~2 to ~5-fold increase in CREB phosphorylation at Ser133 in Forskolin-treated N2a 

cells, relative to vehicle-treated controls (Fig. 3.8.A). These results indicate that in N2a cells, 

PKA-dependent CREB phosphorylation at Ser133, and its subsequent activation occur 

concomitantly with PP2Ac demethylation. 

 
Figure 3.8: PP2AcWT-induced CREB dephosphorylation is methylation-dependent Serum-
starved N2a cells were incubated for 0 to 15 minutes with 50μM Forskolin, prior to harvesting and 
homogenisation. N2a cells were also transfected with plasmids encoding either, HA-PP2AcWT (WTC) 
HA-PP2AcL309Δ (L309Δ), or the empty vector (EV), then incubated for 20 minutes with 50μM Forskolin 
or vehicle. Duplicates aliquots of N2a homogenates were analysed by Western blot for the relative 
expression of CREB phosphorylated at Ser133 (pCREB) and total CREB using validated antibodies. 
Actin was used to normalise each blot for protein loading. (A). Representative Western blot for pCREB 
and total CREB in N2a cells incubated for 0-15 minutes with Forskolin. (B) Representative Western 
blot for pCREB and CREB from N2a cells transfected with EV, PP2AcWT, or PP2AcL309Δ, incubated 
with vehicle or Forskolin. (C) pCREB levels were quantified after densitometric analysis of blots and 
normalisation for total CREB expression levels in vehicle-treated cells. Values shown represent mean 
± S.D., compared to vehicle-treated, N2a cells transfected with EV plasmid (n = 4; *p<0.05).   
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We next compared the effects of expressing HA-tagged wild-type PP2A catalytic subunit 

(PP2AcWT) and the methylation-incompetent L309Δ mutant (HA-PP2AcL309Δ) in N2a cells. Of 

note, ectopic PP2Ac cannot be expressed at high levels in transfected or infected cells due to 

autoregulation of cellular PP2Ac levels [200, 425]. Indeed, transfection with a plasmid 

encoding HA-PP2AcWT leads only to a ~30% enhancement of total cellular PP2Ac expression. 

Moreover, expressed PP2Ac subunits replace some of the endogenous protein due to this 

regulation; they typically represent ~30-38% of total PP2Ac in transfected N2a cells [258]. Of 

note, expressed HA-PP2AcWT is methylated to similar levels as endogenous PP2AcWT, so that 

enhanced PP2AcWT expression correlates with increased PP2A methylation and activity levels 

in unstimulated N2a cells expressing PP2AcWT. In contrast, the basal levels of demethylated 

PP2Ac are increased by ~35-40% in N2a cells expressing PP2AcL309Δ, due to the partial 

replacement of endogenous PP2Ac (which is primarily in a methylated form) by the 

methylation-incompetent PP2AcL309Δ mutant [258]. The enhanced PP2A demethylation in N2a 

cells expressing PP2AL309Δ is accompanied by a concomitant loss of cellular Bα protein levels, 

likely due to defects in PP2A-ABαC biogenesis and stabilization, and the notorious instability 

of free, monomeric PP2A subunits [406].  

The expression of ectopic HA-tagged PP2AcWT, which increases total cellular PP2A activity, 

was associated with a decrease in the basal phosphorylation state of endogenous CREB at 

Ser133 in unstimulated N2a cells, compared to EV-transfected cells (Fig. 3.8 B and C). This 

is in agreement with the published role of PP2A as a CREB phosphatase [335, 337]. However, 

enhanced dephosphorylation of CREB was not observed in cells expressing the methyl-

incompetent PP2AcL309Δ mutant (Fig. 3.8 B and C), suggesting that CREB dephosphorylation 

by PP2A is dependent on methylation of the phosphatase.  

CREB phosphorylation levels were enhanced in all Forskolin-treated, transfected N2a cells 

(Fig. 3.8.B). These data suggest that Forskolin induces tandem demethylation of PP2Ac and 

phosphorylation of CREB. Significantly, this would mean that PKA can mediate CREB 

phosphorylation, either directly via its role as a CREB kinase, or indirectly, by circumventing 

PP2A-mediated dephosphorylation of CREB via demethylation of PP2Ac. 
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3.2.2.2: PME-1 inhibition alters CREB phosphorylation  

As described above, PKA plays a role in the demethylation of PP2Ac (Fig 3.1), and the 

redistribution of demethylated PP2Ac and PME-1 enzymes to the nucleus in N2a cells (Fig. 
3.4). We also show that CREB dephosphorylation in vehicle-treated N2a cells is also 

influenced by PP2A methylation state (Fig. 3.8). Therefore, our next aim was to determine if 

PME-1 inhibition could affect the phosphorylation of CREB, since it is the sole enzyme that 

mediates PP2Ac demethylation [426]. Serum-starved N2a cells were incubated for 3 hours 

with the previously validated PME-1 inhibitor AMZ-30 [427]. This led to a significant reduction 

of pCREB levels (Fig. 3.9), suggesting that PME-1-induced PP2A demethylation and/or 

inactivation [171, 426] can impair PP2A-dependent dephosphorylation of CREB in N2a cells.  

 

  

 

Figure 3.9: PME-1 inhibition impairs CREB phosphorylation. N2a cells were incubated for 3 hours 
with either the PME-1 inhibitor AMZ-30 (20μM), or vehicle for 3h, prior to harvesting.  Total N2a cell 
homogenates were analysed in duplicate by Western blot for pCREB and total CREB. Western blots 
were re-probed with anti-GAPDH antibodies to control for protein loading (A) Representative Western 
blot. (B)  Quantified pCREB levels after densitometric analysis of blots and normalisation for total 
CREB expression. Values shown represent mean ± S.E.M. (n = 4, * p < 0.05).  
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3.2.2.3 PKA-dependent Tau phosphorylation is impaired by PP2Ac overexpression 

Our group has previously demonstrated that enhanced PP2Ac methylation leads to reduced 

Tau phosphorylation in N2a cells and in vivo [263, 396, 403]. Furthermore, PP2A 

demethylation correlates with increased Tau phosphorylation in AD [159]. Two of the 

phosphorylation sites targeted by PP2A-ABαC, the levels of which are dependent on PP2Ac 

methylation, include the PKA-targeted Ser214 residue and the phospho-epitope PHF-1, which 

is abundant in NFTs in late-stage AD [258]. Indeed our lab has previously shown that only 

very low levels of Tau phosphorylated at the Ser214 and PHF-1 epitopes can be detected in 

unstimulated, vehicle-treated N2a cells [258], in agreement with numerous studies showing 

that neuronal Tau is primarily in a dephosphorylated state under normal, basal conditions. 

Moreover, in these studies, expression of HA-PP2AcL309Δ enhanced the baseline 

phosphorylation of Tau at these sites, while immunoreactivity with anti-pSer214 or PHF-1 

antibodies was further decreased in HA-PP2AcWT-expressing N2a cells [258].  

To determine how the phosphorylation of Tau at these sites is more specifically affected by 

the PKA-induced demethylation of PP2Ac, I performed Western blot analyses of duplicate 

homogenates from Forskolin-treated N2a cells that had been transfected with plasmids 

encoding either PP2AcWT, PP2AcL309Δ, or the corresponding EV. As expected incubation of 

EV-transfected controls with Forskolin promoted the phosphorylation of Tau at Ser214, a PKA-

sensitive site, as evidenced by strong immunoreactivity with specific anti-pSer214 antibodies 

in stimulated versus unstimulated cells (Fig. 3.10. A, B). However, ectopic expression of 

PP2AcWT counteracted the effects of Forskolin and promoted the dephosphorylation of Tau at 

this site (Fig. 3.10 A, B). In contrast to PP2AcWT, expression of PP2AcL309Δ failed to induce 

the dephosphorylation of Tau at the pSer214 phospho-epitope. Indeed, following incubation 

with 50μM Forskolin, PP2AcL309Δ-expressing cells had similar levels of pSer214-Tau, 

compared to EV-transfected N2a cells (Fig. 3.10 A, B). 

Phosphorylation of Tau at the PHF-1 (pSer396/404) phospho-epitope has also been reported 

to be enhanced by Forskolin in vivo [88]. Accordingly, there was a strong immunoreactivity 

with the PHF-1 antibody in Forskolin-stimulated N2a controls transfected with EV, relative to 

unstimulated controls (Fig. 3.10 A, C). While expression of PP2AcWT promotes the 

dephosphorylation of Tau at the PHF-1 epitope in unstimulated N2a cells [258], Forskolin-

induced Tau phosphorylation at PHF-1 was augmented by PP2AcWT expression (Fig. 3.10 A, 
C). This stimulatory effect is likely mediated by the demethylation of expressed PP2AWT, since 

expression of PP2AcL309Δ, which enhances cellular demethylation also stimulated the 

Forskolin-mediated phosphorylation of Tau at PHF-1. These results suggest that while 

cAMP/PKA activation can induce the demethylation of PP2Ac, there are different 

consequences for site-directed Tau phosphorylation. 
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3.2.2.4 PP2Ac methylation mediates cAMP-dependent N2a differentiation 
It is well-established that cAMP/PKA signalling contributes to neurite outgrowth [288, 291, 

428-430]. Previous data from our group also strongly implicates PP2Ac methylation in the 

process of neurite extension [236]. In order to examine whether or not the regulation of 

neuritogenesis by PP2Ac methylation and cAMP/PKA signalling occur independently, we 

differentiated N2a cells in low-serum media, as previously reported [236]. To induce cAMP-

mediated neurite outgrowth, we incubated N2a cells in the presence of 20μM Forskolin for 

24h; as expected from earlier studies, cell differentiation was significantly enhanced in 

Forskolin-treated, compared to vehicle-treated cells (Fig. 3.11). In contrast, neuritogenesis 

was inhibited when cells were incubated with Rp-cAMPs, a potent and specific competitive 

inhibitor of the activation of cAMP-dependent protein kinases (Fig. 3.11), thus confirming the 

role of cAMP signalling in N2a cell differentiation. 

 
Figure 3.10 Effects of modulating PP2A methylation on cAMP/PKA-dependent Tau 
phosphorylation.  N2a cells homogenates described in Figure 3.8 were also analysed by Western blot 
for relative expression of Tau phosphorylated at Ser214 (pSer214) or the PHF-1 epitope, using validated 
antibodies. (A) Representative Western blot for pSer214 and total Tau (B) pSer214-Tau levels were 
quantified in Forskolin-treated cells after densitometric analysis of blots and normalisation for total Tau. 
Values represent mean ± S.E.M. (n = 4, **p<0.01). (C) PHF-1 levels were quantified in Forskolin-treated 
cells after densitometric analysis of blots and normalisation for total Tau. Values represent mean ± S.E.M. 
(n = 4, *p<0.05).   
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We next incubated N2a cells stably expressing HA-PP2AcWT in differentiation medium 

containing 20μM Forskolin. The average neurite length and number of neurite-bearing cells 

was significantly increased in these cells, compared to controls under the same experimental 

conditions (Fig. 3.11, B & C). These data suggest that PP2AcWT contributes to and enhances 

cAMP/PKA-dependent neurite outgrowth. To test whether or not PP2Ac methylation plays a 

role in this process, we also incubated N2a cells stably expressing PP2AcL309Δ in the same 

media for 24h. These cells showed a substantially impaired capacity to differentiate, in stark 

contrast to control and PP2AcWT expressing N2a cells (Fig 3.11 B & C). These results suggest 

that cAMP/PKA-induced neurite outgrowth depends on the integrity of PP2A methylation in 

N2a cells.  
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Figure 3.11 PP2Ac methylation mediates Forskolin-induced N2a neurite outgrowth. Wild-type, 
or stably-expressing, PP2AcWT and PP2AcL309Δ N2a cells were differentiated in low-serum medium 
and incubated for 24 hours with either 20μM Forskolin, 20μM Rp-cAMPs or vehicle. After 
differentiation, cells were fixed and stained for βIII-Tubulin. (A) Representative immunofluorescent 
staining of N2a cells incubated with either vehicle, Forskolin or Rp-cAMPs.  White scale bars = 20μm 
(B) Representative immunofluorescent staining of control wild-type N2a cells, and PP2AcWT- or 
PP2Ac-L309Δ-expressing N2a cells, after incubation with 20μM Forskolin for 24h.  White scale bars = 
20μm. (C) Cells were counted and neurites measured to assess average neurite length and 
proportion of neurite-bearing cells. Data presented as mean values ± S.D. (* p < 0.01).   
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3.3 Discussion 
Methyl-group supply via one-carbon metabolism is well-established as a major determinant of 

PP2A methylation. However, in this chapter we sought to come to a more refined 

understanding of how this post-translational modification occurs. Our first aim was to assess 

if PP2A methylation could be altered in an alternative model to that of one-carbon metabolic 

supply. Our second aim was to assess the functional consequences of PKA-mediated PP2A 

demethylation in neurons. Here, we present evidence of a novel mechanism for the modulation 

of PP2Ac methylation involving cAMP/PKA signalling and the redistribution of PP2A 

holoenzymes between cell compartments, which also holds functional significance for the 

regulation of CREB, Tau and neurite outgrowth.  

3.3.1 PP2Ac demethylation is induced by Forskolin 

Our results indicate that cAMP generation and subsequent activation of PKA lead to a time-

dependent demethylation of PP2Ac in N2a cells and acute mouse cortical slice preparations. 

We observed a consistent effect on the demethylation of PP2Ac in both of these models using 

Forskolin alone and in combination with Rolipram (Figs. 3.2 and 3.3). Other groups have 

previously suggested that, in rodent kidney or amphibian ovaries, enhancing cAMP availability 

with Forskolin leads to increased PP2Ac methylation [333, 334]. Similarly, other nebulous 

claims implicating increased “PP2A activity” following Forskolin exposure in non-neuronal 

models also differ from the results we present here [431, 432]. The contrast between our data 

showing that cAMP/PKA activity leads to PP2Ac demethylation, and other data from various 

cell types suggests that there may be a unique cross-talk between PP2A and PKA in neurons. 

This would align with other reports of indirect cross-talk between PKA and PP2A. As an 

example, PKA and PP2A respectively phosphorylate and dephosphorylate the same AMPAR 

subunit residues and neuronal L-type calcium channel (Cav1.2) residues, both of which are 

important for modulating neuron excitability [194-196, 433]. Aside from these indirect 

interactions and opposing functions, there is little evidence in neurons with which we can 

compare these novel findings.  This may be potentially a significant cellular signalling event, 

since PP2A and PKA share many substrates at the plasma membrane which are important 

for neuron function, such as the GluA1-AMPAR subunit [301, 434]. 

Since PP2Ac methylation affects important functions of PP2A, such as subcellular distribution 

and substrate targeting of the holoenzyme, we then decided to focus on these functional 

effects of cAMP/PKA-mediated demethylation of PP2Ac.  

3.3.2 Forskolin leads to redistributed PP2A enzymes 

In this chapter, we observed that in addition to demethylation of PP2Ac, cAMP/PKA signalling 

induced the redistribution of PP2A. We investigated the effects of cAMP/PKA signalling on 
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membrane-associated PP2Ac and Bα, since this compartment is enriched in methylated 

PP2A-ABαC complexes [165], and PKA signalling can also be localised here [280, 409]. 

Following incubation of N2a cells with 50μM Forskolin, we saw a reduced pool of total PP2Ac, 

demethylated PP2Ac and PP2A-Bα in the plasma membrane (Fig. 3.5). This effect was 

blocked by the PKA inhibitor H89. PKA signalling at the plasma membrane has not only been 

demonstrated before, but has been recorded at high levels, localised to lipid rafts [435], 

signalling microdomains at the plasma membrane which also contain high concentrations of 

methylated PP2Ac and PP2A-ABαC enzymes [165]. PKA can localise here via anchoring by 

AKAPs, but also myristoylation of the catalytic subunit (PKA-C), which is thought to be the 

primary facilitator of substrate phosphorylation at the plasma membrane [436].  

In contrast, activation of cAMP/PKA signalling with Forskolin in N2a cells also led to enhanced 

PP2Ac, Bα, PME-1 and demethylated PP2Ac content in the nuclear-enriched fraction (Figs. 
3.4 & 3.6). This re-distribution of PP2A enzymes was abrogated by co-treatment with the PKA 

inhibitor KT5720. Notably, PME-1 and demethyated -PP2Ac are primarily localised to the 

nucleus in basal conditions [172], while there is also a pool of nuclear-associated adenylate 

cyclase which can induce rapid activation of PKA in this compartment [281]. Further studies 

would ideally investigate, and compare the dynamics of PKA activation in neurons with the 

redistribution of PP2A enzymes in response to this.  

PME-1 can demethylate PP2A and inactivate the enzyme through displacement of the critical 

manganese ions in the active site of PP2Ac [171], as well as acting as a chaperone for latent, 

or inactive PP2A enzymes  [421]. Moreover, PP2A inactivation and holoenzyme disassembly 

has recently been shown to be dependent on PP2Ac demethylation [169]. The proteins found 

to be mediating this are TIPRL (TOR pathway signalling regulator), and another major PP2A 

latency chaperone, α4. Recent findings have demonstrated a role for phosphorylation of PME-

1 in modulating its activity state [424]. We therefore hypothesised that a mechanism involving 

either the methylesterase or chaperone functions of PME-1 which may underlie the PKA-

induced PP2A demethylation and redistribution which we observed in our present studies. 

After immunoprecpitiating PME-1 from Forskolin-treated COS-7 cells, we found that PKA does 

not phosphorylate PME-1 (Fig. 3.7). We therefore concluded that an alternative mode of 

PP2Ac demethylation and redistribution, induced by PKA exists and remains to be 

investigated in future studies. Such alternative mechanisms may involve a PKA-dependent 

regulation of other aforementioned proteins or chaperones of PP2A, such as α4.  
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3.3.3 Functional significance of PKA-induced PP2Ac demethylation 

a. CREB phosphorylation 

CREB is the major substrate and target of cAMP/PKA in the nucleus, and plays highly 

important, neuron-specific functions [302]. PP2A has been shown to dephosphorylate PKA-

phosphorylated CREB [335, 337], though the specific holoenzyme responsible for this has not 

been described. Incubation of N2a cells and sections of mouse brain with Forskolin and 

Rolipram led to a reduced proportion of demethylated PP2Ac (Figs. 3.1, 3.2).Changes in the 

pool of methylated PP2Ac affects the subunit composition of PP2A complexes within cells, 

particularly the formation of PP2A-ABαC [437]. These holoenzymes are responsible for many 

processes within neurons, including adaptations in excitability to external stimuli [338]. These 

previous findings, along with our current data demonstrating that Forskolin also causes an 

increase in nuclear PP2A-Bα (Fig. 3.6), led us to develop the hypothesis that PKA-induced 

demethylation of PP2A is closely linked to the phosphorylation of CREB.     

To determine the effect of PP2A methylation state on CREB, we ectopically expressed 

PP2AcWT and PP2AcL309Δ in N2a cells treated with vehicle or Forskolin. In vehicle-treated cells, 

expression of PP2AcWT induced a significant loss of pCREB, compared to EV-transfected cells 

(Fig. 3.8). This relative loss in CREB phosphorylation was not recapitulated when N2a cells 

were transfected with plasmids encoding PP2AcL309Δ (Fig. 3.8). We thus concluded that the 

methylation state of PP2Ac under basal conditions can determine the phosphorylation (and 

therefore the activity state) of a major PKA substrate in neurons, CREB. In contrast, we could 

not observe a similar effect in PP2AcWT-transfected N2a cells incubated with 50μM Forskolin 

(Fig. 3.8), suggesting that PKA-induced PP2A demethylation may also contribute indirectly to 

CREB phosphorylation, in addition to direct phosphorylation by PKA. Interestingly, Forskolin-

treated N2a cells transfected with plasmids encoding PP2AcWT and PP2AcL309Δ had similar 

levels of pCREB, compared to vehicle-treated, EV-transfected cells, supporting PKA-induced 

PP2A demethylation as a mechanism of enhancing CREB activity in neurons. 

In supporting experiments, we found that AMZ-30, an irreversible PME-1 inhibitor which 

prevents PP2Ac demethylation [427], induces a decrease in CREB phosphorylation (Fig. 3.9). 

This suggests that, while direct phosphorylation of PME-1 is not the mechanism underlying 

the PKA-dependent demethylation of PP2A, the demethylation of PP2A by PME-1 is still an 

important event in the PP2A-mediated dephosphorylation of CREB.  

In our current experiments, we have been able to significantly alter the phosphorylation of 

CREB via the manipulation of PP2A methylation, without directly changing the activity of PKA. 

Given our results demonstrating that PKA activation induces both the demethylation of PP2A 

and the phosphorylation of CREB, it would then appear that CREB, as a downstream target 
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of PKA signalling is subject to nascent regulation by PP2A. The temporal dynamics of PKA-

targeting of CREB have been typically described in the order of tens of minutes [438, 439], 

although this has recently been shown to vary between brain regions; for example, CREB 

phosphorylation in mouse striatal dopaminergic neurons is much more responsive to 

extracellular stimuli, compared to that in mouse neocortex [439, 440]. Additionally, Forskolin-

induced, PKA-mediated CREB phosphorylation has been reported to occur after 17 minutes 

in mouse brain slices [441], compared to cultured cells, in which nuclear adenylate cyclase 

can activate nuclear PKA much faster [281]. This is notable, since we observed an extremely 

similar time-course for PKA-mediated PP2A demethylation in neuronal cells. It is unclear 

whether or not this is linked to the temporal dynamics of PKA-mediated CREB phosphorylation 

in neurons. Future experiments should be undertaken in order to delineate differences 

between direct PKA-mediated CREB phosphorylation, and indirect PKA-induced impairments 

in PP2A-mediated CREB dephosphorylation, and what the intracellular signalling dynamics of 

these processes are.      

b. Tau phosphorylation direct and indirect mechanisms 

Elevated site-directed Tau phosphorylation is a major event in the cellular pathological 

processes in AD [58, Chapter 1]. The major proportion of Tau dephosphorylation is mediated 

by PP2A, as compared to other major phosphoprotein phosphatases, PP1 and Calcineurin 

[157]. PP2A-Bα expression is impaired in Alzheimer’s disease, along with reduced methylation 

of PP2Ac and a concomitant exacerbation of phosho-Tau pathology [158, 159]. There are 

several key phospho-epitopes of Tau targeted by methyl-PP2Ac, including PHF-1 and Ser214 

[258]. The Ser214 site is phosphorylated by PKA in vivo and primes Tau for subsequent 

phosphorylation by Glycogen Synthase Kinase 3β (GSK-3β), another major Tau kinase [88, 

89, 103]. The importance of the phosphorylation of Tau at Ser214 is not completely elucidated, 

however it appears to be critical in negatively regulating the association of Tau to microtubules 

[87] and interactions with kinases such as GSK-3β [325]. Expression of a Tau-Ser214Ala 

mutation in primary hippocampal neurons impairs neurite extension [442], but may promote 

initial neurite formation, suggesting that the impaired microtubule binding capacity of pSer214-

Tau may play a role in the dynamic process of neurite outgrowth. Furthermore, activation of 

PKA by Forskolin incubation leads to Tau phosphorylation at PHF-1 [88, 443]. 

In our experimental conditions, we did not detect pSer214-Tau in vehicle-treated N2a cells 

(Fig. 3.10). However, following incubation of N2a cells with Forskolin, we were able to detect 

marked pSer214-Tau (Fig. 3.10). Transfection of plasmids encoding PP2AcWT in N2a cells 

prior to incubation with Forskolin impaired the phosphorylation of Tau at this epitope by ~45%, 

compared to EV-transfected cells, which was not observed following the expression of the 

methylation-incompetent PP2AcL309Δ (Fig. 3.10). These data suggest that, while Forskolin 
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induces Tau phosphorylation, the expression of PP2AcWT abrogates this effect. Furthermore, 

PP2A-mediated dephosphorylation at this site is significantly affected by the methylation of 

PP2A, since Forskolin-treated N2a cells expressing PP2AcL309Δ had similar levels of pSer214-

Tau to EV-transfected cells. This is in support of previous findings presented by our group, 

identifying that PP2A-ABαC dephosphorylated Tau at this site [258], and evidence presented 

by other groups demonstrating that Tau phosphorylation is mostly dependent on PP2A activity 

levels [205]. Levels of pSer214-Tau were mostly preserved in PP2AcL309Δ-transfected cells 

following incubation with Forskolin (Fig. 3.10). However, ectopic PP2AcL309Δ expression did 

not induce Tau phosphorylation at Ser214 in vehicle-treated N2a cells. This supports a 

conclusion in which Tau phosphorylation is mostly regulated by PP2A, but can be acutely 

regulated by PKA-induced demethylation of PP2A. 

Interestingly, we observed a much higher level of endogenous Tau phosphorylation at PHF-1 

(Ser396 & 404), compared to Ser214 (Fig. 3.10). The PHF-1 epitope has been linked with p-

Tau pathology in AD [105, 110], but may also contribute to other functions of Tau, such as the 

induction of LTD [123, 444], and association with the plasma membrane [113], which is also 

determined by PP2A methylation [165]. PHF-1 phosphorylation has been suggested to be 

enhanced with PKA-mediated Ser214 phosphorylation [88], though our findings did not 

support this, as we observed overall similar levels of PHF-1 immunoreactivity between 

Forskolin-treated cells and vehicle-treated cells. 

Oddly, some previous data from other groups have indicated that incubation of primary 

hippocampal neurons [443], or treatment in vivo [445] with Forskolin leads to concurrent 

increases in PP2A activity and Tau phosphorylation at both Ser214 and PHF-1 epitopes. 

These results appear counterintuitive, since elevated PP2A activity would be incompatible with 

increased Tau phosphorylation [157]. Furthermore, impairments in PP2Ac methylation have 

been repeatedly reported to enhance PHF-1 phosphorylation [396, 446, 447], which is what 

our present data confirms, as Forskolin led to both impaired PP2A methylation and a relative 

increase in PHF-1 phosphorylation in PP2AcWT-transfected cells.  

Interestingly, it has been suggested that cAMP/PKA signalling is able to modulate PP2A 

methylation and activity in a number of cell types. Some have suggested that treatment of 

primary neurons [8] or exposure in vivo [9] with Forskolin leads to a simultaneous increase in 

Tau phosphorylation at the Ser214 and PHF-1 epitopes, and in PP2A activity. Since PP2A is 

a major Tau phosphatase, whose activity generally results in Tau dephosphorylation, these 

results are somewhat curious. A possible explanation is that enhanced methylation causes 

PP2A-mediated dephosphorylation of GSK-3β at the inhibitory Ser9 residue, which causes 

enhanced Tau phosphorylation. This cross-talk mechanism of Tau phosphorylation has been 

described in other models in vivo [422, 448, 449]. 
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The results we present in this chapter represent a novel mechanism of cAMP/PKA-mediated 

PP2Ac demethylation, and also show that cAMP/PKA signalling can alter the phosphorylation 

of Tau both directly and indirectly, through the demethylation of PP2A. What requires further 

investigation, however, is the conditions that lead to a differential phosphorylation between 

pSer214-Tau and PHF-1 phosphorylated Tau, since they have previously been suggested to 

be linked [88], and a more clear mechanism of how PP2Ac methylation contributes to this.  

c. Neurite Outgrowth 

Models of neurite-like extensions and branching in cultured cells are a useful model for the 

assessment of conditions required for neuronal plasticity and structural integrity. Our group 

has previously demonstrated that PP2Ac methylation is essential for optimal neurite outgrowth 

[236], a conclusion we also reached in the appraisal of our current results (Fig. 3.11). PKA 

signalling is also an essential component of neurite outgrowth [291, 429, 430, 450]. We were 

able to show that incubation with Forskolin led to demethylation of PP2A (Figs. 3.1, 3.2), and 

that PKA-dependent demethylation of PP2A significantly affected the phosphorylation of 

CREB and Tau (Figs. 3.8, 3.10). Importantly, both CREB and Tau also play important roles in 

neuron differentiation and neurite outgrowth [71, 102, 290, 291, 412]. Thus, we hypothesised 

that cAMP/PKA-induced changes in PP2Ac methylation may mediate neurite outgrowth in N2a 

cells. 

We successfully induced N2a cell differentiation in serum-depleted growth medium (0.5% 

FBS) with 20μM Forskolin (Fig. 3.11). Conversely, we prevented the formation of processes 

from N2a by incubation in the same differentiation medium with the addition of the inhibitory 

cAMP analogue Rp-cAMPs (20μM). Interestingly, Forskolin-induced neurite outgrowth was 

significantly enhanced in N2a cells stably overexpressing PP2AcWT (Fig. 3.11B). Meanwhile, 

stable expression of the methylation-incompetent PP2AcL309Δ inhibited the effects of Forskolin 

on the proportion of differentiating N2a cells (Fig. 3.11). These data suggest that PKA-induced 

neuritogenesis is mediated by PP2A which is methylation-competent.  

Previous work suggests that the impairment of neurite outgrowth in PP2AcL309Δ-expressing 

N2a cells is due to impaired binding of the Bα regulatory subunit. In several cell types, 

mutations to the carboxyl-tail of PP2Ac have been shown to disturb binding of regulatory 

subunits [178, 423]. Furthermore, the L309Δ mutation annihilates both Bα and B’α binding to 

PP2Ac in N2a cells, and cannot bind to microtubules [451]. We also showed that PP2AcWT 

expression reduced Forskolin-mediated Tau phosphorylation at Ser214, but PP2AcL309Δ 

expression did not (Fig. 3.10).  Notably, phosphorylation of Tau at Ser214 has been linked to 

dissociation of the protein from microtubules [87], and PP2A does not bind microtubule-

associated Tau [199, 395]. In light of these previous studies, our results suggest that Forskolin-



 

P a g e  79 | 199 

 

induced phosphorylation of Tau at Ser214, and demethylation of PP2A may be linked and 

serve to regulate the association of Tau at the microtubule network, which is essential for 

neurite outgrowth [70, 71]. Our present data compliments previous work in that we are able to 

show that these interactions between PP2A-ABαC, Tau and the microtubule network are 

essential to neurite outgrowth, since PP2AcL309Δ expression prevents neurite outgrowth 

despite incubation of N2a cells with Forskolin, which itself is sufficient in inducing this cellular 

process. 

Another result of incubation of N2a cells with Forskolin that we observed was the redistribution 

of PP2A-ABαC complexes off the plasma membrane. This may also be significant, since both 

the localisation to the plasma membrane and the induction of neurite outgrowth are enhanced 

by PP2Ac methylation [165, 236] and are altered by incubation with Forskolin (Figs 3.5, 3.11). 

Additionally, expression of PP2AcWT in tandem with Forskolin incubation did not reduce PHF-

1 Tau phosphorylation in the same way that pSer214-Tau was reduced in the same conditions 

(Fig. 3.10). Significantly, PHF-1 phosphorylation impairs Tau association with the plasma 

membrane [113], which has been suggested to play a role in the development of neuronal 

polarity and association with growth cones, in a microtubule-binding-independent manner [69, 

372, 452]. Altogether, our results taken with current available evidence indicate that PKA may 

induce the dissociation of PP2A and Tau from the plasma membrane, facilitating Tau 

association with the microtubule network, thereby inducing neurite outgrowth. These 

processes are linked in our results through the PKA-dependent demethylation and 

redistribution of PP2A, though precise mechanism deserve more attention in future studies.   

3.3.4 Significance for the study of Alzheimer’s disease 

Investigations of cAMP signalling in the contexts of aging and disease have helped shed light 

on to what possible and probable roles this pathway plays in the brain. In human hippocampi, 

CREB expression and activity is lowered with age [323], whilst CREB activity is  impaired in 

the parietal and frontal cortices, and the hypothalamus in vivo [453, 454]. Furthermore, in the 

senescence-accelerated mouse-prone 8 model of accelerated aging, CREB activity in the 

hippocampus is impaired [455].  The cAMP/PKA/CREB pathway is implicated in AD not only 

through impairments of learning and memory, but also via direct impairment by Aβ and other 

factors central to AD pathogenic cascades. BACE1 and Aβ both lead to a lowered pool of 

cAMP in brain lysates and hippocampi [456, 457]. Studies linking Aβ and Aβ-regulating 

enzymes involved with AD pathogenesis support the experimental utility of cAMP-elevating 

drugs such as Rolipram in preclinical models, which demonstrate an amelioration of cognitive 

impairments induced by Aβ [328-330]. Importantly, our group and collaborators have recently 

demonstrated that the sensitivity of neurons to Aβ exposure is dependent on the regulation of 

PP2Ac methylation [338].  
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Our present results indicate that the relationship between PKA signalling and the regulation of 

PP2Ac requires further attention in the study of AD. Here, we show that a major Tau kinase, 

PKA, not only directly mediates acute phosphorylation of Tau, but also facilitates indirect Tau 

phosphorylation through PP2Ac demethylation. Models of aging in vivo show that cAMP/PKA 

signalling leads to elevated Tau phosphorylation and a higher risk for neuronal degeneration 

[331]. The proposed mechanism was an inactivation of dendritic PDE4, leading to 

accumulation of pS214-Tau and gradual loss of spines and subsequently neurons. It is 

important to note that the main target of Rolipram in the prospective treatment of AD are PDEs 

[328, 330]. Recent evidence also shows that long-term, low concentrations of Forskolin leads 

to an increase in PP2Ac expression and activity, possibly, in response to elevated short-term 

Tau phosphorylation [443].  

Thus, there is likely a complex interaction between cAMP/PKA signalling and PP2A in 

neurons, which, as we have demonstrated in this chapter, has functional effects for the 

neuronal regulation of PKA-driven CREB and Tau phosphorylation, and cAMP/PKA-induced 

neurite outgrowth. These observations have significant implications for the study of 

Alzheimer’s disease, learning and memory and neuronal survival, since these are all directly 

affected by CREB, Tau, neurite outgrowth and PP2Ac methylation. 

3.4 Concluding remarks 

Little is understood about the regulation of PP2Ac methylation aside from the influence of one-

carbon metabolism. While one-carbon metabolic inputs are important in the AD process (see 

chapters 4 and 5), there should conceivably be more than one mode of regulating such an 

important post-translational modification to an enzyme which is evolutionarily conserved from 

yeast through to humans [458]. Here, we investigated a cAMP-mediated, time-dependent 

demethylation of PP2Ac in N2a cells, acute cortical slices from mouse brain (Fig. 3.3). This 

effect was reproduced with the phosphodiesterase inhibitor Rolipram and the cAMP analogue 

8-Bromo-cAMP, and eliminated with two inhibitors of PKA with distinct mechanisms of action, 

H89 and KT5720. The novel mechanism of PP2Ac demethylation by cAMP/PKA signalling 

was found to have four major functional implications:  

1. A PKA-induced, time-dependent redistribution of PP2A-ABαC complexes from the 

plasma membrane to the nucleus (Fig. 3.12.A) 

2. A PKA-induced, PP2Ac-mediated regulation of CREB phosphorylation (Fig. 3.12.A) 

3. Regulation of Ser214 Tau phosphorylation by the PKA-induced alteration of PP2Ac 

methylation (Fig. 3.12.B) 
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4. That PP2Ac methylation state mediates cAMP-induced neurite outgrowth (Fig. 
3.12.B) 

These results represent one novel mode of PP2Ac regulation. The more characterised 

mechanism of PP2Ac methylation is through one-carbon metabolism and availability of 

methyl-groups within the cell. Our group has previously used a murine model of genetic mthfr 

and dietary folate deficiency to demonstrate that one-carbon metabolism affects PP2Ac 

methylation and Tau phosphorylation in vivo [263]. Since we have demonstrated a novel mode 

of regulating the same events (PP2Ac methylation), we then focussed on investigating 

whether or not these pathways intersect (Chapter 4). We additionally have investigated the 

effects of this model on the other major molecular aspect of AD, the Amyloid Precursor Protein 

(APP, Chapter 5). 

A. 

B. 

 

Figure 3.12 PP2Ac regulation by PKA in neurons. Schematic diagram shows that cAMP can be 
generated via Forskolin-induced adenylyl cyclase (AC) activation, phosphodiesterase (PDE) 
inhibition or G-Protein Couped Receptor (GPCR) activation. (A) Subsequent PKA activation leads to 
demethylation of PP2Ac, redistribution of PP2A-ABαC from the plasma membrane and movement of 
PP2Ac, PP2A-Bα and PME-1 into the nucleus, which we have shown in this chapter regulates CREB 
phosphorylation in a PP2Ac-methylation-dependent manner. (B) Overexpression of the methylation-
incompetent PP2AcL309Δ led to altered PKA targeting of Tau. PP2AcL309Δ overexpression also 
impaired PKA-induced neurite outgrowth. This may be mediated by the redistribution of PKA and/or 
PP2A-ABαC to and from microtubules through competitive binding or redistribution from the plasma 
membrane. 
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Chapter 4: One-carbon metabolism alters 
CREB regulation in cells and in vivo 
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4.0 Rationale and significance 

Disturbances in one-carbon metabolism are a risk factor for a range of cognitive and 

neurodegenerative impairments and diseases, including AD [216, 218, 459, 460]. Proper 

supply of folate and methyl-groups are essential for cellular, particularly neuronal, function and 

survival. The cAMP-responsive element binding protein (CREB) is a transcription factor 

associated with responses to extracellular stimuli, neurite outgrowth, cell survival and learning 

and memory [302, 305, 318, 461]. CREB activity is also impaired in the AD process [323], and 

has garnered interest as a potential therapeutic target to restore cognitive deficits observed in 

AD. Drugs like Rolipram, which target cAMP/PKA signalling, and subsequently, enhance the 

activity of CREB, have been shown to alleviate Aβ-induced cell death and impairments in 

learning and memory in vivo [328, 329]. 

In the previous chapter, we showed that cAMP-PKA signalling can regulate PP2Ac 

methylation. We also observed that this mechanism can influence CREB phosphorylation. In 

this chapter, we wanted to assess if the one-carbon metabolic cycle can regulate CREB. For 

this purpose, we studied CREB phosphorylation levels in N2a cells incubated with molecules 

that can stimulate or inhibit the methylation cycle (Fig. 4.1). Additionally, we also explored 

CREB regulation in different brain regions from wild-type and 5,10-methylenetetrahydrofolate 

reductase (MTHFR)-deficient mice fed diets with or without folate. 

Previous data from our group has shown that these mice also have impaired methylation of 

PP2Ac and that there was an associated increase in Tau phosphorylation [263]. We 

hypothesise that MTHFR and/or folate deficiency in mice will alter the regulation of CREB (Fig. 
4.1) 
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Fig 4.1 Illustration of one carbon metabolic cycle. Methyl groups in cells originate from dietary 
folates which are converted to 5-MTHF from 5,10-MTHF by Methylenetetrahydrofolate reductase 
(MTHFR). 5-MTHF donates a methyl group to facilitate the re-methylation of homocysteine (Hcy) to 
Methionine. This amino acid is then converted to the universal methyl donor S-adenosyl-methionine 
(SAM). After donation of the methyl group, the metabolite S-adenosyl-homocysteine (SAH) is formed. 
SAH hydrolysed into homocysteine. Aside from 5-MTHF, Choline may be converted to betaine which 
can aid in the re-methylation of Hcy. This pathway does not exist in neurons, but only in the periphery. 
Abbreviations; 5,10-MTHF (5,10-methylenetetrahydrofolate), DHF (dihydrofolate), MAT (methionine 
adenosyl-transferase), SAHH (S-Adenosyl-Homocysteine Hydrolase). Red circles indicate 
enzymatic reactions in enzymes targeted by molecules and mutations for the purpose of this study; 
these include folate deficiency in N2a cells and in vivo, MTHFR deficiency  in vivo  and inhibition of 
SAHH by 3-Deazaadenosine (3DA) in N2a cells. Green “+” next to SAM indicates that N2a cells were 
incubated in medium supplemented with this molecule.  
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4.1 Introduction: One-carbon metabolism impairs PP2Ac methylation and may 
affect CREB 

Impaired folate metabolism leads to increases in total plasma homocysteine (tHcy), which can 

contribute to delayed development, neurological impairment, motor dysfunction, gait 

abnormalities, seizures, and thrombotic events [459]. Active folate (methylfolate, 5-MTHF) is 

needed for the re-methylation of Hcy to Methionine. This step is essential for the generation 

of the methyl donor S-adenosyl-methionine (SAM). SAM acts as a cofactor for dedicated 

methyltransferases involved in protein, DNA and lipid methylation reactions [462]. These 

reactions are critical for an array of biosynthetic pathways, including neurotransmitters, 

membrane lipids and nucleic acids. The rate-limiting enzyme in the conversion of folate to 5-

MTHF is 5,10-methylenetetrahydrofolate reductase (MTHFR). There is a relatively high 

prevalence of functional genetic Mthfr polymorphisms in the general population, with the 

common human Mthfr 677C→T gene polymorphism occurring in 30% to 40% of people in 

Western countries [463]. This polymorphism is associated with mild enzymatic deficiency of 

MTHFR, and is the most frequent inborn cause of hyperhomocysteinemia (hHcy) [464]. The 

occurrence of MTHFR-677TT genotype is less common. It presents at a rate of ~10% [463], 

and is associated with significantly reduced enzyme activity and has a much more severe 

phenotype, leading to conditions such as spina bifida and developmental delays [463].  

Mouse models with severe MTHFR deficiency show a number of behavioural and biochemical 

deficits in multiple regions of the brain including hHcy and altered methylation potential. There 

are significant reductions in hippocampal volume, increased hippocampal apoptosis, 

disturbances in neurotransmitter metabolism occur, along with impaired cognition and memory 

in these models [3].  

In neurons, LTP and LTD underpin the molecular mechanisms of learning and memory [465]. 

Many signalling pathways are involved in LTP induction, but the cAMP-dependent protein 

kinase (PKA) is one which is essential to this process [296, 297, 466]. It is a critical pathway 

for plasticity of neurons, cell survival, neurotransmitter synthesis, transport and regulation of 

neurotransmission. PKA stabilises synaptic expression of AMPA-receptors (AMPARs) and 

enhances their conductance by phosphorylation of the GluR1 subunit in vivo [298, 300]. The 

cAMP-Responsive Element Binding protein, CREB can be activated through phosphorylation 

at the Serine 133 site, leading to binding and transcription of regions of DNA known as cAMP-

Responsive Elements [467]. PKA-dependent activation of CREB is essential for an array of 

neuronal functions including LTP [307], expression of NMDARs [468], and neuronal survival 

through neurotrophic signalling [318].  
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Alterations in LTP induction are typically observed in models of disturbed one-carbon 

metabolism. Direct exposure to Hcy in vivo, or dietary interventions are associated with 

impaired LTP induction. [240, 273, 469, 470].  These changes are connected to short-term 

(consolidation of synaptic strength by post-translational modifications to receptor subunits 

[471, 472]) and long-term effects (at the transcriptional and translational levels [296]). There 

is some evidence that Hcy could alter CREB function in liver cell models [473, 474], while 

maternal disturbances in one-carbon metabolism lead to changes in CREB expression in their 

offspring [397]. Therefore, there may be a link between disturbed one-carbon metabolism and 

the regulation of CREB. 

In this chapter, we are investigating if one-carbon metabolism can regulate CREB function. 

Since perturbations in one-carbon metabolism has been shown in numerous models to induce 

cognitive and structural deficits, and CREB is a critical mediator of both of these processes, 

we suggest that cAMP-PKA signalling (i.e. CREB activity) may be partly controlled by one-

carbon metabolic inputs. For this purpose, we have used validated genetic models of mild and 

severe Mthfr deficiency [263], as well as dietary folate deficiency to determine the effects on 

CREB protein expression and phosphorylation  in different brain regions.  
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4.2 Results 

4.2.1 Altered methyl-group supply in N2a cells leads to changes in CREB phosphorylation  

In order to assess how one-carbon metabolism may alter CREB phosphorylation, we 

incubated serum-starved N2a cells with the methyl-donor SAM or the SAH-hydrolase inhibitor 

3DA (Fig. 4.2). In vehicle-treated cells, a small amount of CREB remained phosphorylated at 

Ser133 (~10-15% of total CREB levels). Overnight incubation with 3DA significantly reduced 

pCREB levels by ~50%, compared to vehicle-treated cells. Conversely, supplementation of 

N2a cells with 100μM SAM overnight led to a consistent increase in CREB phosphorylation 

by ~40% from basal levels (Fig. 4.2). These results suggest that CREB phosphorylation may 

depend on the availability of methyl donors in N2a cells.  

 

Folate a necessary co-factor for the remethylation of homocysteine to methionine, which is 

the primary source of SAM. Thus, we next wanted to see if changes in folate status can also 

affect CREB phosphorylation. Changing N2a cell culture medium from normal-folate 

containing RPMI to folate deficient (FD) RPMI led to a slight decrease (~20% reduction) in 

pCREB levels after 2h of culture and a significant decrease in pCREB levels (~30% ± 4, p < 

0.05) after 4 hours of folate deprivation (Fig 4.3). Prolonged culture of cells in FD media led 

to the detachment of N2a cells and loss of viability, which is why the maximum time point of 4 

hours was selected. These data supported previous evidence indicating that folate deficiency 

impairs cognitive processes such as learning and memory, likely because CREB mediates 

protein-transcription dependent LTP [339, 466, 475]. These new results confirmed that 

 
Figure 4.2 CREB phosphorylation depends on methyl-group availability. N2a cells were 
incubated overnight with Vehicle compound, S-Adenosyl-Methionine (SAM) or 3DA. Cells were 
harvested the next day. Homogenised extracts were analysed by Western blot for relative 
phosphorylation of CREB at Ser133 (pCREB) and total CREB validated antibodies. Protein loading 
was normalised using GAPDH in each blot. A. Representative Western blots. B. Phosphorylated 
CREB levels were quantified after densitometric analysis of blots and normalisation of total CREB 
expression levels. Values shown represent mean ± S.D. (*p<0.05 n = 5). 
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disturbances in one-carbon metabolism in N2a cells can alter CREB phosphorylation in 

neuronal cells (Figs. 4.2 & 4.3).  

Since we were able to demonstrate in N2a cells that CREB phosphorylation is modifiable 

through alterations in one-carbon metabolism, we then hypothesised that CREB 

phosphorylation and/or expression may be regulated by one-carbon metabolism in the brain. 

4.2.2 MTHFR deficiency in vivo has brain region specific effects on CREB expression and 

activity 

In addition to our experiments in N2a cells, we wanted to further investigate the effects of 

disturbed one-carbon metabolism in vivo. We used a previously validated model of MTHFR 

deficiency, using 6-week-old WT mice, or mice HET or NULL for the expression of MTHFR. 

HET mice are used to model the expression of the MTHFR-C677T allele in humans, while 

NULL mice model the TT genotype. The effects of the MTHFR-C677T polymorphism are 

discussed in Chapter 1. Briefly, presence of one MTHFR-C677T allele leads to a ~35% loss 

of MTHFR activity in human, while the MTHFR-677TT genotype can cause a ~65% loss of 

MTHFR activity, depending on ethnic background in humans [463].  

We placed 16-month-old WT and HET mice on a low-folate (LF) diet for 6 months (see Chapter 

2: Materials and Methods). First, plasma metabolites were analysed to verify the effect of both 

genotype and diet on the levels of tHcy and methylfolate (5-MTHF). In 6-week old mice, we 

found that tHcy levels were mildly, but significantly (~1.6-fold) increased in HET mice, 

compared to WT littermates (Fig. 4.4.A). Conversely, in NULL mice, we saw a substantially 

larger increase in tHcy (~10-fold), compared to aged-matched WT mice (Fig. 4.4.A).  

 

Figure 4.3: Folate deficiency impairs CREB phosphorylation in N2a cells. Serum-starved N2a 
cells were incubated in folate-deficient (FD) cell culture media for 0-4 hours prior to harvesting. N2a 
cell homogenates were analysed by Western blotting for relative expression levels of pCREB, 
followed by Western blotting for total CREB expression levels. Blots were also probed with anti-
Tubulin antibodies to control for protein loading. A. Representative Western blot for pCREB and total 
CREB. B. Phosphorylated CREB levels were quantified following densitometric analysis of Western 
lots and normalisation of total CREB levels. Values shown are representative of mean ± S.D. (n = 4, 
* p < 0.05 versus normal folate control)  
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We also assessed tHcy and 5-MTHF levels in WT and HET animals fed normal-folate (NF) or 

LF diets. In both WT and HET mice, LF diets significantly increased tHcy and decreased 

plasma 5-MTHF levels, compared to animals of the same respective genotype fed a NF-

containing diet (Fig. 4.4). Furthermore, we also observed that HET mice fed a NF diet 

continued to show increased plasma levels of tHcy and decreased 5-MTHF, compared to WT 

on the same diet (Fig. 4.4). Notably, in this chapter, we recorded the effects of LF diets in WT 

 
Figure 4.4 Plasma metabolite analysis in MTHFR- and folate-deficient mice.  Plasma obtained 
from 6-week-old (A) and 22-month-old (B, C) WT, HET or NULL mice was analysed for tHcy and 5-
MTHF levels. A.  High pressure liquid chromatography was used for the determination of tHcy in 6-
week-old WT, HET or NULL mice. B. Levels of tHcy in 22-month-old WT and HET mice fed a Normal 
Folate- (NF) or Low Folate-containing (LF) diet for 6 months. C. 5-MTHF levels in 22-month-old mice 
fed NF or LF diets for 6 months determined by radioimmunoassay. Data presented as Mean ± S.D. (n 
= 8-10 per group, * p < 0.05, HET or NULL mice, relative to WT in groups fed the same diet, # p < 0.05, 
LF versus NF diets within the same genotype groups. 
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mice only, as available brain tissue was exhausted in experiments for previous studies, and 

in Chapter 5 [263, 476]. 

After analysis of plasma metabolites, we then assessed homogenates from different brain 

regions of these mice for the phosphorylation and expression of CREB. An initial study done 

by our group has already shown there is a  significant decrease in PP2Ac methylation in the 

cortex, hippocampus, midbrain and cerebellum of these mice [263]. These animals also exhibit 

cognitive impairment and loss of hippocampal volume [235]. Since CREB contributes to 

processes of learning and memory, and is necessary for cellular survival, we hypothesised 

that these animals would display disturbances in the phosphorylation and/or expression levels 

of CREB in one or more regions of the brain. In the cortex of 6-week-old WT, HET, or NULL 

mice fed a normal folate diet, we observed a significant increase in the expression of CREB 

in both HET (~26% ± 6) and NULL (42% ± 7) animals compared to WT controls (Fig. 4.5). We 

also observed a decreasing trend in CREB phosphorylation in the cortex of mice with severe 

MTHFR deficiency, compared to WT and HET mice, although this decrease was not 

statistically significant. 

 

Because of previously mentioned studies using the same tissue extracts (see [263] and 

Chapter 5), we had insufficient homogenate amount to properly analyse changes in CREB in 

 

Figure 4.5 CREB expression is increased in the Cortex of young MTHFR deficient mice. 
Homogenates obtained from cortices of 5-week old WT, HET and NULL mice fed a normal folate-
containing diet were analysed in duplicate for expression levels of CREB and CREB phosphorylated 
at Ser133 (pCREB). GAPDH was used as a protein loading control.  A. Representative Western blot. 
B. Relative pCREB phosphorylation and CREB expression levels following densitometric analysis 
including normalisation for Protein loading and total CREB expression. Values shown are 
representative of mean ± S.D. (n = 6 mice per group, ** p < 0.01, HET and NULL compared to WT). 
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the midbrain and cerebellum of NULL animals. Despite these limitations, we are able to 

present data from the cerebellum and midbrain from wild-type mice and mice with moderate 

MTHFR deficiency (HET). In contrast to the cortex, we observed a significant reduction in the 

expression of CREB in the midbrain of HET mice, compared to WT (Fig. 4.5). Interestingly, 

we also observed a significant (~2.5 fold) increase in pCREB in the midbrain of heterozygous 

mice, compared to wild-type animals (Fig. 4.5). The contrast between our results in the cortex 

and midbrain of MTHFR+/- animals is interesting, as they support previous observations 

suggesting that different regions of the brain show varying sensitivities to disturbances in one-

carbon metabolism [263].   

 

Another region suggested to be sensitive to changes in one-carbon metabolism is the 

cerebellum [475, 477], particularly in early stages of development. Unexpectedly, we found no 

significant difference in the phosphorylation or expression of CREB in the cerebellum of 5-

week old HET mice compared to WT (Fig 4.7). This may be, in part, explained by the 

differential roles played by CREB and synaptic-dependent processes in different brain regions. 

 

Figure 4.6 CREB expression and phosphorylation is deregulated in the midbrain of young mice 
with moderate MTHFR deficiency  Homogenates obtained from midbrains of 5-week old WT and 
HET mice fed a normal folate-containing diet were analysed in duplicate for expression levels of CREB 
and CREB phosphorylated at Ser133 (pCREB). Tubulin was used as a protein loading control. A. 
Representative Western blot. B. Relative pCREB phosphorylation and CREB expression levels 
following densitometric analysis including normalisation for protein loading and total CREB expression. 
Values shown are representative of mean ± S.D. (n = mice 6 per group, * p < 0.05, compared to WT).  
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4.3.3 Dietary supply of folate affects the phosphorylation and expression of CREB in the 
midbrain of aged mice 

Previous data from our group suggest the effects of genetic Mthfr deficiency may be 

recapitulated by dietary folate deficiency in aged mice [263]. 22-month old WT mice were fed 

a normal-folate-containing diet (NF) or a low-folate diet (LF) for 6 months. Brain homogenates 

were again analysed by Western blotting. We found a significant loss of CREB expression in 

mice fed a LF diet compared to those on a NF in the midbrain (44% ± 7, Fig. 4.8.A). When 

normalised for total CREB expression, we found that pCREB was significantly increased, by 

over 2.5-fold (Fig. 4.8.A). These data are similar to those observed in young mice with 

moderate MTHFR deficiency fed a normal diet (Fig. 4.6). In contrast to our results in the 

midbrain, we saw no effect of LF diets in the cortex or cerebellum (Fig. 4.8.B, C). Because of 

limited tissue availability, we were unable to investigate the effect of aging on CREB 

phosphorylation and expression. However, impaired CREB activity with advancing age in vivo 

has been described by others in the past [455, 478]. 

 

Figure 4.7: MTHFR deficiency and 
CREB in the cerebellum. 
Homogenates obtained from cerebellar 
regions of 5-week old WT and HET 
mice fed a normal folate-containing diet 
were analysed in duplicate for 
expression levels of CREB and CREB 
phosphorylated at Ser133 (pCREB). 
Tubulin was used as a protein loading 
control.  Homogenates were run on 
SDS-PAGE and Western blots for 
pCREB, CREB (used to normalise 
pCREB levels) and Tubulin (to 
normalise for protein loading. Were 
performed Data presented here is 
representative analysis of densitometry 
of described Western blots. Data 
represented as mean ± S.D. (n = 6 mice 
per group) 
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Figure 4.8: Feeding aged mice a low-folate diet leads to deregulation CREB in the midbrain. 22-month-old WT mice were fed a normal folate 
(normal folate-containing, NF) or a low-folate diet (LF). Homogenates of the cortex, midbrain and cerebellum were analysed by Western blotting for 
relative expression levels of phosphorylated CREB (pCREB), total CREB and GAPDH for protein loading control. A. Representative Western blots 
for midbrain region, showing expression levels of pCREB and CREB. Blots were re-probed with primary antibodies directed against GAPDH to 
control for protein loading. B. Relative pCREB and total CREB levels determined by densitometric analysis of Western blots. C.  Relative expression 
levels of pCREB and total CREB after densitometric analysis of cortical homogenates from 22-month-old mice fed NF or LF diets D. Relative 
expression levels of pCREB and total CREB after densitometric analysis of homogenates from the cerebellum of 22-month-old WT mice fed NF or 
LF diets. Data presented as mean ± S.D. (n = 6 mice per group, * p < 0.05)   
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4.3 Discussion 
 
In this work, we present data demonstrating a relationship between methyl group supply in 

neuronal cells through the one-carbon metabolic cycle and the phosphorylation and 

expression of CREB. We found treatment with the methyl donor SAM to N2a cells led to an 

increase in CREB phosphorylation at Serine 133 (pCREB), which is necessary for CREB-

induced gene transcription. Similarly, inhibition of SAH-Hydrolase with 3DA, as well as folate 

deprivation led to a decrease in pCREB in the same cells. We also demonstrated in vivo, that 

CREB expression and phosphorylation is differentially regulated between brain regions in 

young mice with mild and severe MTHFR deficiency and aged mice fed a normal or folate-

deficient diet. Our findings may have important ramifications for the study of Alzheimer’s 

disease, given that impaired one-carbon metabolism, including low dietary folate and 

increased tHcy [213, 218] represent independent risk factors for AD. Importantly, CREB 

function and PP2A methylation are also impaired in AD [158, 159, 323]. Others have 

demonstrated a role for PP2A in the regulation of CREB [335, 337], while we have shown that 

CREB phosphorylation is tightly modulated by PP2Ac methylation (chapter 3). Our data 

strongly suggest that, in neurons, one-carbon metabolism and PP2A methylation in neurons 

contribute to the regulation of CREB by modulating the phosphorylation state of CREB (Fig. 
4.9). The regulation of CREB by one-carbon metabolism and by PP2A methylation may be 

independent, but not mutually exclusive modes.  

4.3.1 Methyl-supply in N2a cells is associated with CREB activity 

Our data suggests that SAM contributes to CREB activity in neuronal cells, possibly through 

cAMP-PKA signalling. Conversely, decreasing cellular SAM levels through 3DA treatment of 

N2a cells led to impaired CREB phosphorylation (Fig. 4.2). Indeed, SAH-hydrolase inhibition 

with 3DA blocks Hcy formation, therefore impairing the restoration of an endogenous SAM 

pool by Hcy re-methylation (Fig 4.9 [479]). Interestingly, a study on the effect of SAM on cAMP 

and Calmodulin-dependent kinase activity places SAM at the crossroads between one-carbon 

metabolism and PKA [480]. Their data suggests that SAM may facilitate cAMP binding to the 

PKA regulatory subunit, which would also boost enzymatic activity (Fig. 4.9). 

Further evidence of convergence of these pathways is that cAMP can directly bind to SAH-

hydrolase at the adenosine binding site. This leads to increased SAH-hydrolase activity in 

vitro. We suggest that SAM supply regulates cAMP-PKA signalling in neurons, thereby 

affecting CREB and PP2A function, which may have consequences for the regulation of 

learning and memory, and perhaps other neuron functions (Fig 4.9). PP2A is also regulated 

by this one-carbon supply of SAM, via LCMT-1-mediated methylation. 
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Our results in N2a cells suggest a functional link between the regulation of CREB and one-

carbon cycling. Previous studies in differentiated neurons indicate that both folate and SAM 

availability contribute to electrophysiological firing patterns and synaptic activity [481]. Since 

CREB activity is increased following excitatory activation of synapses [307] our results suggest 

that methyl group supply is critical for CREB function in response to extracellular stimuli. Here, 

we found an important role for folate in the regulation of CREB in N2a cells and in the midbrain 

of aged mice.  

There is limited available data on the effect of folate deficiency on CREB activity in neurons. 

In intestinal epithelial cells, however, reduced folate uptake coincides with reduced PKA 

activity, which is upstream of CREB [482]. Similarly, CREB expression and activity are 

impaired in cancer cell lines with impaired Reduced Folate Carrier (RFC) protein expression 

levels [483]. In this study, treatment with Forskolin led to increased CREB activity and 

expression and subsequent restoration of RFC expression. In agreement with this, our N2a 

cell results show a significant loss of CREB phosphorylation following 4 hours of folate 

deficiency (Fig. 4.2), which is consistent with our data from SAM/3DA treated N2a cells. 

Evidence from others indicates that maternal imbalance of critical micronutrients (B12 and 

folate) leads to impaired transcription of CREB mRNA as well as that of the neuroprotective 

BDNF [397], which is also subject to CREB-dependent transcription [319, 484].  

Follow-up studies would ideally focus on identifying the molecular connection between one-

carbon metabolism and cAMP modulation. We would want to identify what is the mechanism 

of SAM-dependent enhancement of cAMP-PKA binding and assess if folate supply and 

methylation play direct roles in PKA activity or subcellular localisation. We suggest that this 

interplay may be extremely complex, but essential in maintaining neuron function. Changes in 

that interaction could be part of the mechanisms involved in AD onset, especially since low 

folate status and elevated homocysteine have been identified as risk factors in the disease. 

4.4.2 MTHFR status changes CREB expression in the cortex of young mice 

Genetic deficiency of Mthfr and dietary deficiency of folate, choline or methionine causes 

memory impairments in animal models [235, 475, 485]. These animals show deficits in 

learning and memory through a loss of cholinergic metabolites [235] and altered DNA 

methylation of the AMPAR subunit GluR1 [485]. These could partly explain some of the deficits 

in hippocampal-dependent learning and memory, which is mediated by CREB [307]. Although 

we did not have access to hippocampal tissue in these animals, we present evidence in other 

regions suggesting that altered regulation of folate/one-carbon metabolism may affect CREB. 

In the cortex of young HET and NULL mice, we observed a significant increase in CREB 

expression (Fig. 4.5). Similarly, others have demonstrated a reduction in CREB mRNA in the 
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cortex of rat pups following prenatal vitamin B12 deprivation and elevated folate 

supplementation [397], which could also result in lowered CREB expression. We did not see 

any significant differences in CREB phosphorylation in the cortex between genotypes. CREB 

function in the cortex has been linked to adaptation of dendritic spines in response to 

environmental stimuli [486], and MTHFR-deficiency in vivo has been suggested to prevent 

spatial memory formation [235, 487]. Future work should focus on a link between MTHFR 

status and behavioural abnormalities arising from disturbed regulation of CREB.  

4.4.3 MTHFR deficiency and folate-deficient diet similarly alter midbrain regulation of CREB  

We found that MTHFR deficient young mice fed a normal diet and wild-type mice fed a folate 

deficient diet both show a significant increase in pCREB and decrease in CREB expression 

(Figs. 4.6 and 4.8.A), compared to WT and normal folate diet controls, respectively. These 

results differ from what we observed in other brain regions of the same animals.  This implies 

that regulation of CREB expression and activity is more or less sensitive to alterations in one-

carbon metabolism in different brain regions. Our group has already shown that PP2Ac 

methylation is impaired in the midbrain of these mice [263]. We have also shown, in chapter 

3, that PP2Ac methylation modulates pCREB in N2a cells (see Fig. 4.9). Therefore, the 

increased CREB phosphorylation in the midbrain could be mediated by a loss of PP2A 

methylation.  

Given the abundance of behavioural and structural deficits observed in MTHFR and folate-

deficient mice [235, 487], it is important to emphasise that the consequences of CREB 

phosphorylation are dependent on the stimulus. For example, while CREB activation is 

associated with cellular survival in some models [317, 318], there are other examples where 

increased CREB phosphorylation leads to toxicity in the midbrain following nicotine exposure 

[488]. Therefore, the increase in CREB phosphorylation in the midbrain of HET mice compared 

to WT, and of old WT mice fed a LF diet compared to a normal diet may be another example 

of CREB phosphorylation increasing in response to a toxic stimulus.  

An important feature of the midbrain is the high presence of dopaminergic (DA) neurons. Our 

group has made a link between acute exposure of these cells to high levels of L-DOPA and 

changes in one-carbon metabolism. Treatment of neurons with L-DOPA led to a significant 

decrease of methylated PP2Ac, and a significant increase in pTau [396]. These changes 

induced by L-DOPA were enhanced by folate deficiency. It was suggested to be mediated by 

an increased workload of catechol-O-methyltransferase (COMT), thereby unbalancing SAM: 

SAH ratio. We saw varying intensities of changes in CREB expression and phosphorylation in 

MTHFR-HET mice compared to WT, and in mice fed a LF diet compared to those fed NF-

containing diets, depending on the brain regions we investigated. Together, these results 

suggest that the midbrain may be a region of the brain which is especially sensitive to 
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disturbances in methyl-group supply, especially in terms of CREB phosphorylation and 

expression. It is also possible that pTau and pCREB are elevated by the same mechanism, 

namely impaired PP2Ac methylation, especially since disturbances in PP2A methylation, Tau 

phosphorylation and CREB activity all occur in AD [158, 159, 323]. We suggest that impaired 

PP2A-dependent dephosphorylation of CREB may underlie the changes in CREB activity we 

observe in the midbrain induced by perturbed one-carbon metabolism.  

4.4 Concluding remarks and significance for Alzheimer’s disease and 
interactions with PP2A 
A potential limitation of our results is the effect of aging on CREB regulation. CREB expression 

and phosphorylation are reduced with the aging process [455, 478, 489], which we were 

unable to assess here due to the limited amount of available brain tissue. Our results indicate 

an interesting and complex heterogeneity in the interaction between Mthfr genotypes and the 

expression and activity of CREB, which reflect the existing polymorphisms and their 

phenotypes in humans [463, 464, 490-492]. Our results show a complex picture of CREB 

expression and activity, even when comparing different brain regions from WT mice. This is 

in agreement with many observations showing the complex and varied expression patterns 

and different functions of CREB between brain regions.  

In the hippocampus, where CREB function has been most extensively studied, CREB plays 

an essential role in long term memory formation and LTP [283, 328]. The extracellular-

dependent activity-induced phosphorylation of CREB induces gene transcription of proteins 

such as AMPA-type glutamate receptor subunits, which enhances the responsiveness of 

neurons to excitation [302-304, 466]. Importantly, in aging, AD, and MTHFR deficiency in mice, 

LTP and memory-dependent behavioural outcomes are impaired [235, 328, 487, 493-497]. 

However, in other areas of the brain, CREB phosphorylation is increased with advanced age 

in the prefrontal cortex [454], an area responsible for the accession of working memory. The 

inhibition of cAMP signalling in the prefrontal cortex appears to improve working memory 

performance [498]. Models of aging report higher levels of pCREB following training in passive 

avoidance tests, which may be due to a change in CREB function, or may be a compensatory 

mechanism [455]. Meanwhile, chronic enhancement of CREB activity appears to impair spatial 

memory recall [499]. This suggests that CREB phosphorylation may have divergent functions 

between brain regions, in addition to being dependent on the nature of the upstream stimulus. 

It is important to validate our results in a similar model, taking into account the effect of aging, 

and observing possible region-dependent behavioural outcomes. 

MTHFR deficiency leads to problems with working memory in mice [487] and in humans, for 

example in schizophrenic patients carrying the Mthfr C667T allele [500]. It appears that there 

may be a connection between one-carbon metabolism, CREB regulation and changes in 
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behavioural performance, but the mechanisms involved remain unclear. Some possible 

explanation may be that components of one-carbon metabolism like SAM may affect CREB 

function through modulation of cAMP-PKA dynamics [501], and that methylation-dependent 

PP2A enzyme formation can impair CREB dephosphorylation (chapter 3, Fig. 4.9). In this 

chapter we provide a unique insight into how the impairments in memory induced by one-

carbon metabolism may be mediated.  

Elevated homocysteine and low folate levels represent independent risk factors for the 

development of AD [210, 213, 218, 502], and CREB function is impaired in the AD brain and 

models of the disease [323, 328, 329, 419]. Our results provide a link between these risk 

factors and impaired CREB function in the brain which may be important in the study of AD. 

Similar to previous investigations surrounding folate supply and one-carbon metabolism, in 

our model we are unable to delineate if the effects we observed are due the toxic effects of 

elevated homocysteine accumulation or a deficit in methylation reactions due to impaired 

folate supply, or an interaction between the two. In conclusion, we suggest that the regulation 

of CREB in different brain regions is affected by one-carbon supply and may influence the 

development of AD through novel mechanisms. Taken with our results from chapter 3, we 

suggest that CREB phosphorylation is dependent on both PKA kinase activity, which can be 

enhanced by SAM-mediated cAMP binding to PKA (Fig. 4.9), and also the phosphatase 

activity of PP2A, which is dependent on cellular SAM availability. Furthermore, PP2A 

methylation is also affected by PKA activity in neurons. Future studies will work to properly 

uncover the details of this intracellular signalling cycle. 
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Figure 4.9: One-Carbon metabolism and the regulation of CREB. Schematic diagram of 
proposed mechanism of interaction between one-carbon metabolism, PP2A and cAMP-PKA 
signalling in neuronal-type cells based on our experimental results. SAM supply enhances pCREB 
(refer to dashed arrow in figure). Incubation in N2a cells in medium without folate (red crossed circle) 
or inhibition of SAHH impairs the phosphorylation of CREB (pCREB). This indicates that availability 
of methyl groups are necessary for proper CREB function. In vivo, however we found regional 
differences in the effects of genetic MTHFR deficiency in young animals and dietary folate deficiency 
in aged animals, suggesting that regulation of CREB by one-carbon metabolism is brain-region 
dependent and may change based on cell function in any particular brain region.  
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Chapter 5 – Methylenetetrahydrofolate 
reductase (MTHFR) deficiency deregulates 
regional brain Amyloid-β precursor protein 
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5.0 Rationale and significance 

One-carbon metabolism is important for PP2A methylation. As previously indicated, PP2A 

methylation drives holoenzyme assembly and protein targeting. Our group has shown that the 

PP2A-ABαC isoform regulates Tau phosphorylation [201]. There are also significant 

decreases in PP2A-ABαC and methylated PP2A in brain from AD patients that correlate with 

increased levels of pTau [158, 159]. Similarly, mice homozygous and heterozygous for Mthfr 

mimicking the C677T polymorphism also show an increase in pTau, in conditions where 

animals were fed a normal or low-folate diet [263]. We therefore suggested that PP2A-ABαC 

is a key enzyme that is deregulated in AD. Loss of expression and changes in PP2Ac 

methylation due to Mthfr polymorphisms or limitations in folate supply from diets could be one 

mechanism responsible for the accumulation of pTau in neurons. Indeed, it is well-recognized 

that folate absorption is impaired with aging [503], therefore, we have suggested a strong link 

between one-carbon metabolism, PP2A methylation and ABαC formation, and Tau 

phosphorylation.  

PP2A can also regulate APP phosphorylation, in a methylation dependent manner [258]. The 

phosphorylation of APP at the C-terminal Thr668 site has been suggested to contribute to Aβ 

formation [21, 51], and has been found to co-localize with senile plaques and neurofibrillary 

tangles of AD [52]. APP phosphorylation is reported to alter subcellular localization, protein-

protein interactions and trafficking of the protein. We have previously identified a link between 

pTau and pAPP which is also observed in AD, with that link being disturbed by one-carbon 

metabolism and PP2Ac methylation. We therefore hypothesized that MTHFR and folate 

deficiencies could contribute to APP phosphorylation. We have used the same mouse models 

as the previous chapter, and hope to further demonstrate a mechanistic role for PP2A 

methylation and one-carbon metabolism in the regulation of APP, a key protein deregulated 

in the AD process.  
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5.1 Introduction 

The metabolically active form of folate (5-methyltetrahydrofolate, 5-MTHF) is a critical cofactor 

in the supply of methyl-groups in cells. One-carbon metabolic networks integrate nutrient input 

to regulate multiple cellular processes essential for neuronal homeostasis. Folate‐dependent 

single‐carbon reactions support several critical biosynthetic pathways, including methylation 

of proteins, lipids and DNA [462]. Unsurprisingly, disturbances in folate metabolism are 

associated with the onset of an array of neurological disorders. Several epidemiological 

studies have linked alterations in one-carbon metabolism with an increased risk for cognitive 

decline, brain atrophy and AD [459]. Likewise, low folate status and hyperhomocysteinemia 

are independent risk factors for AD [213, 214]. 

Low folate status also leads to increased levels of tHcy, which exerts neurotoxic effects via a 

range of mechanisms. The most common genetic cause of hyperhomocysteinemia in humans 

is due to polymorphisms in the MTHFR gene encoding MTHFR [464]. The common human 

MTHFR C677T polymorphism is associated with increased risk for late-onset AD [216, 222, 

460]. Molecular mechanisms by which altered MTHFR activity may contribute to AD 

pathogenesis are not fully understood. 

The abnormal accumulation of oligomers of Aβ peptides derived from β- and γ-secretase 

cleavage of the Amyloid-β precursor protein (APP) is believed to trigger the neurodegenerative 

cascade in AD [504]. Aβ production and neurodegeneration are promoted by APP 

phosphorylation at the Threonine 668 (Thr668) site in several models in vivo [21, 51, 53, 55, 

275, 505-507] Interestingly, hyperhomocysteinemia induced either by genetic cystathionine-

β-synthase (Cbs) deficiency [258, 262], homocysteine injection [508], or dietary B-vitamin 

deficiency [259, 509] increases pThr668-APP or Aβ generation in APP rodent models of AD. 

This supports a role for the deregulation of homocysteine metabolism in APP phosphorylation 

at Thr668.  

Our group has also provided evidence indicating that MTHFR and folate deficiency in vivo 

lead to elevated Tau phosphorylation and impaired PP2Ac methylation [263]. Impaired PP2Ac 

methylation is associated with pTau in AD brain tissue [158], and pAPP in other mouse models 

of disturbed one-carbon metabolism, and promotes the amyloidogenic cleavage of APP in 

N2a cells [258].  We hypothesized that MTHFR-deficiency in vivo leads to disturbances in the 

regulation of APP expression and phosphorylation, which are typical to the pathological 

processes seen in AD patients and experimental AD models.    
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5.2 Results 
5.2.1 MTHFR deficiency is associated with APP-Thr668 phosphorylation in the cortex, 
hippocampus and midbrain of young mice 

To test the hypothesis that genetic alterations in MTHFR activity can affect the regulation of 

APP, we first analysed tissue homogenates from different brain regions obtained from young 

transgenic Mthfr knockout mice fed a normal folate-containing diet (NF diet). Mice with 

experimentally compromised expression of MTHFR have been shown to model the effects of 

mild and severe MTHFR deficiency, respectively. They mimic the biochemical and other 

deficits observed in human populations with the common MTHFR C677T polymorphism [234, 

235, 510, 511]. In the plasma and brain tissue of MTHFR-deficient mice, 5-MTHF levels are 

decreased, which is associated with elevated tHcy and subsequent disturbances in the 

methylation cycle [263]. According to previously published data from our group, the 5-week-

old HET mice used in this study had significant (~1.6-fold increase), but mildly elevated tHcy 

levels over basal levels measured in their WT littermates [263]. Compared to aged-matched 

WT mice, NULL mice were hyperhomocysteinemic, showing a ~10-fold increase in tHcy 

levels.  

Here, we have used brain tissue samples from the same WT, HET and NULL mice for the 

expression of MTHFR that were described in Chapter 4 of this thesis and previous studies by 

our group [263]. APP phosphorylation at Thr668 was significantly enhanced in the cortex, 

hippocampus and midbrain of HET and NULL mice, compared to WT animals (Fig. 5.1). There 

was no change in APP phosphorylation in the cerebellum of mice either HET or NULL mice, 

compared to WT mice (Fig. 5.1). These data support our hypothesis that genetic MTHFR 

deficiency modelling the C677T polymorphism can lead to increased APP phosphorylation 

associated with AD [52].   

5.2.2 Aged mice have elevated pThr668-APP in the hippocampus with mild MTHFR deficiency 

The MTHFR C677T polymorphism is a risk factor for the onset of sporadic AD, an age-related 

disorder [216, 460]. Therefore, we also sought to assess APP phosphorylation state in 22-

month-old -WT and -HET animals fed a normal folate-containing diet. Importantly, NULL mice 

could not be assessed for changes in APP as they experience premature mortality [234, 235]. 

Decreased MTFHR activity led to reductions in plasma total folate levels relative to WT 

controls, as expected (p < 0.01). We also noted that plasma tHcy levels were further elevated 

(p < 0.01) in 22-month-old WT and HET mice, compared to their respective 5-week-old 

littermates, indicating an effect of aging on metabolite accumulation. 
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As observed in young animals (Fig. 5.1), aged HET mice had no change in pThr668-APP 

levels in the cerebellum (Fig. 5.2). Similarly, there was a significant increase in the 

phosphorylation of APP in the hippocampus of aged HET mice, relative to WT controls (Fig. 
5.2). Additionally, there was no change in APP phosphorylation in the cortex or midbrain of 

aged mice with mild MTHFR deficiency fed a normal-folate-containing diet. These results 

demonstrate that MTHFR deficiency leads to an increase in hippocampal APP 

phosphorylation in aged mice. 

 

 

Figure 5.1 MTHFR deficiency leads to increased APP phosphorylation in the cortex, 
hippocampus and midbrain of young mice. Regional homogenates were prepared from 5-week 
old WT, HET or -NULL mouse models of MTHFR deficiency. Duplicate aliquots of homogenates were 
separated by NU-PAGE and analysed for APP expression and phosphorylation (pAPP) by Western 
blot. GAPDH or Actin were used to normalize each blot for protein loading.  A. Representative 
Western blots. B. Relative pThr668-APP levels were quantified following densitometric analysis of 
Western blots and normalization for total APP levels. Values represent mean ± S.D. (n = 6 
mice/group, * p < 0.05 for HET or NULL vs. WT control mice).    
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Figure 5.2 Effect of MTHFR status and dietary folate on APP phosphorylation in old mice. 
Homogenates from cortical, hippocampal, midbrain and cerebellar brain regions of 22-month-old WT 
or HET mice, fed a normal folate-containing (NF) or low folate (LF) diet were analysed for APP 
phosphorylation levels by Western blotting, as described in Fig. 5.1.. A. Representative Western 
blots. B.  Relative pThr668-APP levels were quantified following densitometric analysis of the blots 
and normalization for total APP levels. Values represent mean ± S.D. (n = 8 mice/group, * p < 0.05 
relative to WT mice fed a normal folate containing diet).    
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5.2.3 Dietary folate deficiency leads to elevated pThr668-APP in the cortex and the 
hippocampus of old mice 

The functional consequences of MTHFR C677T polymorphisms can be exacerbated by 

inadequate dietary folate intake [464]. Considering this, we found it important to assess the 

effect of dietary folate deficiency in WT and HET animals on APP expression and 

phosphorylation. For this purpose, we analysed pThr668-APP by Western blot from parallel 

cohorts of WT and HET mice fed either a normal folate-containing (NF) or low-folate diet (LF, 

refer to Chapters 2 and 4 for a description of these models).  

Dietary folate deficiency induced an increase in pThr668-APP in the cortex of both WT and 

HET mice, compared to mice of the same genotype fed NF diets (Fig. 5.2). Likewise, pThr668-

APP levels were elevated in the hippocampal homogenates from both WT and HET mice fed 

the LF diet, compared to WT controls on the NF diet. In the hippocampus, the functional effect 

of dietary folate deficiency was comparable to that of mild MTHFR deficiency in young (Fig. 
5.1) and old (Fig. 5.2) HET mice fed a NF diet. However, there was no significant change in 

APP phosphorylation in the midbrain or cerebellum of WT or HET mice fed the LF diet, 

compared to mice fed the NF diet (Fig. 5.2). These data indicate that dietary folate or genetic 

MTHFR deficiencies can significantly increase the phosphorylation of APP at Thr668 in the 

cortex and hippocampus of aged mice. 

5.2.4 MTHFR and folate status alter APP expression in the cortex, midbrain and hippocampus 

Since the increased Thr668 phosphorylation we observed may be due to increased expression 

of APP, we also verified APP protein levels in brain homogenate obtained from the young and 

old mice analysed above.  In young animals (Fig. 5.3.A), we observed a significant decrease 

in APP expression in the cortex of NULL mice, as well as in the midbrain of HET and NULL 

mice. Conversely, we saw a significant increase in the expression of APP in the hippocampus 

of NULL mice (Fig. 5.3.A). There was no change in the cerebellum of either HET or NULL 

mice fed a normal diet in APP expression, compared to WT mice. Similarly, the LF diet did not 

induce any change in APP expression in the cerebellum (Fig. 5.3). These results indicate that 

a brain-region specific regulation of APP expression exists in response to genetic MTHFR 

deficiency. 
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In the cortex, midbrain and hippocampus of aged mice, we observed changes in APP 

expression with diet and Mthfr genotype. WT and HET mice on a LF diet had significantly 

lowered APP expression in the cortex, compared to those on a normal-folate containing diet 

(Fig. 5.3.B). There was also lower APP expression in the midbrain of 22-month-old HET mice 

fed a NF diet. In the hippocampus, however, HET mice fed a normal diet, and both WT and 

HET mice fed a LF diet all showed elevated expression of APP at 22 months of age, compared 

to WT mice on a NF diet (Fig. 5.3.B). These results emphasize the role of dietary folate in the 

brain and support our hypothesis that APP expression is affected in a brain-region-specific 

manner in response to impairments in one-carbon metabolism.  

  

 

Figure 5.3 MTHFR and folate deficiencies induce brain-region specific alterations in APP 
expression. Homogenates from young mice (Fig. 5.1) and old mice (Fig. 5.2) were analysed by 
Western blotting for total APP expression levels, after normalization from protein loading. A. Relative 
APP expression in brain regions taken from young WT, HET and NULL mice fed a NF-containing 
diet.  Values represent mean ± S.D. (n = 6 mice/group, * p < 0.05 for HET or NULL vs. WT control 
mice). B.  Relative APP expression in brain regions obtained from old WT and HET mice fed NF 
and LF diets.  Values represent mean ± S.D. (n = 8 mice/group, * p < 0.05 relative to WT mice fed 
a normal-folate containing diet). 
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5.2.5 Reduced inhibitory GSK-3β Ser9 phosphorylation parallels increased pThr668-APP in 
MTHFR and folate deficient mice 

Finally, we were interested to see what the potential mechanisms behind disturbed pThr668 

phosphorylation of APP may be. In this context, we and others have previously reported that 

dietary folate deficiency and hyperhomocysteinemia can independently promote the 

demethylation of PP2Ac [258, 272, 403, 448]. Importantly, the demethylation of PP2Ac is 

sufficient to promote APP phosphorylation at Thr668 in cultured cells and in vivo [258, 338]. 

Our group has previously demonstrated that PP2Ac is demethylated in the same tissues 

analysed here [263]. 

Besides affecting PP2A methylation, impaired folate and homocysteine metabolism might also 

enhance the activity of protein kinases targeting APP. We hypothesized that one such kinase 

could be Glycogen Synthase Kinase-3β (GSK-3β). Aberrant activation of GSK-3β has been 

linked to hyperphosphorylation of APP at Thr668 [55] and AD-related neurodegenerative 

processes [512]. Thus, we used homogenates from the cortex of young MTHFR- WT, HET 

and NULL mice, and the cortex and hippocampus taken from 22-month-old WT and HET mice 

fed NF or LF diets to assess the phosphorylation of GSK-3β at Ser9.  We looked at these 

regions since they showed the most pronounced changes in APP phosphorylation at Thr668, 

a site targeted by GSK-3β [54, 55]. Importantly, Ser9 phosphorylation inhibits GSK-3β kinase 

activity. Western blot analysis of cortical homogenates from young mice showed that 

phosphorylation of GSK-3β at Ser9 was significantly decreased in response to MTHFR 

deficiency (Fig. 5.4.A), suggesting that increased GSK-3β contributes to the enhanced 

phosphorylation of APP in these animals. We also assessed the effect of dietary folate 

deficiency on GSK-3β phosphorylation. Folate deficiency was associated with a significant 

reduction in pSer9-GSK3β in the cortex and the hippocampus of aged mice (Fig. 5.4.B). These 

results, and others previously generated from our lab [263], indicate that impaired PP2Ac 

methylation and enhanced GSK-3β activity contribute to increased APP phosphorylation in 

response to disturbances in one-carbon metabolism in the cortex and hippocampus.  

. 
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Figure 5.4 Effect of MTHFR and folate status on GSK-3β activity in young and old mice. 
Homogenates from young mice (Fig. 5.1) and old mice (Fig. 5.2) were analysed by Western blotting 
for inactive GSK-3β (pGSK-3β) total GSK-3β and by re-probing the same blots used in previous 
figures, where GAPDH or Actin were used as protein loading controls. A. Representative Western 
blots and densitometric analyses of pGSK-3β levels in WT, HET, and NULL mice fed a NF diet. 
Values represent mean ± S.D. (n = 6, p < 0.05, compared to WT). B. Representative blots and 
analysis of pGSK-3β levels in old WT and HET mice fed NF and LF diets. Values represent mean ± 
S.D. (n = 8 p < 0.05, compared to WT mice fed NF diet).   
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5.3 Discussion 
There is substantial evidence that disturbances in folate and homocysteine metabolism are 

important risk factors for the onset of sporadic AD [210, 213-215, 459]. It is also well 

recognized that abnormally enhanced production of Aβ contributes to the neurodegenerative 

process in AD. However, much remains to be elucidated on how risk factors for AD, including 

disturbed one-carbon metabolism, affect the molecular determinants of the disease. In 

particular, there is limited direct evidence linking the phosphorylation and processing of APP 

with dietary folate deficiency and impairments in MTHFR function.  

Previous work from our laboratory has demonstrated a link between one-carbon metabolism, 

altered proteolytic cleavage and phosphorylation of APP at Thr668 in N2a cells and CBS-

deficient mice [258]. There have been several other studies into the regulation of Aβ 

production in regards to the one-carbon metabolic cycle, though few exist to demonstrate a 

role for this cycle in direct regulation of APP protein expression and phosphorylation. Indeed, 

disturbances in folate metabolism can lead to compromised cellular methylation reactions 

[462], which cause a variety of changes in intracellular signalling, through disrupted targeting 

of protein, DNA or lipid methyltransferases. In previous work, we showed that one such protein 

with disturbed methylation and altered function was PP2A, which targets APP for 

phosphorylation [258, 476]. PP2A has similarly been shown to regulate the activity of GSK-3β 

through dephosphorylation of the pSer9 site [422, 449, 513]. In this chapter, we wanted to 

demonstrate how disturbed methylation dynamics in vivo can affect these two proteins which 

play well-established roles in AD pathogenesis [3, 33, 51, 512, 514]. Specifically, we show 

that genetic-induced MTHFR deficiency can alter APP expression and/or phosphorylation at 

Thr668 in a brain region- and age-dependent manner. In these studies, we used well-

characterized Mthfr knockout mice. This model is widely used to recapitulate the effects of 

MTHFR deficiency, which is associated with the common human C677T polymorphism, a risk 

factor for sporadic AD [216, 222, 460].  

5.3.1 One-carbon metabolism has been linked to AD through various mechanisms 

Disturbances in one-carbon metabolism have been identified as risk factors for the onset of 

sporadic AD. Epidemiologic data indicates on a large scale that multiple aspects of one-carbon 

metabolism contribute to these risks. These include elevated tHcy, suboptimal intake and 

impaired absorption of dietary folate. Meta-analyses observing the effects of elevated tHcy in 

humans, with cohorts ranging from 2,500 to 15,000+ have identified strong links between 

elevated tHcy (plasma concentrations above 10-12μmol/L) and a positive risk of developing 

non-familial AD [6, 214, 515]. Particularly relevant to our investigations is the evidence 

indicating that elevated tHcy arising from the Mthfr-C677T polymorphism heightens AD risk 

[215, 460]. Similarly, low-folate and B-vitamin containing diets and the risk for developing AD 
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have also been linked through multiple meta-analyses [222, 459] and population-based 

longitudinal studies [516]. Importantly, many of the rigorous investigations linking AD with tHcy 

levels control for dietary folate, and vice-versa. Therefore, it is important to note that, while low 

folate-containing diets and elevated levels of tHcy often occur simultaneously, they represent 

independent risk factors for AD [213, 502]. This supports the notion that low dietary folate and 

elevated tHcy increase AD risk through overlapping, but also specific mechanisms.   

Perturbations in the one-carbon metabolic cycle are associated with increased Aβ load in 

animal models [260, 262, 508, 517]. In humans, factors that impair cellular methylation 

potential are associated with higher rates of cognitive decline [518], and grey matter volume 

in AD patients [212]. Likewise, diet-induced HHcy has repeatedly been shown to exacerbate 

cognitive and neuropathological symptoms [260]. High-methionine diets exacerbate Aβ 

formation [257]; the elevated production of Aβ induced by enhanced pThr668-APP and γ-

secretase function is reversible through folate and B-vitamin supplementation [508]. tHcy 

levels have also been tied to enhanced secretion of Aβ via impaired DNA methylation of the 

promoter regions of BACE and PS1. This leads to higher expression of β-secretase complex 

enzymes and amyloidogenic processing of APP [259, 517]. Similarly, folate-deficient diets 

have been linked to higher PS1 and BACE expression, due to the same mechanism [517]. 

Folate deficiency impairs DNA methylation in a SAM-dependent manner, underlining the 

importance of methyl-donor supply in the brain. 

Notably, the MTHFR-deficient mouse model that we have used in this thesis causes 

characteristic increases in tHcy and compromised cellular methylation potential [263, 510]; it 

closely models the effects of C677T polymorphism which occurs in humans. The HET mice 

used here model the CT genotype in humans, and NULL mice model severe genetic deficiency 

of MTHFR (TT genotype). This polymorphism heightens the risk for the development of AD 

and other psychopathologies [216, 519]. While the precise mechanisms surrounding low 

folate, elevated homocysteine and AD risk are still somewhat unknown, what is clear is that 

genetic MTHFR deficiency does recapitulate several conditions of AD in vivo. This includes 

behavioural defects and hippocampal atrophy [235], increased PP2Ac demethylation and Tau 

phosphorylation [263],  and altered regulation of APP expression and phosphorylation, 

according to the data we have presented in this chapter. This contributes to a growing body 

of work linking AD with models of impaired one-carbon metabolism through shared molecular, 

cellular and neuropathological disturbances as described above.    

5.3.2 APP phosphorylation is sensitive to MTHFR deficiency in a brain-region- dependent 
manner 

We found that MTHFR deficiency in young mice was sufficient to markedly enhance APP 

phosphorylation at Thr668 in AD susceptible brain regions such as the hippocampus and the 
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cortex (Fig. 5.1). The cerebellum, a region typically spared from severe neurodegeneration in 

AD, showed no change in APP phosphorylation. Conversely, in aged HET mice fed a LF-diet, 

we observed an increase in pThr668-APP in the hippocampus only (Fig. 5.2). Due to an 

insufficient amount of tissue available to us, we were unable to determine whether or not the 

normal ageing process was responsible for the observed increase in APP phosphorylation 

levels in the cortex and midbrain of WT mice. If it was the case, this would account for a lack 

of an effect in these regions in aged mice, since MTHFR deficiency enhanced APP 

phosphorylation in young animals. 

Previous work from our group has demonstrated that disturbances in one-carbon metabolism 

leads to phosphorylation and amyloidogenic processing of APP [258]. Here, pThr668-APP 

and levels of sAPPβ, the secreted form of APP resulting from β-secretase cleavage, were 

significantly reduced by the treatment of N2a cells with the methyl donor, SAM. Furthermore, 

in HHcy mice, APP phosphorylation was also significantly enhanced.  As discussed above, 

the MTHFR-deficient mice we studied here also had significantly higher tHcy, compared to 

WT mice (Chapter 4). Our current results are thus consistent with those previously linking 

methyl-group supply with the regulation of APP in cultured neurons. Other studies in vivo have 

connected hyperhomocysteinemia with APP phosphorylation at Thr668 and an increase in the 

severity of amyloidogenesis [259, 262, 508, 509]. Furthermore, in the hippocampus, exposure 

to Aβ oligomers induces neuronal death by excitotoxic stimulation of glutamate receptors 

[131], which is the same mechanism by which Hcy and its derivatives are hypothesized to 

exert toxic effects in the brain [520, 521]. Our present data demonstrating enhanced pThr668-

APP induced by genetic MTHFR deficiency is in agreement with these studies suggesting that 

elevations in Hcy promotes Aβ generation in vivo.  

5.3.3 Genetic MTHFR deficiency and dietary folate deficiency interact to alter APP 
phosphorylation  

Disturbed methylation potential in vivo has far-reaching consequences for cellular 

homeostasis. Importantly, we found that LF diets enhanced the phosphorylation of APP at 

Thr668 in the cortex and hippocampus of aged WT and HET mice, compared to WT mice fed 

a NF diet (Fig. 5.2). This meant that LF diets were able to induce increases in pThr668-APP 

levels in these regions whereas genetic MTHFR deficiencies did not. Since AD is an age-

related disorder, and Aβ deposition worsens with age [522], these results provide an important 

insight into how AD risk factors interact and develop with worsening age.  

Our results demonstrating that the hippocampus was more susceptible to changes in APP 

phosphorylation are in agreement with observations suggesting that the hippocampus is 

especially sensitive to MTHFR- and folate deficiencies [235, 263]. The hippocampus is also 

the brain region which is most severely affected in AD [2, 523] and is especially vulnerable to 

early-onset Aβ-mediated functional impairments in AD transgenic models [524]. Accordingly, 
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these findings taken with previous data from our group showing that MTHFR combined with 

low LF induces AD-like changes in the brain [263] support the notion that methyl-group supply 

is essential for neuronal homeostasis. Importantly, the effect of MTHFR deficiency was not 

augmented in HET mice fed a LF diet, as we expected. This likely reflects the effect of 

prolonged feeding of mice with this diet, which induced a maximal and similar decrease in 

plasma folate levels in both genotypes (see Chapter 4 for plasma folate analysis).  In our 

conditions, we observed a ~10-fold reduction in 5-MTHF (64±20 nmol/L in NF versus 6.8±1.6 

nmol/L in LF) in WT mice on this diet, while HET mice showed a similarly significant loss of 

plasma 5-MTHF after 6 months on the LF diet (47±12nmol/L compared to 5.8±2.1 nmol/L). 

Interestingly, there are some reports showing that total folate levels remain unchanged in the 

brain of MTHFR deficient mice [511]. However, cerebral 5-MTHF levels are decreased, and 

non-methylfolate species are increased in the brain of these animals [511]. This altered 

biological dispersal of folate derivatives affects the flux of one-carbon units between 

methylation reactions and nucleotide synthesis [511]. Thus, MTHFR deficiency induces 

defects in cellular methylation potential in mice [510], the effect of which is conceivably 

compounded by a loss of 5-MTHF in the mice fed a LF diet. 

A possible cause for the preferential loss of 5-MTHF in the brain of animals with deficiencies 

in methyl-group supply such as that of MTHFR or folate may partly originate in the periphery. 

The conversion of Hcy to Methionine is dependent on the methionine synthase-mediated 

transmethylation of 5-MTHF, with vitamin B12 required as a cofactor [245, 525]. The 

alternative pathway for Hcy remethylation is the donation of a methyl group from the metabolite 

of Choline, Betaine, mediated by Betaine-Homocysteine Methyltransferase (BHMT) [269, 

526]. Importantly, this pathway does not exist within the brain, since BHMT is not expressed 

in this organ [527]. Therefore, restrictions in 5-MTHF supply induced by genetic MTHFR 

deficiency or LF diets could lead to neuronal efflux of choline to the periphery as a 

compensatory mechanism, further compounding the loss of methyl-donors for Hcy 

remethylation in the brain. A further consequence of this includes a reduction in the 

neurotransmitter, acetylcholine, which has been previously described in MTHFR deficient 

mice [235]. Methionine synthase deficiency has also been shown to lead to cognitive 

impairment in a matter which involves disturbances in choline metabolism [265], suggesting 

an intimate link between disturbances in one-carbon metabolism and the regulation of 

neuronal choline.  

Another important role of folate and its derivatives include antioxidant activity. While loss of 5-

MTHF and elevations in tHcy should be considered independent biological events, they often 

occur in tandem [528]. Besides inducing damage through direct excitotoxic stimulation, Hcy 

can cause damage to neurons through oxidative stress [529]. Conversely, 5-MTHF shows 
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potent antioxidant activity through the scavenging off free radicals and by preventing the 

oxidation of BH4, which reduces intracellular superoxide generation via the coupling of Nitric 

oxide synthase as a cofactor [256]. The metabolite analysis of the mice we used here shows 

the loss of 5-MTHF and elevation of tHcy in response to LF diets (Chapter 4), which indicates 

a substantial imbalance in 5-MTHF as an antioxidant and tHcy as a source of oxidative stress 

[256].   

Furthermore, folic acid protects against glutamate-induced excitoxicity [530], which is caused 

by Hcy, occurring through the same mechanism by which glutamate exerts this toxicity [521, 

531]. Restrictions in normal one-carbon metabolic cycling can thereby induce APP 

phosphorylation through PP2A [476] and GSK-3β. For instance, oxidative stress and 

excitoxicity can enhance GSK-3β activity, mediating Thr668 phosphorylation of APP and, 

ultimately, neurodegeneration [55, 512]. Similar mechanisms may underlie the enhanced 

GSK-3β activity and APP phosphorylation in MTHFR deficient mice, and those fed LF diets, 

which we report here (Fig. 5.4). Similarly, our group has previously found that PP2A 

methylation is impaired in the cortex and hippocampus of MTHFR deficient mice and in mice 

fed LF diets [263]. Since PP2A is a major APP-Thr668 phosphatase, and PP2A demethylation 

is sufficient to promote the accumulation of p-Thr668 APP in cells and in vivo [258, 338], it is 

likely that impairment of PP2A methylation is a major contributor to the increased 

phosphorylation of APP observed in our studies.  

Importantly, the sensitivity of hippocampal neurons to Aβ has been shown to critically depend 

on the methylation state of PP2A in vivo [338], which is dependent on methyl-group supply. 

Furthermore, recent evidence has shown that dietary supplementation of betaine abrogates 

neuronal impairments induced by Aβ peptide injection [532]. Betaine supplementation also 

prevents Aβ-induced oxidative stress, which is mediated in the brain by nitric oxide synthase 

[533]. It is unclear whether the positive effects in this study were directly induced by betaine 

itself, or a reduced antioxidant and Hcy-remethylation load of 5-MTHF that would arise as a 

consequence of increased intracellular Betaine. 

Altogether, reduced neuronal 5-MTHF supply could thereby result in neuronal dysfunction 

through a number of mechanisms: 1 – a positive feedback cycle of neuronal choline efflux and 

5-MTHF depletion, leading to cognitive impairments induced by reduced neuronal 

acetylcholine levels. 2 –Neuronal damage and death induced by Hcy-induced oxidative stress 

and excitotoxicity, which is not reversed by the antioxidant function of folate 3 – Elevated 

phosphorylation of APP and Tau as a result of impaired PP2A methylation and activity and 

increased GSK-3β activity, leading to neurotoxicity and disturbances in synaptic plasticity.          
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5.3.4 Changes in APP expression due to one-carbon metabolic impairments vary by brain 
region 

Despite being well-validated as the precursor to Aβ species in AD, APP also exerts important 

functions in neuronal and synaptic plasticity and maintenance [534]. MTHFR and folate 

deficiencies induce impairments in learning and memory [235, 475, 500], which may be linked 

to APP through synaptic dysfunction, since MTHFR polymorphisms and dietary folate 

deficiency are risk factors for AD [216, 218, 460, 502]. Our present results show that genetic- 

or diet-induced folate deficiency affect total APP expression in our mouse models, in a 

complex, brain region specific manner.  

In the hippocampus, genetic MTHFR and dietary folate deficiencies were associated with 

upregulation of APP protein levels, in both young and old mice (Fig. 5.3). However, in the 

cortex, APP expression was impaired in MTHFR deficient mice, compared to WT mice, and 

in mice fed a LF diet, compared to a NF-containing diet (Fig. 5.3). Similarly, APP expression 

was also significantly reduced in the midbrain of young HET and NULL mice, compared to 

WT, and in mice fed a LF diet (Fig. 5.3).   

There are a number of regulatory factors that control APP gene expression in response to 

external stimuli, including growth factors, stress and inflammation [535]. While there have 

been few studies linking one-carbon supply and APP expression in humans, animal and 

cellular models have provided some insights into possible mechanisms of altered APP 

expression. In mice expressing familial AD-related mutations in APP and PS1 and fed folate-

deficient diets, there is a limited expression profile of several miRNA, which caused elevated 

gene expression of APP and BACE1 [536]. The increased expression of these genes leads to 

augmentation of the Aβ pathology observed in this model, as well as in N2a cells used in the 

same study. Conversely, N2a cells overexpressing APP have reduced APP expression 

following folic acid supplementation, which is mediated by increased DNA-methyltransferase 

expression and activity [537]. Additionally, alterations in SAM availability or SAH levels are 

also able to modulate transcription of PS1 and BACE1 genes, which exacerbate Aβ pathology 

[259, 517]. There is further evidence demonstrating that supplementation of folate in APP/PS1 

mice leads to impaired hippocampal expression of APP through changes in methylation 

potential and enhanced APP promoter methylation [538]. Altogether, previous evidence from 

other groups suggests that restrictions in methyl-donor availability could lead to enhanced 

expression of APP, which we observe in the hippocampus, a region especially sensitive to 

these restrictions.  Importantly, this does not account for the differences we observe between 

the hippocampus, cortex and midbrain, suggesting a differential regional regulation of APP 

expression and sensitivity to disturbances in one-carbon metabolism.  
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Since APP is required for neuronal homeostasis and synapse formation [539], a loss of cortical 

APP could contribute to neurodevelopmental delays and cognitive deficits in human with 

severe MTHFR deficiency [459, 462, 464].  Disturbances in folate metabolism lead to the 

elevation on tHcy and impairment of PP2A methylation [160, 459], which may be linked to the 

APP dysfunction and changes in APP expression that we observe. Interestingly, the 

accumulation of APP has been reported to occur at sites of axonal injury in the brain and the 

upregulation of APP is considered a marker of central nervous system axonal injury [540]. 

Deregulated APP expression may contribute to neuronal dysfunction and/or degeneration in 

states of folate deficiency and hyperhomocysteinemia, as well as contributing to AD 

pathogenesis. 

Since only AD models are able to generate detectable levels of Aβ in vivo, we were unable to 

ascertain the precise degree to which Aβ production is affected by MTHFR status in our 

investigations. Future studies examining the effect of MTHFR and/or folate deficiency in 

mouse models of amyloidogenesis would yield important outcomes.  

5.4 Concluding remarks 
In this chapter, our data describe one-carbon metabolic cycle control of APP expression and 

phosphorylation in MTHFR deficient mouse models fed either a normal or folate deficient diet. 

We show that these effects are specific to the brain regions we investigated. This model has 

already been shown to induce pathological processes similar to those observed in AD. 

Specifically, MTHFR-deficient mice have impaired hippocampal-dependent behavioural 

outcomes, in line with the observed hippocampal atrophy [235]. The animals we analysed here 

also have impaired PP2A methylation and enhanced Tau phosphorylation [263]. Additionally, 

PP2A has been previously identified as the phosphatase regulating APP phosphorylation at 

Thr668 [258], and has been proposed to regulate GSK-3β function [449, 513] (Fig 5.5). These 

findings, taken in conjunction with our results in chapter three and chapter four, suggest that 

compromised one-carbon metabolism and AD pathology are linked by PP2A function (Fig 

5.5). Past work by our lab has demonstrated that PP2Ac methylation is impaired in MTHFR-

deficient mice and mice fed FD diets [263]. Our results in chapter 3 show that PP2Ac 

methylation is modified by cAMP-PKA signalling and contributes to the regulation of the 

phosphorylation of the transcription factor CREB (Fig. 5.5). 
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In chapter four, we demonstrated that CREB phosphorylation and expression are also 

modified by disturbances in one-carbon metabolism in N2a cells and in MTHFR-HET and 

NULL mice, and in WT mice fed a FD diet (Fig. 5.5). Therefore, the changes we have 

documented that affect PP2Ac methylation, Tau phosphorylation, CREB phosphorylation and 

expression, and APP phosphorylation and expression, may partly explain the neurological 

abnormalities observed in mouse models of disturbed one-carbon metabolism. Furthermore, 

folate deficiency and hyperhomocysteinaemia are both risk factors for the development of AD 

[217, 218, 261, 516], and loss of PP2Ac methylation and PP2A-ABαC enzymes occur 

concomitantly with pTau pathology in AD [158, 159]. These results indicate that similar 

molecular events occur in both disturbed one-carbon metabolism in vivo as those occurring in 

AD pathology. We emphasize the importance of the investigation of APP regulation by one-

carbon metabolism in the context of an AD model to further explore these mechanisms in 

future studies. Meanwhile, we also conclude that APP regulation is multifaceted in vivo, but 

that PP2A methylation is central to this regulation, which itself is altered by the AD risk factors, 

dietary folate and elevated homocysteine.    

 

Figure 5.5 One-Carbon metabolism and the regulation of APP by PP2A. Schematic diagram of 
the interaction between one-carbon metabolism and APP phosphorylation in vivo. A. The regulation 
and cycling of one-carbon groups in cells is shown here. Dietary folate deficiency and genetic 
MTHFR deficiency (Red circles) both lead to PP2A demethylation and APP phosphorylation and 
expression (this chapter), and changes in CREB phosphorylation and expression (Chapter 4). B. 
PP2A methylation is also regulated by cAMP/PKA signalling (Chapter 3). Together, our findings 
suggest that altered PP2A methylation is a likely contributor to the deregulation of Tau, APP and 
CREB.  
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Chapter 6: PP2Ac regulation by 
tyrosine phosphorylation 
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6.0 Rationale and Significance 

In previous chapters of this thesis, we have focused our interest on the regulation of PP2Ac 

methylation. In this chapter, we are now looking at another major post-translational 

modification of PP2Ac - the tyrosine phosphorylation of the catalytic subunit.  

Initial in vitro data from Chen, et. al. using recombinant purified PP2Ac indicated tyrosine 

phosphorylation occurs at the Tyr307 site and leads to the inhibition of PP2A catalytic activity 

[173]. Tyr307 phosphorylation was reported to be mediated by RTKs and non-RTK, such as 

Src. Indeed, this phosphorylation event was initially observed in viral-transformed fibroblasts 

expressing a constitutively active mutant form of Src (v-Src) [173, 174].  

However, Tyr307 phosphorylation of PP2A holoenzymes has never been confirmed in vivo by 

mass spectrometry. Notably, most studies investigating its functional role in cells have relied 

on the use of commercial anti-phospho-Tyr307-PP2Ac antibodies. Unfortunately, these 

antibodies have recently been shown to be quite unreliable in their use, because of a lack of 

specificity [386]. Furthermore, preliminary data from a collaborative effort involving our group, 

Dr. B. Wadzinski (Vanderbilt University, U.S.A.) and Dr. E. Ogris (University of Vienna, Austria) 

suggest that Tyr307 may not be the primary site for PP2A tyrosine phosphorylation.  

Of particular relevance to our project, enhanced tyrosine phosphorylation of PP2A has been 

reported to occur in AD, in close proximity to dystrophic neurites; the authors suggested that 

increased Tyr307 phosphorylation-induced PP2A inactivation could lead to aberrant Tau 

phosphorylation and accumulation in AD-affected brain regions [175]. Likewise, in vivo studies 

using anti-phospho-Tyr307-PP2Ac antibodies have also indicated that PP2A tyrosine 

phosphorylation leads to aberrant Ser/Thr phosphorylation of Tau in a Src-dependent manner 

[391, 541]. Together, these observations support a hypothesis in which increased Src-

mediated PP2Ac phosphorylation results in p-Tau pathology in AD, and contributes to the 

neurodegenerative process. However, other data do not support a role for enhanced Src 

activity in AD, since reduced Src activity is observed in some mouse models of AD [379], and 

in AD brain tissue with higher Braak staging [343].  

In light of these observations, it is difficult to confirm if there is an active Src → PP2A 

phosphorylation → Tau neurotoxic pathway. In this chapter, we thus aimed to thoroughly 

investigate the role of Src-mediated PP2Ac tyrosine phosphorylation, in order to provide some 

clarity on this ambiguous triad. We also examined the functional consequences of Src-

mediated PP2Ac phosphorylation in neurons and how this contributes to neuronal 

homeostasis and neuropathological processes in AD.     
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6.1 Introduction 

Aside from methylation, the other well-documented post translational modification of PP2Ac 

is its phosphorylation. The tyrosine phosphorylation of PP2Ac was first reported to occur in 

response to viral Src (v-Src) expression and growth factor signalling in vitro and in fibroblasts 

[173, 174]. Since then Src-mediated phosphorylation of PP2Ac has been widely reported in a 

variety of cell types [387, 398]. Similarly, the tyrosine phosphorylation – and reported 

inactivation – of PP2A at the Tyr307 site has been widely described in both neuronal and non-

neuronal cell lines [542, 543].   

Pathological processes in AD are likely to be substantially affected by deregulation of Src. 

There may be at least two mechanisms by which Src dysfunction can lead to increased Tau 

Ser/Thr phosphorylation. The first mechanism may involve Src-mediated PP2Ac tyrosine 

phosphorylation, leading to inhibition of its catalytic activity, and consequently impairment of 

Tau dephosphorylation. Indeed, several studies have reported that PP2A phosphorylation in 

neurons has functional consequences for intracellular signalling pathways involving Src and 

Tau. In models of cerebral ischemia, there is a Src-dependent increase in Erk1/2 activity 

facilitated by phosphorylation of PP2A at Tyr307 [387]. In Aβ-treated cortical neurons, Src was 

found to induce the tyrosine phosphorylation of PP2Ac, resulting in a consequent activation of 

Erk1/2, and phosphorylation of Tau at the PHF-1 epitope [388]. Glutamate receptor-dependent 

activation of Src also promotes PP2Ac tyrosine phosphorylation and inactivation, and 

subsequent Erk1/2 activation in striatal neurons [389]. Studies of human cases of 

Parkinsonism-Dementia of Guam, an environmental toxin-induced Tauopathy, also suggest 

that Src phosphorylates PP2Ac at Tyr307, culminating in Tau Ser/Thr phosphorylation [390]. 

Indeed, phosphorylation of PP2Ac at Tyr307 has been observed in neurofibrillary pathology 

in AD [175].  

The second mechanism by which Src may affect Tau Ser/Thr phosphorylation involves the 

highly regulated interaction between Tau and Src. This interaction can indirectly affect PP2A-

Tau protein-protein binding dynamics that modulate the ability of PP2A to dephosphorylate 

Tau. Indeed, Tau can bind to Src via the Src Homology 3 (SH3) domain, which enhances Src 

activity due to conformational changes in the kinase [356]. The association of Tau and Src is 

impaired by phosphorylation at Ser/Thr sites, or by expression of Tau mutants with phospho-

mimicking, Ser/Thr → Glu amino acid substitutions in the proline-rich regions that associate 

with Src-SH3 [111, 114]. Significantly, the Src-family kinase member, Fyn, competes with 

PP2A for Tau binding [199]. Since Src and Fyn associate with the same domains in Tau [97, 

111, 115], a similar PP2A/Src competition for Tau binding could, in theory, also occur with Src, 

though this has not yet been investigated. In this chapter, our first aim was to examine Src-
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mediated phosphorylation of PP2Ac, and investigate its functional consequences for the 

phosphorylation of Tau at chosen Ser/Thr epitopes.  

Additionally, PP2A, Tau and Src are all essential for neurite outgrowth. We have demonstrated 

in previous work [236], and in this thesis (Chapter 3) that PP2A is critically required for the 

extension and development of neurite-like processes. The expression and Ser/Thr 

phosphorylation of Tau is also important for development and maturation of neurites [544-

546]. Src-dependent activation of Rho-GAP also mediates neurite outgrowth induced by Erk 

and cAMP/PKA signalling pathways [547, 548]. The neuron-enriched splice variant, N1-Src, 

has also recently been identified as absolutely necessary in primary neurogenesis in vivo 

[549]. Thus, in this chapter, we also aimed to demonstrate a relationship between Src, PP2A 

and neurite outgrowth. 

Significantly, the majority the data published on Src-dependent PP2Ac phosphorylation relied 

on the widely used commercial anti-phospho-Tyr307 antibodies. It has been extensively 

reported that the detection of phospho-Tyr307 positive PP2Ac in cells and in vivo can be used 

as a readout of the presence of inactive PP2A holoenzymes. Therefore, any observed 

changes in signalling involving PP2A was attributed to its inactivation through phosphorylation 

at this site. However, data from our collaboration with Drs. Wadzinski and Ogris recently called 

into question the validity of this model of PP2A-site specific tyrosine phosphorylation, due to 

the flaws in the commercial anti-phospho-Tyr307--PP2Ac antibodies used [386]. In addition, 

the results of Chen and colleagues [173, 174], have not been successfully reproduced by other 

laboratories, nor has any research group provided independent evidence of PP2A 

phosphorylation at Tyr307 by mass spectrometry. 

As such, the final part of this thesis has three hypotheses:  

1. The non-receptor tyrosine kinase Src phosphorylates PP2Ac, but this occurs at novel 

sites, rather than the previously suggested Tyr307 site 

2. Src activity leads to Ser/Thr phosphorylation of Tau by inhibition of PP2A by 

phosphorylation at these novel sites 

3. Src activity is important for PP2A-dependent neurite outgrowth 

The primary aim of this work is to validate demonstrate a direct role for Src in the regulation 

of PP2A, with direct functional outcomes relevant to both normal neuronal homeostasis and 

pathogenic processes in Alzheimer’s disease.  
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6.2 Results 
6.2.1 Validation of PP2Ac Tyrosine phosphorylation by Src 

6.2.1.1 Expression of constitutively active mutants of the tyrosine kinase, Src  
To address the functional role of Src kinase in PP2Ac regulation, a plasmid encoding a 

constitutively active c-Src mutant with a Y→F mutation in the auto-regulatory C-terminal 527 

residue (SrcCA) was first generated and verified by sequencing, as detailed in Materials & 

methods (Chapter 2). COS-7 and N2a cells were then transiently transfected with plasmids 

encoding SrcCA. The expression and activity of transfected SrcCA was verified by Western 

blotting of total cell extracts, using anti-phospho-Tyr416 (p-Tyr416) Src and anti-total Src 

antibodies in N2a and COS-7 cells (Fig. 6.1). As expected, total Src increased substantially 

upon transfection, and was immunoreactive with the anti- p-Tyr416 Src antibody recognizing 

active Src kinase in both N2a and COS-7 cell lines. 

 
Figure 6.1: Ectopic expression of SrcCA mutant in N2a and COS-7 cell lines. N2a and COS-7 cells 
were transfected with constitutively active Src (SrcCA). Protein aliquots from total cell homogenates 
were prepared and analysed by Western blot for transfected SrcCA. Src activity was assessed by 
probing for phosphorylation of the Tyr416 residue in the Src-kinase domain. Blots were then re-probed 
with anti-Src primary antibody to detect total (endogenous and transfected SrcCA) Src. As expected, 
SrcCA-transfected N2a and COS-7 cells showed an increase in the expression of total Src protein and 
kinase-active Src. 

6.2.1.2 PP2Ac Tyrosine residues are substrates of Src 

The successful overexpression of SrcCA allowed us to investigate whether or not we could 

observe Src-induced PP2Ac tyrosine phosphorylation in N2a and COS-7 cells. COS-7 cells 

were co-transfected with plasmids encoding HA-tagged wild-type PP2Ac (PP2AcWT) together 

with SrcCA or empty vector (EV). Transfected cells were treated with either the 

phosphotyrosine phosphatase (PTP) inhibitor, Pervanadate (PV, see chapter 2, Materials and 

Methods) or vehicle, prior to cell lysis and immunoprecipitation with anti-HA-conjugated 

magnetic beads. HA-PP2Ac immuno-precipitates and total cellular lysates were analysed by 
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Western blot with a commercial, well-validated pan-phospho-Tyr directed primary antibody 

(Fig. 6.2).  

As expected, the overexpression of SrcCA and treatment of cells with PV were each sufficient 

to significantly increase the tyrosine phosphorylation of endogenous proteins, compared to 

EV-transfected or vehicle-treated cells, respectively (Fig. 6.2.A, shown are COS-7 cell 

lysates). Incubation with PV further synergized with transfected SrcCA to increase the overall 

tyrosine phosphorylation of proteins in COS-7 (Fig. 6.2.A).  

We next analysed HA-tagged PP2Ac immunoprecipitates prepared from N2a and COS-7 cells 

for potential tyrosine phosphorylation (Fig. 6.2.B, shown are immunoprecipitates from COS-7 

cells). Firstly, we noted that tyrosine phosphorylation of PP2A was not detectable in HA-PP2Ac 

precipitates prepared from EV-expressing, vehicle treated controls. In contrast pTyr 

immunoreactivity was clearly visible in HA-PP2Ac immunoprecipitates from PV-treated or 

SrcCA overexpressing COS-7 cells (Fig. 6.2.B). Moreover, PV further enhanced the tyrosine 

phosphorylation of PP2A in SrcCA overexpressing COS-7 cells (Fig. 6.2.B). Similar results 

were obtained in experiments performed in N2a cells (n = 4).   

 
Figure 6.2 PP2Ac Tyrosine phosphorylation is enhanced by SrcCA overexpression and 
Pervanadate treatment. Representative Western blots of (A) total cell homogenates and (B) HA-
immunoprecipitates prepared from COS-7 cells expressing HA-tagged PP2Ac that were co-
transfected with plasmids encoding either SrcCA or an empty vector (EV). Cells were also incubated 
with pervanadate (+) or vehicle (-) for 15 min prior to harvesting. Anti-pan-phospho-tyrosine antibodies 
(pTyr) were used to assess tyrosine phosphorylation of proteins in response to SrcCA and PV. Anti-
Tubulin antibodies were used to control for protein loading. Similar results were observed in 4 
separate experiments. 
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6.2.1.3 Is PP2Ac phosphorylated at Tyr307? 

Since we observed that expression of active Src or treatment of cells with PV can induce 

PP2Ac tyrosine phosphorylation, we next wanted to verify whether or not this occurred at the 

previously described Tyr307 site [173, 174]. In order to do this, we first overexpressed SrcCA 

in a number of cell types, including N2a, MEF, U-87, HEK293, and 3T3 cells, and analysed 

cell homogenates with anti-phospho-Tyr and anti-phospho-Tyr-307-PP2Ac antibodies. As a 

control, we also took a duplicate aliquot from SrcCA-expressing cell homogenates incubated 

with PV, and treated it with alkaline phosphatase (AP), which is known to induce broad-

spectrum dephosphorylation of all endogenous proteins. Analysis of cell extracts showed that, 

as expected, there was a significant increase in overall tyrosine phosphorylation of proteins in 

SrcCA-overexpressing and PV-treated COS-7 cells (Fig. 6.3). Moreover, AP treatment caused 

blanket protein dephosphorylation, as evidenced by the disappearance of the signal (Fig. 6.3). 

In stark contrast, there was no change in the immunoreactivity of two antibodies directed 

towards pTyr307-PP2Ac following either overexpression of SrcCA, PV treatment, or AP 

incubation (Fig. 6.3). These antibodies also strongly cross-reacted with non-phosphorylated 

PP2Ac in control cells. The two antibodies that we used include rabbit “anti-PP2Ac-pY307”, 

clone E155, available through Abcam, and goat “anti-PP2Ac-pY307”, purchased from Santa 

Cruz biotechnology, which have been widely used in over 100 peer-reviewed publications. 

Together, our present findings indicate that these antibodies do not specifically recognise 

phosphorylated tyrosine residues in PP2Ac. 

 
Figure 6.3 Widely utilised commercial pTyr307-PP2Ac antibodies do not specifically recognise 
tyrosine phosphorylated PP2A. COS-7 cells were transfected with a plasmid encoding SrcCA or the empty 
vector alone (EV) then incubated with pervanadate (PV) or vehicle. A duplicate aliquot of the lysate from 
SrcCA-transfected and PV-treated cells was incubated with alkaline phosphatase (AP; 1 unit/μg protein) to 
induce protein dephosphorylation. Representative Western blots from total cell lysates are shown. Anti-pan-
phospho-tyrosine antibodies were used to assess total tyrosine phosphorylation in each condition. Two 
common anti-pTyr307-PP2Ac antibodies, “anti-pY307 clone E155” (Abcam) and “anti-pY307” (Santa Cruz) 
showed no change in immunoreactivity, despite SrcCA overexpression, or treatment with PV or AP. Actin 
was used as protein loading control. Representative blots from 4 separate experiments are shown. 
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Since the use of anti-PP2Ac-Tyr307 antibodies appeared to be inherently problematic, to 

validate the existence of the pTyr307 site, we then investigated whether SrcCA or PV can 

indeed induce the tyrosine phosphorylation of PP2Ac at this site using alternative methods. 

First, we comparatively analysed PP2A tyrosine phosphorylation in COS-7 cells 

overexpressing HA-tagged PP2AcWT or the phospho-incompetent PP2AcY307F mutant, 

together with SrcCA or the EV. Again, a subset of cells was incubated with PV to maximally 

induce and preserve protein tyrosine phosphorylation or vehicle. As expected, both SrcCA 

overexpression and PV treatment induced tyrosine phosphorylation of the endogenous protein 

pool of COS-7 cells (Fig. 6.4.A).  

 

We were unable to detect tyrosine-phosphorylated PP2Ac in the absence of SrcCA or PV in 

HA-PP2Ac immunnoprecipitates prepared from cells (Fig. 6.4.B). Furthermore, in HA-

PP2AcY307F-expressing cells, SrcCA overexpression and PV treatment were still able to induce 

the phosphorylation of PP2Ac at levels comparable to those seen in HA-PP2AcWT-expressing 

cells (Fig. 6.4.B), indicating that PP2Ac phosphorylation occurs at sites other than Tyr307. 

 
Fig. 6.4 PP2A is not significantly phosphorylated at Tyr307 in response to SrcCA or PV. 
Representative Western blots from (A) total cell lysates and (B) HA-immunoprecipitates prepared 
from mock-transfected COS-7 cells (EV) or COS-7 cells transfected with plasmids encoding HA-
PP2AcWT (WT),   HA-PP2AcY307F (Y307F), together with SrcCA or empty vector (EV). Subsets of 
transfected cells were also treated with pervanadate (PV) or vehicle. Blots were probed with anti-
phospho-tyrosine to assess tyrosine phosphorylation levels of both the endogenous pool of proteins 
(A) and HA-PP2Ac immunoprecipitates (B). Representative blots are shown from 4 separate 
experiments. 
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Importantly, these results were reproduced in experiments in multiple cell lines, including N2a, 

MEF, U-87, HEK293, and 3T3 cells, performed by several investigators in our groups and in 

laboratories of our collaborators, Drs. Wadzinski and Ogris. In support of these results, we 

were unable to detect phosphorylated Tyr307 in six different phospho-proteomic analyses of 

HA-PP2Ac immunoprecipitates performed in collaboration with Drs. Wadzinksi and Ogris. 

Likewise, a careful review of up-to-date protein modification databases (PhosphoSitePlus, 

PhosphoNET) also reveals a number of discovery-mode mass spectrometry investigations 

that have failed to identify pTyr307 in a variety of cells. Thus, although it has been reported 

that PP2Ac is solely phosphorylated on Tyr307 [174], our findings suggest that Tyr307 is not 

a major, primary tyrosine phosphorylation site in PP2Ac. 

6.2.1.4 Expression of novel phosphorylation-incompetent mutants of PP2Ac 

Our collaborative phospho-proteomic data analyses rather suggest the existence of novel Src-

dependent PP2Ac tyrosine phosphorylation sites. Due to the sensitive nature of the intellectual 

property in question, and at the explicit request of our collaborators, we have elected not to 

reveal the precise nature of these tyrosine residues. To validate and understand the functional 

role of these newly identified phosphotyrosine sites, phosphorylation-incompetent PP2Ac 

mutants (Y→F mutations) were constructed in our laboratory, and verified by sequencing. 

These mutants (HA-tagged PP2Ac#1, PP2Ac#2, and PP2Ac#3) were expressed via transient 

transfection of COS-7 cells, and their expression verified by Western blot using antibodies 

raised against HA (Fig 6.5). 

  
Figure 6.5 Expression of PP2Ac Tyrosine phosphorylation-incompetent mutants in COS-7 
cells. PP2Ac Y→F mutants were transiently transfected in COS-7 cells. Cells were then 
homogenised and 30μg proteins from total protein extracts separated by NU-PAGE. Shown is a 
representative Western blot demonstrating HA3-tagged PP2Ac expression in COS-7 cells 48h post-
transfection. Blotting with anti-Tubulin antibodies was used to control for protein loading.  

6.2.1.5 Mutation of selected PP2Ac Tyrosine sites inhibits PP2Ac phosphorylation 

To validate putative Src-targeted tyrosine phosphorylation sites on PP2Ac, SrcCA was co-

expressed together with HA3-tagged PP2AcWT and three candidate phospho-incompetent (Y 

→ F) PP2Ac mutants. Expression of SrcCA was validated by Western blot of total COS-7 cell 

lysates. Western blot analysis of HA-PP2Ac immune complexes isolated from pervanadate-
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treated cells revealed that tyrosine phosphorylation of PP2Ac#1 and PP2Ac#2 mutants were 

decreased relative to PP2AcWT, and was almost absent in PP2Ac#3. Mutants were verified 

using anti-HA antibodies (Fig. 6.6). While HA3-PP2AcWT showed substantial immunoreactivity 

to anti-pY antibodies when co-expressed with SrcCA, each of the Y → F HA3-PP2Ac mutants 

tested had reduced levels of tyrosine phosphorylation, with PP2Ac#3 being the most resistant 

to SrcCA-dependent phosphorylation. 

We found similar results in PV-treated COS-7 cells (Fig. 6.7). As expected, analysis of HA3-

PP2Ac immunoprecipitates confirmed that PV induced a significant tyrosine phosphorylation 

of PP2AcWT. In contrast, the tyrosine phosphorylation of PP2Ac#1 and PP2Ac #2 were 

decreased relative to WT, and almost absent in PP2Ac#3. Comparable results were obtained 

in several experiments undertaken in N2a cells. Since the PP2Ac mutant showing the most 

resistance to tyrosine phosphorylation by Src and PV was PP2Ac#3, it was preferentially 

chosen for further functional experiments. 

 

 

 

 

 

 
Figure 6.6 HA3-PP2Ac#3mutant is resistant to SrcCA-dependent tyrosine phosphorylation. Total 
cell lysates and HA-immunoprecipitates were prepared from COS-7 cells transiently expressing either 
HA3-PP2AcWT or HA3-PP2Ac#1, HA3-PP2Ac#2 or HA3-PP2Ac#3, together with EV or SrcCA.  
Representative Western blots of total cell lysates and immunoprecipitates are shown. SrcCA 
expression in COS-7 cells was validated using anti-Src antibody; anti-Actin antibody was used to 
control for protein loading. The immunoprecipitation and phosphorylation of HA-PP2AcWT and PP2Ac 
mutants was analysed by probing blots with anti-HA and anti-pan-phospho-Tyrosine (Anti-pY) 
antibodies. Blots representative of n = 4 experiments.  
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Figure 6.7 The HA3-PP2Ac#3 mutant is resistant to PV-dependent tyrosine 
phosphorylation. COS-7 cells were co-transfected with plasmids encoding HA3-PP2AcWT 
or HA3-PP2Ac#3 together with SrcCA or EV. Cells were incubated with Pervanadate (PV) or 
vehicle, prior to immunoprecipitation with anti-HA magnetic beads. Immunoprecipitates 
were analysed by Western blot using anti-pY and anti-HA antibodies to determine the 
tyrosine phosphorylation state of PP2Ac. Shown are representative blots from n = 3 
experiments.  
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6.2.2 Functional role of PP2Ac tyrosine phosphorylation in N2a cells 

6.2.2.1 Serine phosphorylation of Tau is enhanced by SrcCA expression 

Because of the potential link between Src, PP2A and Tau phosphorylation, we next examined 

whether changes in Src-induced PP2Ac phosphorylation can indeed affect PP2A- dependent 

Tau dephosphorylation. We examined whether the phosphorylation of endogenous Tau at the 

Ser202 (identified by the CP13 antibody) and Ser396/404 (identified by the PHF-1 antibody) 

residues in N2a cells could be affected by the tyrosine phosphorylation of PP2Ac. We 

transiently transfected N2a cells with plasmids encoding either SrcCA or EV, together with 

plasmids encoding PP2AcWT, PP2Ac#3 or EV (Fig. 6.8), and assessed Tau phosphorylation by 

Western blot.  

Both of these phospho-Tau epitopes have been linked to structural plasticity of neurons in 

vivo, and in Tau dysfunction in AD [108]. The phospho-Tau CP13 epitope is typically observed 

in pre-tangle p-Tau pathology [550], while the phospho-Tau PHF-1 epitope is frequently 

observed in AD p-Tau tangle pathology. Both antibodies are highly specific, and having been 

validated in vivo [108]. We observed that Tau is dephosphorylated at these epitopes in 

unstimulated N2a cells expressing PP2AcWT, as has been shown in our previous work ([258], 

Fig. 6.8). Tau is dephosphorylated to similar levels in PP2Ac#3-expressing N2a cells, indicating 

that this mutant, like PP2AcWT, is catalytically active towards p-Tau.  

 
Figure 6.8 PP2Ac#3 blocks Src-mediated Serine/Threonine Tau phosphorylation. Total cell 
homogenates were prepared from N2a cells transfected with EV or HA3-PP2AcWT or HA3-PP2Ac#3 
± SrcCA.  Cell lysates were analysed by Western blotting for endogenous pTau using CP13 
(pSer202) and PHF-1 (pSer396/Ser404) antibodies. Blots were probed with anti-HA antibodies to 
verify expression of HA3-PP2AcWT and HA3-PP2Ac#3, while anti-Tubulin antibodies were used as 
protein loading controls.  Blots shown are representative of n = 3 experiments. 
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Expression of SrcCA in PP2AcWT-overexpressing N2a cells enhances CP13 phosphorylation 

by ~3.5-fold and PHF-1 phosphorylation by 2-fold (Fig. 6.8). However, SrcCA-mediated Tau 

phosphorylation was completely abolished in cells co-expressing PP2Ac#3 (n = 4; p <0.01). 

Together, these data indicate that Src-dependent phosphorylation of PP2Ac (at one or 

possibly multiple sites) can impair the ability of PP2A to dephosphorylate Tau.  

6.2.2.2 PP2Ac –mediated neurite outgrowth is blocked by SFK inhibition 

Besides regulating Tau, studies have shown that Src also plays a very significant role in 

neuritogenesis [366, 371]. We have demonstrated the importance of PP2A in the regulation 

of neurite outgrowth in N2a cells, as outlined in Chapter 3 of our thesis. To further investigate 

the functional interaction of Src and PP2A, we then examined whether Src can affect PP2Ac-

induced neurite outgrowth in N2a cells. Cells stably overexpressing PP2AcWT were 

differentiated for ~20h by serum starvation in the presence of the specific SFK inhibitor, PP2, 

or vehicle. Cells were then fixed and stained with anti-β-III tubulin primary antibody in order to 

assess neurite outgrowth by confocal microscopy (Fig. 6.9). In agreement with earlier studies 

[236, 551, 552], N2a-PP2AcWT cells generated neurites (processes > one cell diameter) at a 

rate of ~26% upon incubation in differentiation medium containing vehicle. However, there 

was a dramatic inhibition of neurite outgrowth in N2a-PP2AcWT cells incubated in the 

differentiation medium containing PP2, with only ~5.5% of these cells growing neurites (Fig. 
6.9). 

Together, these findings suggest that Src-mediated PP2A tyrosine phosphorylation could be 

an important contributor to the role of PP2A in the regulation of both Tau and neurite 

outgrowth. 

 

Figure 6.9: Src Family kinase inhibition blocks PP2Ac-dependent neurite outgrowth. 
Immunofluorescent staining  for β-III tubulin in N2a cells stably expressing PP2AcWT. Cells were 
cultured in low-serum differentiation medium with the Src-family kinase inhibitor PP2, or vehicle. The 
proportion of cells bearing neurites longer or equal to the diameter of the cell body was determined 
for each condition, and data presented graphically (n = 262 for vehicle- incubated control cells; n = 
226 for PP2-treated cells).  White scale bar, 50μm length. 
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6.3 Discussion  

6.3.1 Significance of PP2A phosphorylation 

Tyrosine phosphorylation of the 307 residue of PP2Ac was first hypothesised to catalytically 

inactivate the phosphatase [173]. The tyrosine phosphorylation of PP2Ac has since been 

suggested to play an important role in a number of intracellular signalling pathways. For 

instance, it has been linked to insulin receptor-induced metabolic signalling [176], for which 

PP2A inactivation is a prerequisite [553]. PP2Ac tyrosine phosphorylation and inactivation has 

also been implicated in restriction of axonal transport in neurons [554]. A major signalling 

pathway affected by PP2Ac inactivation is the Ras-Raf-Erk, or MAP kinase signalling pathway 

[555], involved in the differentiation of neurons following extracellular mitogens, including 

insulin. It was one of the first signalling pathways reported to cause PP2Ac-Tyr307 

phosphorylation [174]. Previous work has demonstrated that PP2Ac regulates this pathway 

bi-modally, meaning that PP2A impairs Ras1 activity, but can activate Raf signalling 

downstream in some types of CNS cells [556].  

Several studies suggest that PP2Ac phosphorylation is increased in AD [175]. PP2Ac 

phosphorylation has been proposed to lead to Tau hyperphosphorylation in multiple animal 

models of neurodegeneration through inactivation of Tau phosphatase activity and through a 

concomitant increase in MAP kinase signalling [387, 389, 555]. Notably in these reports, Src 

was responsible for MAP kinase activity and the tyrosine phosphorylation of PP2Ac. However, 

as noted earlier, all these studies exclusively relied on the use of flawed anti--pTyr307-PP2Ac) 

antibodies, which prompted us to re-examine the role of Src as a PP2A tyrosine kinase. 

 In this chapter, we were able to demonstrate that Src can phosphorylate PP2A at novel sites 

other than Tyr307, which has functional implications for PP2A regulation, Tau phosphorylation 

and neuronal cell differentiation.  

6.3.2 Src phosphorylates PP2Ac at novel tyrosine sites  

To re-examine the regulation of PP2A by tyrosine phosphorylation, we used PV, a PTP 

inhibitor that induces an irreversible oxidation of the cysteine residues in PTPs, resulting in 

enzymatic inhibition [557]. This leads to activation of many endogenous tyrosine kinases 

(including receptor and non-receptor) that are usually maintained in an inactivated state by 

PTPs. In addition, broad inhibition of PTPs by PV helps to preserve the phosphorylation of 

tyrosine residues in target proteins. This is important in the context of studying PP2Ac tyrosine 

phosphorylation, since it has been shown that this phosphorylation event is extremely transient 

and labile, and phospho-PP2Ac can be quickly dephosphorylated by autodephosphorylation 

and/or PTPs [173]. We also expressed a constitutively active mutant of Src (Y527F mutation, 

SrcCA
, Fig. 6.1) for specifically studying the Src-PP2A relationship. We chose to express this 
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mutant, rather than wild-type Src, since PP2A has been reported to bind to and inhibit Src 

activity in vitro [392], which could have confounded the interpretation of our results.  

Stimulation of tyrosine phosphorylation with SrcCA and/or PV induced a substantial increase 

in the tyrosine phosphorylation state of a plethora of proteins in total homogenates, compared 

to vehicle-treated cells (Fig. 6.1). Likewise, there was a synergistic effect of PV and SrcCA in 

the tyrosine phosphorylation of immunoprecipitated PP2Ac (Fig. 6.2). These findings suggest 

that besides Src, other tyrosine kinases are involved in the tyrosine phosphorylation of PP2A, 

and that inhibition of PTPs helps to preserve SrcCA-mediated tyrosine phosphorylation of 

PP2Ac.   

Once we were able to validate that Src really phosphorylates PP2Ac, it was important to 

assess whether this indeed occurred on the Tyr307 residue identified as the sole 

phosphorylation site in PP2Ac [173]. Our group and collaborators have recently raised 

reservations about the commercially available anti-pTyr307-PP2Ac antibodies [386], and the 

lack of independent verification of results presented by Chen and colleagues [173, 174]. We 

therefore attempted to detect changes in phosphorylation of PP2Ac using the two most 

common “anti-pTyr307-PP2Ac” antibodies following incubation of lysates taken from cells 

overexpressing SrcCA ± PV ± alkaline phosphatase (Fig. 6.3). As expected, incubation of PV-

treated cell homogenates with AP induced dephosphorylation of all proteins, as demonstrated 

by Western blot with an anti-pan-phosphotyrosine antibody (Fig. 6.3). Yet, anti-pTyr307-

PP2Ac antibodies remained immunoreactive towards PP2Ac in the same AP-treated extracts, 

indicating that these antibodies strongly cross-react with dephosphorylated PP2Ac.  

We were unable to show that Src phosphorylated PP2Ac at Tyr307 by using commonly-used 

antibodies (Fig. 6.3). This led to our interpretation that these antibodies cross-react with 

dephosphorylated PP2A, and/or that other kinases potentially phosphorylate PP2A at Tyr307. 

We next immunoprecipitated HA-PP2AcWT and HA-tagged PP2AcY307F mutant from cells co-

transfected with SrcCA or EV, and treated with PV or vehicle, and compared their tyrosine 

phosphorylation levels by blotting with anti-pan-phosphotyrosine antibodies (Fig. 6.4.B). In 

HA-PP2AcWT–expressing cells, the presence of SrcCA was necessary to observe tyrosine 

phosphorylation of PP2A, which was enhanced by incubation with PV. Of note, the absence 

of detectable PP2A tyrosine phosphorylation under basal, unstimulated conditions suggests 

that PP2A tyrosine phosphorylation only occurs with significant activation of tyrosine kinases, 

and is likely transient and labile. Interestingly, when normalising for the amounts of 

immunoprecipitated material, there were similar levels of PP2Ac tyrosine phosphorylation in 

HA-PP2AcY307F immunoprecipitates (Fig. 6.4.B). These data further demonstrate that Tyr307 

is neither the major, nor sole tyrosine phosphorylation site as originally published [173]. 

Indeed, our findings rather suggest that PP2Ac tyrosine phosphorylation primarily occurs at 
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non-Tyr307 sites. However, we cannot exclude the possibility that PP2A can become 

phosphorylated at Tyr307 in other cells lines and under other experimental conditions, but this 

remains to be experimentally validated using mass spectrometry and specific antibodies.  

In order to further examine the nature of PP2Ac phosphorylation, we generated three unique 

HA3-tagged tyrosine phospho-incompetent (Y → F) mutants and their HA3-tagged PP2AcWT 

counterpart, and expressed each of these together with SrcCA in N2a and COS-7 cells (Fig. 
6.5). Accordingly, we found that mutants PP2Ac#1, PP2Ac #2 and PP2Ac #3 all impaired PP2Ac 

phosphorylation with increasing degrees of efficacy, with PP2Ac#3 being the least tyrosine-

phosphorylated (Fig. 6.6.A). Furthermore, PP2Ac#3, and to a lesser extent, PP2Ac#1 and 

PP2Ac #2, were also resistant to PV-mediated tyrosine phosphorylation (Fig. 6.7). 

Taken together, these data indicate that the regulation of the tyrosine phosphorylation of 

PP2Ac is not only poorly understood and mis-characterised, but also complex and may even 

be functionally diverse, depending on which site becomes phosphorylated. The two sites that 

represent the minor portion of PP2Ac tyrosine phosphorylation remain to be studied in more 

detail. However, the PP2Ac#3 tyrosine-phospho-incompetent mutant represents a substantial 

portion of PP2Ac tyrosine phosphorylation induced by Src and PTP inhibition in COS-7 and 

N2a cells, so we chose to focus on this mutant to investigate some functional consequences 

of PP2A phosphorylation at this site.  

6.3.3 Src-mediated PP2Ac phosphorylation enhances Tau phosphorylation 

The major substrate of PP2A in neurons that we are particularly interested in is the 

microtubule-associated protein, Tau. We hypothesised that if Src-mediated phosphorylation 

of PP2Ac impairs the phosphatase activity of PP2A, as has been suggested by others 

previously [173, 174], the phosphorylation of Tau would be increased. When we expressed 

SrcCA in N2a cells to induce tyrosine phosphorylation of PP2Ac, we observed a marked 

increase in Tau phosphorylation at serine residues of Tau (Fig. 6.7), CP13 (pSer202, [108]) 

and PHF-1 (pSer396+404, [105, 109, 110]), which are involved in neuronal plasticity and early- 

and late-stage AD p-Tau pathology, respectively [108]. Co-expression of SrcCA and the 

PP2Ac#3 Y→F mutant did not lead to a similar increase in Tau phosphorylation to that seen in 

PP2AcWT-expressing N2a cells (Fig. 6.8). These findings suggest that: (1) The tyrosine 

residue altered in the PP2Ac#3 mutant is targeted by Src for phosphorylation, (2) the Y→F 

PP2Ac mutant retains catalytic activity in N2a cells towards pTau (Fig. 6.8.B) and (3) 

phosphorylation at this site inhibits the Tau phosphatase activity of PP2A. However, we cannot 

exclude the possibility that the PP2Ac#3 mutant could also interfere with Src-mediated Tau 

phosphorylation by other indirect mechanisms than preventing inhibition of the catalytic activity 

of PP2A. For instance, the mutant could affect assembly of Src/Tau, PP2A/Src or PP2A/Tau 
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protein-protein complexes, and/or PP2A subunit composition and distribution. Future studies 

will be required to test those hypotheses. 

Observations surrounding changes in PP2Ac phosphorylation in neuropathology are signified 

by either Tyr307 phosphorylation using the commercially available antibodies described 

above, or make use of pan-phospho-tyrosine antibodies in identifying changes in PP2A 

regulation.  

PP2Ac-Tyr307 phosphorylation has been reported to be markedly increased in AD autopsy 

brain tissue in tandem with neurofibrillary pathology [175]. Unfortunately, those studies relied 

on poorly characterised anti-pTyr307-PP2Ac antibodies, so most of these observations should 

be considered critically (refer to [386]). Moreover, detecting high levels of phosphorylated 

PP2A in human post-mortem brain tissue- with typically elevated post-mortem intervals- is 

quite surprising, since PP2A tyrosine phosphorylation is normally very transient and labile, 

and requires special processing and buffers to be preserved [173]. 

Src has been previously suggested to contribute to Tau Ser/Thr phosphorylation in neurons 

through PP2A phosphorylation at Tyr307 and subsequent inhibition of its catalytic subunit 

[390, 541]. In one report, Tyr307 phosphorylation of PP2Ac corresponded with 

phosphorylation of Tau at the 12E8 epitope (pSer262/356 and Ser199), Thr205, Thr212 and 

Ser396 residues [390]. These sites are typically associated with microtubule dissociation of 

Tau, and structural plasticity of neurons and neurodevelopment, in which Tau appears to play 

an important regulatory role [100, 102].  

In neuroblastoma cells, PP2Ac phosphorylated on Tyr307 residues led to Tau phosphorylation 

at Ser199/202 + Thr205 (AT8), Thr212 + Ser214 (AT100) and Thr217, concurrent with 

detection of active Src [391]. The increases in pTau observed with PP2Ac-Tyr307 

phosphorylation was abrogated with the SFK inhibitor PP2 [390]. Similarly, in rat brain and 

N2a cells, Src-dependent phosphorylation of Tyr307-PP2Ac was reported to cause 

Ser396/404, Ser214 and Thr205 phosphorylation of Tau [541]. Again, all of these studies 

relied on anti-pTyr307-PP2Ac antibodies so it is not clear whether Src-mediated Tau 

phosphorylation was actually mediated by Src-dependent tyrosine phosphorylation of PP2A. 

Nevertheless, our group has demonstrated that most of these phospho-epitopes of Tau are 

substrates of PP2A [258]. This is in addition to the dephosphorylation of Ser199 and 

Ser396/404, which we demonstrate to be impaired by SrcCA dependent phosphorylation of 

PP2Ac at one of three newly identified tyrosine residues targeted by Src; indeed, this 

phosphorylation does not occur in cells over-expressing a novel phosphorylation-resistant 

Y→F PP2Ac mutant (Fig 6.8). Interestingly, in another earlier study relying on the use of pan-

pTyr antibodies, it was shown that stimulation of neuronal mGluR5 can induce the tyrosine 

phosphorylation of PP2Ac in a Src-dependent manner [389]. 
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Together, these observations support our hypothesis that Src-mediated tyrosine 

phosphorylation of PP2Ac leads to enhanced phosphorylation of Tau. However, underlying 

mechanisms are likely to be complex, and the respective effects of individual or combined 

tyrosine phosphorylation site(s) on PP2A regulation remain to be clarified.   

6.3.4 Inhibition of Src-family kinases disrupts PP2Ac-dependent neurite outgrowth 

PP2A activity, Tau expression and phosphorylation, and Src activity are all important for 

extension of neurite-like processes in neurons [71, 236, 371, 545]. The remodelling of the 

cytoskeleton is essential for process formation. Dynamic regulation of microtubules and 

neurite outgrowth are major functions of Tau [70, 545, 558]. Importantly, proteins which 

regulate cytoskeletal dynamics are targeted by Src [366, 370, 371]. Since our findings indicate 

that Src regulates Tau Ser phosphorylation through PP2Ac tyrosine phosphorylation, and 

since PP2A, Tau and Src are key determinants of neuritogenesis, we hypothesised that Src-

mediated phosphorylation of PP2Ac may also play a functional role in neurite outgrowth.  

In agreement with earlier work from our lab [236], we have demonstrated that overexpression 

of PP2AcWT is sufficient to induce the extension of neurites in N2a cells (Fig. 6.9). Using the 

SFK inhibitor, PP2, we observed a substantial impairment of neuritogenesis, in cells 

overexpressing PP2AcWT. This suggests that PP2A-directed neurite outgrowth is dependent 

on Src-family kinases. This likely occurs through phosphorylation at one or more of the novel 

tyrosine sites on PP2Ac which we report to be targeted by SrcCA in N2a cells. Critically, 

phosphorylation of Tau at CP13 and PHF-1 epitopes mediate dissociation of Tau from 

microtubules, allowing for neuronal structural plasticity [105, 108-110], i.e. the dynamic 

outgrowth of neurite-like processes. Whether or not the mechanism by which SFK mediates 

PP2A-dependent neurite outgrowth involves Tau phosphorylation events remains to be tested 

experimentally. 

6.4 Concluding remarks 

In this chapter, our overall goal was to re-evaluate and better delineate a role for the non-

receptor tyrosine kinase Src in the regulation of PP2Ac. We show that Src indeed does 

phosphorylate PP2Ac in several neuronal and non-neuronal cell lines, in agreement with 

previous reports [173, 174]. However, in contrast to earlier studies, we demonstrate that Src 

does not phosphorylate PP2Ac at Tyr307, but rather at multiple tyrosine residues. This novel 

finding has functional significance for many fields within medical science, since PP2A is a 

central signalling molecule that becomes deregulated in various diseases besides AD, 

including cancer [162, 559]. Furthermore, we demonstrate that, by phosphorylating PP2A, Src 

can regulate the phosphorylation of Tau at Ser residues involved in the AD pathological 
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process. We also provide the first evidence that SFK is essential for PP2A-induced neurite 

outgrowth, suggesting a vital role of both of these enzymes in neuroplasticity. 

In conclusion, we have identified a novel mode of regulation of PP2A, with direct implications 

for the regulation of neuronal homeostasis – including Tau, neuritogenesis and signalling (Fig. 
6.10) – and the pathogenesis of AD.  

 

 

  

 

 
Figure 6.10 Schematic representation of Src-mediated regulation of PP2A by 
phosphorylation. The phosphorylation of PP2Ac at specific tyrosine residues results in the 
accumulation of Tau phosphorylated at Serine residues associated with pathological 
accumulation of Tau. Additionally, we have shown that PP2Ac-induced neurite outgrowth 
depends on Src activity.  
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Chapter 7: Discussion & 
Significance
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7.1 Rationale for this study 

Although the symptoms, staging and onset of AD have gradually been well-characterised over 

the past century, the full molecular course of the pathology is still unclear. The risk factors for 

AD are currently categorised behaviourally, medically, metabolically and nutritionally (refer to 

Chapter 1). The knowledge surrounding risk factors of AD is continuously becoming more 

refined. Furthermore, the molecular pathological hallmarks associated with brain atrophy have 

been described for some time now; Aβ plaque deposition, arising from aberrant processing of 

the Amyloid Precursor Protein, and neurofibrillary tangles, occurring as a result of intracellular 

paired helical filaments of the microtubule-associated protein Tau, are found in the AD brain. 

These hallmarks often manifest with a predictable and characteristic spread, implying a 

causative role in the disease process [1].  

Some of the pathological events which contribute to the cognitive decline in AD have been 

characterised, or at least identified. Exposure of glutamatergic excitatory synapses to Aβ 

oligomers leads to hyper excitability of neurons, triggering intracellular signalling cascades 

which ultimately result in neurotoxicity [131, 153, 433]. This excitotoxic activation of neurons 

induced by Aβ promotes synapse loss, which functions as a precursor to much of the neuron 

death seen in the AD process [16, 560, 561], and appears to be mediated by deregulation of 

Tau [130, 153]. Notably, several risk factors for AD, especially elevated tHcy and low dietary 

folate are also capable of inducing neuron dysfunction through similar mechanisms. Elevated 

Hcy in particular, can cause aberrant activation of glutamate receptors in a comparable way 

to Aβ, resulting in excitotoxic cell death [521, 562], as well as enhanced Tau phosphorylation 

[263, 272]. Importantly, risk factors for AD like folate deficiency and increased tHcy are not 

only independent risk factors for the disease, but also synergise to cause further deficits such 

as cognitive impairment, damage to cerebral white matter and reduced hippocampal volume 

[217, 218, 518]. While AD is certainly a complex disease with many risk factors, what remains 

to be uncovered is how these risk factors precisely relate to the molecular pathology of this 

major neurodegenerative disorder.   

One such link between risk factors for AD and molecular dysfunction is likely the family of 

enzymes known as PP2A. The formation of a key neuronal phosphatase, PP2A-ABαC, is 

dependent on methyl-group supply to cells [406, 423, 437]. As previously discussed at length 

throughout this thesis, methyl-group supply to cells (i.e. one-carbon metabolism) is dependent 

on dietary folate availability, and is impaired by elevated levels of Hcy [209, 525]. Thus, PP2A 

could contribute to the pathological processes observed in AD. Indeed, PP2A is the major Tau 

phosphatase in the brain [157], and helps to determine the affinity of Tau for microtubules 

through dephosphorylation of Tau in a site-specific manner [201, 395]. Furthermore, PP2A 

methylation and the expression of the heterotrimeric isoform of PP2A which dephosphorylates 
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Tau, PP2A-ABαC, is down-regulated in AD [158, 159, 563]. Importantly, these deficiencies in 

PP2A observed in AD directly correspond to Tau phosphorylation, Tau pathology and 

neurodegeneration. Furthermore, our group has previously connected disturbed one-carbon 

metabolism with demethylated PP2Ac, phosphorylated Tau and APP, and the formation of Aβ 

in cells and in vivo [165, 263], thereby linking a prominent risk factor for AD onset and the 

molecular regulation of Tau and the APP. While recognising that PP2A, as an important 

enzyme in the AD pathological process, is important in the study of the disease, a full 

understanding of PP2A regulation in neurons is yet to be achieved.  

Current knowledge regarding the post-translational modifications of PP2A is incomplete. It is 

recognised that methylation of PP2A is mediated by LCMT-1 [168], and that PME-1 

demethylates and binds to inactive PP2A [426]. Aside from these two enzymes, it is currently 

not known how else PP2A methylation and demethylation can be precisely modulated in 

response to extracellular stimuli. PP2A is also purportedly inactivated by phosphorylation at 

the Tyr307 residue [173, 174], which has been difficult to completely validate independently 

[386]. If tyrosine phosphorylation does indeed contribute to PP2A inactivation and Tau 

phosphorylation in AD pathology, as has been suggested [175], then it is important to verify 

the nature of this phosphorylation experimentally, using methods which are not dependent on 

poorly-validated antibodies directed against “pY307-PP2A”. 

In this thesis, we aimed to delineate how dysregulation of PP2A contributes to the AD process, 

and indeed how PP2A is regulated in physiological conditions. We also wanted to verify if 

proteins affected in the disease process, APP and CREB, are affected by disturbed one-

carbon metabolism (specifically genetic MTHFR and dietary folate deficiencies), since this is 

a demonstrated risk factor for AD, and dysregulates neuronal PP2A and Tau in vivo. Finally, 

we aimed to clarify the nature of PP2A-Tyr phosphorylation in a variety of cell types, and 

uncover how this affects the phosphorylation of Tau by PP2A.     

7.2 Novel regulation of PP2Ac methylation 

Since PP2A plays a central role as the major Tau Ser/Thr phosphatase in the brain, and the 

methylation of PP2A is impaired in the degenerative process of AD [157-159], investigating 

how this is regulated was our primary objective. Importantly, PP2A methylation modulates 

excitotoxic responses and sensitivity of hippocampal neurons to Aβ exposure [338]. This 

places PP2A methylation well within the suggested molecular pathways underlying AD 

pathology. Currently, understanding of PP2Ac methylation is limited, in that the proposed 

mechanisms follow a relatively straightforward sequence involving LCMT-1, PP2Ac, and 

demethylation by PME-1 (refer to Chapter 1 for more details). As with any methyltransferase, 



 

P a g e  140 | 199 

 

LCMT-1 activity is determined by cellular SAM supply, which is dependent on dietary folate 

supply and subject to feedback inhibition by SAH [167, 403, 406].  

Various data in non-neuronal cells indicates that cAMP signalling can lead to increased 

methylation or activity of PP2A. In both Xenopus oocytes and rodent ventricular myocytes, 

elevation of cAMP levels purportedly result in PP2A methylation [334, 564]. Similarly, in rodent 

kidney cells, activation of adenylyl cyclase is suggested to activate the phosphatase [333]. It 

is unclear in this particular study however, if cAMP led to increased PP2A activity due to 

modifications in PP2Ac methylation status, or by other mechanisms, including phosphorylation 

of regulatory subunits such as PP2A-B56δ [183]. Importantly, PKA, a kinase dependent on 

cAMP levels, can phosphorylate PP2A- B56δ, which causes elevated phosphatase activity 

towards certain substrates.  

PKA is an important enzyme in the brain, as it targets many substrates essential for normal 

neuron functions. Some typical roles of PKA include promoting cell survival and synaptic 

plasticity in acute ways, which are dependent on post-translational modification of existing 

proteins such as glutamate receptor subunits [301, 315, 316]. Other functions of PKA involve 

long-term regulation of cellular elements, which involve gene transcription and de novo protein 

synthesis, via phosphorylation and activation of the transcription factor CREB [296, 318, 486]. 

Notably, CREB plays major functions in neurons, including the consolidation of hippocampal-

based memory, and cellular survival [307, 317, 318, 415, 466]. PKA signalling, specifically 

PKA-dependent CREB activation, is impaired in AD [323]. A number of research groups have 

suggested potential therapeutic value for the treatment of AD in the PDE inhibitor Rolipram, 

since it is capable of eliminating Aβ-induced impairments in CREB activity and associated 

cognitive function in vivo [328-330]. Since CREB function and PP2A methylation are both 

impaired in AD [159, 323], we believed it was important to determine the effect of cAMP/PKA 

signalling on PP2A methylation and function. Hence, we hypothesised that, cAMP/PKA 

signalling could alter PP2Ac methylation, and that this cascade may be linked to CREB 

phosphorylation.  

7.2.1 PKA activation causes PP2A demethylation in neuronal cells 

We started by incubating N2a cells with pharmacological agents designed to alter PKA activity. 

Incubation of N2a cells with the cAMP-elevating drug Forskolin at a concentration of 50μM led 

to a time-dependent increase in the demethylation of PP2A, which was prevented by prior 

exposure of N2a cells with the PKA inhibitor, H89 (Fig. 3.1). Similarly, incubation of both N2a 

cells and sections of mouse cortex with Rolipram augmented the Forskolin-induced 

demethylation of PP2A (Figs. 3.1, 3.2). This is in contrast to previous results in other cell types 

suggesting that cAMP leads to PP2A methylation [334, 564]. Methylation of PP2Ac can 
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substantially determine the subcellular distribution of the enzyme [165], and PKA signalling is 

a tightly compartmentalised series of events [409]. This may partly explain why cAMP led to 

PP2A demethylation in our experiments, compared to that in other cell types, as the structure 

and function of neurons differ greatly from that of myocytes and oocytes.  

Subsequently, we attempted to determine the spatial dynamics of PKA-induced demethylation 

of PP2Ac. In order to achieve this, we isolated nuclear and membrane fractions from N2a cells 

incubated with Forskolin or vehicle. We found that in vehicle-treated N2a cells, most PP2Ac 

is methylated, with methyl-PP2Ac being distributed in the cytoplasm, membrane and nuclear 

compartments (Fig 3.4). However, demethyl-PP2Ac was enriched in the nuclear compartment 

and least enriched in the membrane. These observations confirmed previous reports from our 

own group and others [165, 172].  

Since previous reports from Longin and colleagues suggest that PME-1 localised demethyl-

PP2Ac to the nucleus [172], we attempted to verify whether or not this was occurring in N2a 

cells incubated with Forskolin. We observed a significant increase in both demethyl-PP2Ac 

and PME-1 in the nucleus after a 12-minute incubation of N2a cells with Forskolin (Fig. 3.4), 

suggesting that PKA activation led to the demethylation of PP2Ac by PME-1, which may then 

chaperone the inactive phosphatase to translocate to the nucleus. We also incubated N2a 

cells with the PKA inhibitor compound KT58720, and the PKA-activating cAMP analogue 8-

Br-cAMPs, to determine whether the effects we observed were PKA-dependent. Indeed, 

incubation of N2a cells with KT5720 prior to 15-minute incubation with Forskolin abrogated 

the effects on PP2A demethylation (Fig. 3.4). We observed a similar effect of 8-Br-cAMPs to 

Forskolin in N2a cells, suggesting that the mechanism underlying the nuclear enrichment of 

demethyl-PP2A enzymes was PKA-dependent. 

We next considered the possibility that PME-1 could be a substrate of PKA. In this model, 

PKA-induced PME-1 Ser/Thr phosphorylation would activate PME-1, thereby mediating the 

demethylation of PP2A and the redistribution of both PME-1 and demethyl-PP2A enzymes to 

the nucleus. However, the data we obtained showed that PME-1 was not significantly 

phosphorylated following activation of cAMP/PKA signalling (Fig. 3.7), ruling out this model. 

These findings suggest that another mechanism underlies PKA-induced enrichment of 

demethylated PP2Ac in the nucleus. It will need to be interrogated in more details in future 

experiments. 

We then aimed to determine if there was any alteration in the membrane distribution of PP2A. 

After isolating membrane-associated proteins from N2a cells, we observed a loss of total 

PP2Ac and PP2A-Bα from this subcellular compartment (Fig. 3.5). This suggests that 

Forskolin induced a loss of PP2A-ABαC holoenzymes from the membrane [165]. Similarly, we 
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observed an enrichment of both total PP2Ac and Bα in the nucleus under the same conditions 

(Fig. 3.6), suggesting a PKA-dependent mechanism of redistribution of PP2A- ABαC 

holoenzymes. Importantly, recycling of inactive PP2A enzymes is a methylation-sensitive 

process [169], and PME-1 is bound to inactive PP2Ac [172, 426]. We were unable to 

determine whether or not PP2A-Bα could be associated with such complexes. Thus, our 

results suggest that PKA-induced demethylation and inactivation of PP2A would facilitate 

phosphorylation of PKA substrates, and thereby prevent immediate dephosphorylation by 

PP2A. These two enzymes have multiple shared substrates which are important in neuron 

function, including those involved in signal transduction. One such target includes the 

transcription factor CREB, which, as described above is central to processes of learning and 

memory and is impaired in AD.    

7.2.2 PKA-induced PP2A demethylation affects the phosphorylation of CREB and Tau 

Importantly, previous reports suggesting a role for PP2A-mediated CREB dephosphorylation 

and inactivation do not specify the subunit composition or methylation state of PP2A. To assist 

in our characterisation of a possible regulation of CREB by PP2A, we overexpressed wild-type 

PP2Ac and the methylation-incompetent mutant PP2AcL309Δ. This allowed us to interrogate a 

precise role of PP2A demethylation at L309 in relation to CREB phosphorylation in Forskolin 

or vehicle-treated N2a cells. We observed a significant decrease in phosphorylated CREB in 

PP2AcWT-transfected N2a cells incubated with vehicle (Fig. 3.8). In contrast, PP2AcL309Δ-

transfected cells, showed no observable change in pCREB (Fig. 3.8), compared to EV-

transfected cells. 

When N2a cells were incubated with Forskolin, CREB phosphorylation was induced after 5 

minutes and sustained for at least 15 minutes (Fig. 3.8). This was the period of time where 

there was maximal demethylation of PP2Ac. Interestingly, we did not observe any significant 

effect on pCREB in either PP2AcWT- or PP2AL309Δ- transfected N2a cells that were incubated 

with Forskolin (Fig. 3.8).  Together, these data suggest that, as previously reported, CREB is 

phosphorylated by PKA and leads to activation and gene transcription [302], while we provide 

evidence that only methylated PP2A can dephosphorylate CREB. Furthermore, PKA-induced 

PP2A demethylation or ectopic expression of PP2AL309Δ led to diminished CREB 

dephosphorylation. Our results also suggest that PKA-dependent PP2A demethylation and 

redistribution are dependent on PME-1, since we also observed that pharmacological 

inhibition of PME-1 with AMZ-30 led to CREB dephosphorylation (Fig. 3.9), independently of 

direct PKA activation. 

Another important mutual substrate of PP2A and PKA in neurons is Tau. Since Tau has 

important functions in neuronal homeostasis and plasticity, and Tau dysregulation is linked to 
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AD, we wanted to evaluate the role of PKA-induced PP2A demethylation in Tau 

phosphorylation. PP2A is the phosphatase responsible for the major proportion of Tau 

dephosphorylation [157], and PP2A-ABαC is the species which most effectively mediates this 

dephosphorylation and the microtubule affinity of Tau [201, 395]. PP2Ac methylation and Bα 

expression are impaired in AD, and concomitantly occur with phospho-Tau pathology [158, 

159]. Similarly, PKA-mediated phosphorylation of Tau at Ser214 also regulates the affinity of 

Tau for microtubules and interactions with other binding partners of Tau, including kinases 

such as GSK-3β [88, 89, 325, 565]. The AD-related phosphoepitope of Tau, PHF-1 is targeted 

by PP2A for dephosphorylation, while PHF-1 levels are enhanced by PKA activity, mediated 

via GSK-3β [83, 88, 403]. Phosphorylation at the PHF-1 epitope has been associated with 

late-stage phospho-Tau pathology, microtubule dissociation of Tau, reduced association of 

Tau with the plasma membrane and long-term depression of synaptic plasticity [108, 110, 113, 

123]. Thus, we decided to interrogate the effects of PKA-induced changes in PP2A 

methylation in relation to these Tau phospho-epitopes, as they appear to be closely linked to 

both PP2A methylation and PKA activity.  

Previous data from our lab have demonstrated that in unstimulated N2a cells, PP2AL309Δ 

expression leads to heightened cellular PP2A demethylation and a concomitant increase in 

phosphorylation at PHF-1 and at the PKA-targeted pSer214 site [258]. Therefore, we 

assessed the effect of Forskolin incubation in tandem with PP2AcWT and PP2AcL309Δ 

expression on Tau phosphorylation. In PP2AcWT-overexpressing cells, pSer214-Tau was 

significantly decreased, compared to EV-transfected cells (Fig. 3.10). This suggests that while 

PKA can demethylate endogenous pools of PP2A, the presence of additional, ectopic 

PP2AcWT is sufficient to overcome this effect by enhancing total cellular PP2A Tau 

phosphatase activity. There was no difference in pSer214-Tau levels in PP2AcL309Δ-

transfected cells, compared to EV-transfected cells (Fig. 3.10), suggesting that PKA activation 

induced maximal phosphorylation of Tau, while PP2AcL309Δ failed to dephosphorylate 

pSer214-Tau.  

Other groups have reported that incubation with Forskolin enhances PHF-1 phosphorylation 

in vivo [445]. Since Forskolin induced PP2A demethylation, we concluded that PHF-1 was 

another site that we should investigate in terms of the PKA-PP2A interaction.  We found that 

in EV-transfected cells, Forskolin did indeed boost PHF-1 signal detected by Western blot 

(Fig. 3.10). Surprisingly, we also observed that PHF-1 phosphorylation was augmented by 

PP2AcWT expression. The effects of PKA-mediated PP2A demethylation on pCREB and pTau 

are outlined in Table 7.1. Unlike Ser214, the PHF-1 epitope is primarily targeted, by GSK-3β, 

rather than PKA [116]; moreover, PKA-mediated phosphorylation of Tau  enhances targeting 

of Tau by GSK-3β [88]. Critically, PP2A has been reported to activate GSK-3β by 
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dephosphorylation of the inhibitory Ser9 site [422, 449]. Thus, we propose that in PP2AcWT-

tranfected cells, a combination of Tau phosphorylation by PKA at Ser214 and the increased 

presence of PP2A synergise to enhance the activity of GSK-3β towards Tau. This conclusion 

is consistent with previous reports linking PP2A and GSK-3β-dependent Tau phosphorylation 

[422, 448, 513]. 

 Table 7.1 Effects of PP2Ac expression and Forskolin on CREB and Tau phosphorylation. 
Summarised results from chapter 3, indicating significant changes in phosphorylation of CREB or Tau. 
“↑” represents a significant increase, “↓” represents a significant decrease and “─” represents no 
significant change, compared to empty-vector (EV) transfected cells. 

 

We report in this thesis that the PKA activity induces demethylation of PP2Ac at L309, and 

PP2AcWT overexpression in N2a cells leads to significant changes in the phosphorylation of 

CREB and Tau, compared to EV-transfected cells, where PP2AcL309Δ expression does not. 

These data suggest that dynamic methylation/demethylation reactions are necessary in the 

balance of Tau phosphorylation and CREB phosphorylation/activity in neurons. The deletion 

of the C-terminal Leucine 309 residue of PP2Ac (PP2AcL309Δ) also disturbs the binding of 

several regulatory subunits, most notably the PP2A-Bα subunit [451]; in turn, decreased 

association of Bα with the core enzyme inhibits the binding of PP2A to both Tau and 

microtubules. Thus, the dynamics of PP2A-CREB regulatory interactions and 

dephosphorylation likely also depend on PP2A-Bα, which is supported by its translocation to 

the nucleus following PKA activation with Forskolin (Fig. 3.6).  

7.2.3 PP2A mediates PKA-initiated neurite outgrowth 

Importantly, Tau and CREB are both involved in neurite outgrowth through the regulation of 

microtubule dynamics and transcription of various components of the neuronal architecture, 

respectively [70, 102, 291, 412, 544, 566]. We have demonstrated that both PKA and PP2A 

are responsible for the phosphorylation and dephosphorylation of Tau and CREB. Therefore, 

we turned our focus to how PKA signalling and PP2A methylation interact through the 

 pCREB 
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pSer214 
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PHF-1 
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assessment of neurite outgrowth. In order to achieve this, we induced the differentiation of 

N2a cells stably overexpressing PP2AcWT and PP2AcL309Δ by incubating them with Forskolin. 

Previous results from our group and others indicate that PP2A methylation is an essential 

component in neurite outgrowth [236, 552]. We were able to successfully confirm these 

findings by showing that expression of PP2AcWT significantly enhanced neurite outgrowth in 

both vehicle and Forskolin-treated N2a cells (Fig. 3.11). In contrast, PP2AcL309Δ-expressing 

N2a cells had a severely impaired capacity to initiate neurite extension, despite the presence 

of Forskolin.  

Linking PP2A methylation with PKA activity in neurite outgrowth has several functional 

consequences in the understanding of neuron differentiation. Activation of PKA by cAMP has 

been centrally tied to the initiation of neuronal differentiation [288], with mechanisms including 

inhibition of the GTPase RhoA via phosphorylation [567], thereby interfering with changes in 

actin dynamics that are responsible for neurite retraction. CREB is also involved in 

differentiation, in response to changes in neuronal cell adhesion molecules [290]. Thus, 

cAMP/PKA signalling serves to maintain the integrity of the actin cytoskeleton. Interestingly, 

the dephosphorylation of the actin-binding protein cofilin promotes the disassembly of F-actin: 

in non-neuronal models PP2A mediates alterations in the actin cytoskeleton through its ability 

to dephosphorylate cofilin [568-570]. Therefore, since RhoA is directly upstream of cofilin in 

the regulation of F-actin formation, PKA-mediated PP2A demethylation may serve as both a 

direct and an indirect controlling factor in actin dynamics. 

Tau has previously been recognised as a microtubule binding protein with important roles in 

neuronal differentiation [571, 572]. The phosphorylation of Tau at Ser214 has been shown to 

affect its microtubule binding activity [87, 565], while PHF-1 phosphorylation affects Tau 

localisation to the plasma membrane and its ability to bind organelles while associated with 

the microtubule network [113, 573]. Our group has also demonstrated in previous work that 

PP2Ac methylation is critical for neurite outgrowth [236]. Here, we observed differential 

changes in the patterns of Tau phosphorylation with PP2Ac methylation competency and 

Forskolin treatment. Perhaps the effect of Tau phosphorylation here may underlie the impaired 

neurite outgrowth induced by PP2AcL309Δ. Future investigations are needed to fully delineate 

the regulatory relationship between PKA and PP2A, and the contribution of Tau 

phosphorylation in neurite outgrowth.    

7.2.4 Concluding remarks: PP2A and PKA – competitors or collaborators? 

The evidence presented in this thesis linking PP2A and PKA signalling directly affects our 

understanding of the molecular pathology of AD. PP2Ac methylation is impaired in AD-affected 

brain regions, concomitantly with increased Tau phosphorylation [159]. PKA-mediated Tau 
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phosphorylation is associated with degeneration of vulnerable neurons in aged primates [331], 

and PKA-phosphorylated CREB is impaired in AD [323]. On the surface, it would appear as 

though PKA and PP2A compete for phosphorylation and dephosphorylation of their shared 

substrates – notable examples include CREB [335, 337], Tau [258, 331], voltage-gated 

calcium channels [195, 196] and glutamate receptor subunits [433]. Our current results show 

that PKA-mediated demethylation of PP2Ac facilitates phosphorylation of Tau and CREB in 

N2a cells, and therefore potentially holds important functions in the brain which mediate AD-

related cellular dysfunction. This indicates that PKA directs the regulation of PP2A methylation 

in neurons, thereby controlling PP2A function to this extent. Notwithstanding the potential 

validity of this conclusion in light of current knowledge regarding the function of these enzymes 

in neurons, we suggest that perhaps, instead, PKA demethylates PP2A to provide a cohesive 

intracellular cell signalling cascade that regulates CREB, Tau and Neurite outgrowth. We look 

to future experiments to test this emergent hypothesis. 

In that respect, our group has recently demonstrated that impaired methylation of PP2Ac by 

genetic MTHFR and dietary folate deficiencies lead to elevated Tau phosphorylation in a 

number of regions [263]. Since we have presented evidence linking cAMP/PKA signalling with 

PP2A methylation and Tau phosphorylation, we then hypothesised that the regulation of 

CREB may also be aberrantly affected in these animals. This provided the basis for Chapter 

4 of this thesis.  

7.3 Disturbed one-carbon metabolism and the regulation of CREB and APP 

7.3.1 Methyl-group supply and CREB phosphorylation in N2a cells 

One of our key observations from Chapter 3 is that PP2Ac methylation is important for the 

dephosphorylation of CREB. Our group has also recently observed impaired methylation of 

PP2Ac and increased Tau phosphorylation in the brains of MTHFR- and folate-deficient mice 

[263]. These animals show increased levels of circulating and neural Hcy, impaired learning 

and memory [267, 339, 487] and hippocampal atrophy [235]. Importantly, elevated tHcy and 

low plasma folate are risk factors for the onset of AD [213, 217, 218]. CREB activity is also 

impaired in AD [323, 418], a disease characterised by memory loss and cell death, which are 

both affected by CREB function. Therefore, we hypothesised that CREB function may be 

affected by in vivo disturbances of one-carbon metabolism such as MTHFR and folate 

deficiencies. As previously reported, PP2A regulates CREB phosphorylation [335, 337], which 

likely occurs in a methylation-dependent manner (Chapter 3). Thus, this provided evidence-

based grounding for our hypothesis that MTHFR and folate deficiencies may affect CREB 

function.     
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First, we conducted experiments in N2a cells to verify any possible effect on CREB 

phosphorylation following alterations in one-carbon metabolism. Supplementation of culture 

media with the methyl donor SAM enhanced CREB phosphorylation (Fig. 4.3). Conversely, 

incubation with the SAH-hydrolase inhibitor 3DA, which generates a lowered SAM: SAH ratio 

and impaired methylation potential in cells led to significantly impaired CREB phosphorylation. 

Furthermore, restriction of folate in cell culture medium also impaired CREB phosphorylation 

(Fig. 4.5). These results were unexpected, since folate deficiency induces PP2Ac 

demethylation [258, 403], while PP2A demethylation enhanced pCREB (Chapter 3).  These 

findings suggest that there are also PP2A-independent mechanisms underlying SAM-

mediated CREB phosphorylation. Indeed, others have reported in rat brain, that the supply of 

SAM can enhance cAMP binding to PKA regulatory subunits, thus facilitating enzymatic 

activation of PKA [480]. Both folate deprivation and 3DA-mediated SAH-hydrolase inhibition 

restrict cellular SAM and methyl-group supply, which would contribute to impaired CREB 

phosphorylation.   

7.3.2 In vivo disturbances of one-carbon metabolism can alter CREB regulation 

Since we observed a significant effect on CREB phosphorylation following alterations in one-

carbon metabolism in our cultured cells, we nextaimed to determine whether genetic-induced 

MTHFR deficiency or dietary folate deficiency in young and old mice have a synergistic effect 

on the regulation of CREB. In the cortex of young heterozyogous (HET) or homozygous 

(NULL) Mthfr mice, we observed no change in CREB phophorylation, but a significant increase 

in CREB expression, compared to wild-type animals (Fig. 4.5). Conversely, CREB 

phosphorylation was significantly increased in the midbrain of HET mice (Fig. 4.6), 

emphasising the diversity in responses of brain regions to perturbed MTHFR activity. 

Furthermore, this increase in CREB phosphorylation supports a model in which methylated 

PP2Ac dephosphorylates CREB. Importantly, our group has previously demonstrated that 

these same animals have significantly impaired PP2Ac methylation in the midbrain [263]. 

While CREB phosphorylation is typically associated with CREB activity [282, 335], it is 

important to note that the significantly impaired expression of CREB may translate to a net 

reduction in overall CREB-dependent transcriptional activity. These results suggest that in 

young animals with moderate and severe MTHFR deficiency, CREB may be deregulated 

through both altered expression and phosphorylation levels.  

AD risk is increased with advanced age. CREB is not only dysregulated in humans with AD 

[323], but also in mouse models of accelerated aging [455]. However, MTHFR deficient mice 

do not age well, experiencing a higher rate of premature mortality [235, 510]. Therefore, to 

investigate severe disturbances in one-carbon metabolism in aged animals, we chose to utilise 

dietary interventions through the restriction of folate. Low-folate diets typically result in 
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elevated tHcy and reduced cellular methylation potential [209], in a manner similar to that 

induced by MTHFR deficiency.  Therefore, we fed 16-month old wild-type mice either a NF or 

LF diet and compared the effects on the expression and phosphorylation of CREB. We 

observed a significant increase in CREB phosphorylation, and a significant reduction in CREB 

expression in the midbrain of aged mice fed the LF diet (Fig. 4.8). This is consistent with our 

observations in young MTHFR deficient animals, suggesting a possible shared mechanism. 

These observations were also consistent with those suggesting that MTHFR [487, 574] and 

folate [249, 475, 487, 575] deficiencies can lead to memory deficits and impaired cellular 

survival, especially in midbrain regions. Our present data indicate that impaired cellular 

survival and memory formation arising as consequence of impaired one-carbon metabolism 

may be due to disturbed CREB function. It this will be interesting in the future to assess the 

precise mechanisms underlying CREB impairment in the midbrain following disturbed one-

carbon metabolism. Future studies will also ideally investigate a potential role for PP2A, since 

these mice have impaired PP2Ac methylation [263], which is important in the regulation of 

CREB in N2a cells (Chapter 3).  

7.3.3 APP phosphorylation and expression are regulated by one-carbon metabolism in vivo 

Elevated tHcy resulting from imbalances in one-carbon metabolism [6, 515] have been 

associated with an increased risk for AD. The Mthfr-C677T polymorphism, the most common 

inborn cause of HHcy [491], also increases the risk for AD [215, 460], as do low B-vitamin / 

folate diets [222, 459]. The formation of characteristic Aβ plaques in the disease has been 

linked with enhanced β- and γ-secretase mediated proteolytic processing of APP, which is 

also promoted by occur phosphorylation of APP at Thr668 [51, 52]. Critically, folate and 

vitamin B12 supplementation mitigate APP phosphorylation and γ-secretase induced Aβ 

formation in vivo [508].  

Thus, there may be a link between aberrant one-carbon metabolism and the molecular 

processes underlying AD pathogenesis. We were especially interested in assessing whether 

changes in folate availability- either via genetic or dietary interventions- could affect APP 

phosphorylation and expression. To that end, we used the same Mthfr-deficient mouse model 

described in Chapter 4. Briefly, we analysed homogenates taken from the cortex, 

hippocampus, midbrain and cerebellum of WT, HET or NULL mice at 6 weeks or 22-months 

of age. Young mice were fed a NF diet only; 16-month-old mice were fed for 6 months either 

a NF or LF diet, prior to sacrifice. 

We found that genetically induced MTHFR deficiency significantly affected the expression and 

phosphorylation of APP. MTHFR deficiency induced an increase in pAPP in brain regions 

which are quickest to degenerate in models of AD, namely the hippocampus and the cortex 
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(Fig. 5.1, [523, 576]). An age-dependent increase in pAPP may have also masked this effect 

in the cortex and midbrain of WT mice fed a LF diet, compared to WT mice on a NF diet. This 

may provide some explanation as to why we saw little to no effect of genotype in these regions 

(Fig. 5.2). Our results support previous observations that suggest that the hippocampus is 

particularly sensitive to disturbances in one-carbon metabolism [235, 263], as there was a 

significant increase in APP phosphorylation at Thr668, which accumulates in AD and in 

transgenic models of AD [52].  

In addition to altered APP phosphorylation, we also observed changes in the protein 

expression levels of APP. Interestingly, these changes varied by region. In the cortex and 

midbrain of young NULL mice, we observed a significantly reduced APP expression in tandem 

with increased APP phosphorylation, compared to wild-type animals. This was in contrast to 

the hippocampus, where we saw significant increases in both APP expression and 

phosphorylation compared to wild-type mice. These changes were generally similar in aged 

WT mice on a LF diet or in HET mice; they are summarised in Table 7.2. The differences in 

the expression levels of APP between the cortex/midbrain and the hippocampus may indicate 

that APP may be differentially regulated between these regions.   

 Young HET Young NULL Old, WT LFD Old, HET NFD Old, HET LFD 

 
pAPP tAPP pAPP tAPP pAPP tAPP pAPP tAPP pAPP tAPP 

Cortex ↑ ─ ↑ ↓ ─ ─ ↑ ─ ↑ ↓ 

Hippocampus ↑ ─ ↑ ↑ ─ ↑ ↑ ↑ ↑ ↑ 

Midbrain ↑ ↓ ↑ ↓ ─ ↓ ─ ↓ ─ ↓ 

Cerebellum ─ ─ ─ ─ ─ ─ ─ ─ ─ ─ 

Table 7.2 Changes in APP regulation as a consequence of disturbed one-carbon metabolism. 
Summarised results from chapter 5, indicating significant changes in total APP expression (tAPP) or 
phosphorylation at Thr668 (pAPP) in Young HET/NULL mice compared to wild-type/aged mice fed a 
low-folate diet (LFD) or a normal-folate containing diet (NFD). “↑” represents significant increases, “↓” 
represents significant decreases and “─” represents no significant change. 

 

The changes in pAPP we observed in our mice are likely mediated by altered PP2A 

methylation. Indeed, our group has previously demonstrated that in vitro (N2a cells), and in 

vivo (CBS deficient mice), impaired one-carbon metabolism and reduced cellular methylation 

potential result in diminished PP2A methylation and concomitantly increased pTau and 

pThr668-APP levels. Moreover, the accumulation of demethylated PP2A – induced either by 

the downregulation of LCMT-1 or overexpression of PME-1 – is sufficient to promote APP 
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phosphorylation at Thr668 in N2a cells [258] and in vivo [338]. In the same Mthfr animals 

analysed here for pAPP, there is also impaired PP2Ac methylation and a parallel increase in 

Tau phosphorylation [263], suggesting a causal link between impaired PP2A methylation and 

enhanced phosphorylation of Tau and APP. Notably, these alterations mirror the molecular 

pathology of AD. 

Furthermore, we have identified a kinase that likely contributes to the increased 

phosphorylation of Tau and APP in the context of disturbed one-carbon metabolism, Glycogen 

Synthase Kinase 3β. We found significantly reduced inhibitory phosphorylation of GSK-3β in 

tandem with increased Tau and APP phosphorylation, and impaired PP2A methylation (Fig. 
5.4). GSK-3β, a major Tau kinase [103, 116], has been shown by others to phosphorylate APP 

[577]. It becomes activated following neuronal exposure to Aβ, leading to Tau phosphorylation 

[54].  

In conclusion, our findings provide further mechanistic insights and evidence for a strong link 

between altered folate metabolism, deregulation of key signalling molecules (i.e. PP2A and 

GSK-3β), and the deregulation of two major hallmarks of AD, Tau and APP. Our experimental 

data strongly support a role genetic- or diet- induced for impairment of one-carbon metabolism 

as a risk factor for AD.  

7.3.4 Potential links between PP2A, CREB and APP 

Impairments in both PP2A methylation and CREB phosphorylation have been observed in AD 

[158, 159, 323]. Increased APP phosphorylation at Thr668 has also been found to be 

associated with AD brain lesions [51]. Activation of PKA signaling, including the activation of 

CREB, has been reported to ameliorate learning and memory defecits in rodent models of AD 

[328, 329]. We have demonstrated that PP2A methylation state can alter the phosphorylation 

of Tau and CREB, depending on PKA activity (Chapter 3). In Chapters 4 and 5, we also 

demonstrated that modulating methyl group supply in vitro and in vivo alter how CREB and 

APP are expressed and phosphorylated. We suggest that the changes in APP and CREB are 

likely related to the concomitant dowregulation of PP2Ac methylation [258, 263] occuring in 

these models (Fig 7.1), with significant implications for AD pathological processes.  

The progression of AD is characterised by a typical pattern of synapse, neuron and grey matter 

loss, concomitantly with depositions of aggregated pTau and Aβ [1]. Interestingly, the MTHFR-

deficient mouse model that we used is characterised by a loss of hippocampal volume, as well 

as learning and memory defecits [235]. CREB is essential for the molecular processes 

underlying learning and memory [466], as well as neuronal survival [318]; it becomes 

functionally impaired pathological concentrations of Aβ in vivo [418]. Additionally, our group 

has previously demonstrated that neuronal vulnerability to excitotoxic stimulation by Aβ is 
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dependent on PP2A methylation [338]. Here, we propose that the the downregulation of 

PP2Ac methylation links Aβ formation and dysregulation of CREB through aberrant 

phosphorylation of APP at Thr668, and that impaired PP2A methylation and APP 

phosphorylation act synergistically to affect CREB function in AD. In addition to the role played 

by enhanced PP2A demethylation in the aberrant phosphorylation of Tau in AD [158, 159]. 

Our findings thus provide new potential mechanisms of AD pathogenesis.  

 

 

  

 
Figure 7.1 Disturbed one-carbon metabolism induces changes in Tau, APP and CREB via 
PP2Ac demethylation. In Chapters 4 and 5 of this thesis, we used in vitro and in vivo models of 
disturbed one-carbon metabolism which lead to impaired cellular methylation potential. Previous 
observations by our lab implicate demethyl-PP2Ac-mediated increases in pTau in vivo. Here we 
provide evidence that similar perturbations lead to disturbances in the regulation of APP and CREB. 
These can subsequently lead to neurotoxicity and impairments in learning and memory typically 
observed in AD and in models of AD.  
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7.4 Novel insights into PP2Ac tyrosine phosphorylation 

In addition to methylation, we also aimed to better characterise the tyrosine phosphorylation 

of PP2Ac. The tyrosine phosphorylation of PP2Ac was first reported in vitro and later shown 

to occur in vSrc-transformed fibroblasts and following activation of growth factor signalling 

[173, 174]. Src-mediated phosphorylation – and reported “inactivation” – of PP2Ac has since 

been widely reported in a variety of cell types [387, 398, 542, 543].  In chapter 6, our primary 

aim was to characterise the mechanism of PP2Ac regulation by tyrosine phosphorylation 

induced by Src, with a secondary goal to investigate how Src, via PP2A, could affect Tau in 

neuronal cells.  

Src activity in neurons can regulate Tau in several ways. Tau can bind to Src at the SH3 

domains, inducing conformational changes in Src, thereby modulating its kinase activity [356]. 

Tau and Src associate in a phosphorylation-dependent manner; AD-like phosphorylation of 

Tau or phospho-mimicking, glutamate mutations on Tau at one or more sites in proline-rich 

regions impair this SH3 interaction [111, 114]. The other mechanism of Src-mediated Tau 

regulation may occur through the tyrosine phosphorylation of PP2Ac, which could then induce 

the accumulation of Ser/Thr phosphorylated Tau.   

7.4.1 Src phosphorylates PP2Ac at multiple, novel tyrosine residues 

Initial work on the Src-induced tyrosine phosphorylation of PP2Ac in fibroblasts suggested that 

it specifically occurred only on the Tyr307 residue [173, 174]. However, these conclusions 

have not been validated by mass spectrometry. To further investigate this important regulatory 

process, we used the PTP inhibitor, PV, and expression of a constitutively active Src mutant 

(Y529F, SrcCA) to promote PP2Ac tyrosine phosphorylation in N2a and COS-7 cells. We 

confirmed that both PV and SrcCA induced the phosphorylation of PP2A in these cells by 

Western blot analysis of HA-PP2AcWT immunoprecipitates with pan-pY antibodies (Fig 6.2). 

Not only could we induce PP2Ac tyrosine phosphorylation in these conditions, but PV 

treatment of SrcCA expressing cells led to a synergistic increase in pY immunoreactivity.  

In collaboration with Dr. Brian Wadzinski (Vanderbilt University), we generated three unique 

Y → F point mutations on PP2Ac at three potential PP2Ac tyrosine phosphorylation sites 

(denoted by HA-PP2Ac#1 / #2 / #3). We verified the expression of these mutants by Western 

blotting (Fig. 6.3). All three mutants showed decreased phosphorylation compared to 

PP2AcWT upon Western blot analysis (Fig. 6.4). The greatest effect was observed in PP2Ac#3, 

while the most modest was seen in PP2Ac#1. Compared to PP2AcWT controls, PP2Ac#3 

induced a ~5-fold decrease in tyrosine phosphorylation in HA-immunoprecipitates when co-

expressed with SrcCA, while this mutant abrogated most of the tyrosine phosphorylation 

induced by PV (Fig. 6.4). These data supported our hypothesis that PP2Ac is phosphorylated 

at multiple sites by Src, and that Tyr307 is not a sole site of PP2Ac phosphorylation in cells. 
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These findings suggest a direct kinase-substrate relationship between Src and PP2Ac. 

However, we cannot exclude the possibility that other tyrosine kinases could also target PP2A 

for phosphorylation at these tyrosine sites, as well as potentially other tyrosine residues which 

were not investigated here.  

7.4.2 Implications of PP2Ac Tyrosine phosphorylation: pTau and neurite outgrowth 

PP2Ac tyrosine phosphorylation has been reported to occur in tandem with neurofibrillary 

tangle deposition in AD [175]. Our second aim in Chapter 6 was to determine the effect of Src-

dependent phosphorylation of PP2Ac using Tau as a validated substrate of PP2A in N2a cells. 

Tau represents a particularly attractive substrate of PP2A to investigate in this respect, given 

the central role of the functional PP2A-Tau relationship in neurons and its disruption in AD. 

We hypothesised that Src-induced PP2A phosphorylation results in accumulation of Ser/Thr-

phosphorylated Tau, since Src-mediated PP2A phosphorylation has been reported to 

inactivate PP2A [174]. 

We investigated the effects of SrcCA-dependent PP2A phosphorylation on Tau at two unique 

phosphoepitopes. These included CP13, which has been identified to play a role in Tau 

pathology in AD, before NFTs start to form, and PHF-1, which is a site that becomes 

phosphorylated as a precursory event to PHF formation and NFT development [108]. When 

we co-expressed SrcCA or empty vector (EV; as a control), with PP2AcWT or PP2Ac#3 in N2a 

cells, we observed different patterns of Tau phosphorylation. Co-transfection of N2a cells with 

SrcCA in tandem with PP2AcWT led to significant increases in Tau phosphorylation at CP13 and 

PHF-1, compared to N2a cells transfected with PP2AcWT and EV (Fig. 6.8). However, in N2a 

cells transfected with SrcCA and HA-PP2Ac#3, we did not observe any change in Tau 

phosphorylation at these pSer-epitopes (Fig. 6.8). These results demonstrate that Src-

mediated phosphorylation of PP2Ac induces Tau Ser/Thr phosphorylation at AD-related 

epitopes. However, underlying molecular mechanisms remain to be elucidated, since our 

group and collaborators were unable to confirm that Src-mediated PP2A tyrosine 

phosphorylation indeed inhibits PP2A catalytic activity in vitro, as initially published [173, 174]. 

Moreover, it is possible that distinct tyrosine phosphorylation sites could induce differential 

effects on PP2A activity, protein-protein interactions, distribution or scaffolding functions, all 

of which may converge to promote Tau phosphorylation. Other results in different models also 

suggest that one kinase responsible for the increase in Src-mediated Tau phosphorylation 

may be Erk [387]. This remains to be tested in our model.  

Since Src, PP2A and Tau are all involved in the differentiation of neurons, we hypothesised 

that Src can also affect PP2A-dependent neurite outgrowth. To test this hypothesis, we grew 

N2a cells stably overexpressing PP2AcWT. These differentiate significantly more than wild-
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type N2a cells (chapter 3, [236]). We then treated N2a-PP2AcWT cells with the SFK inhibitor, 

PP2, or vehicle. PP2 treatment entirely abrogated PP2AcWT-induced neurite outgrowth in N2a 

cells (Fig. 6.9). While PP2Ac function is essential in neurite outgrowth, our results suggest 

that PP2Ac mediates SFK -dependent neurite outgrowth in N2a cells.  

Src is highly concentrated in growth cones [366], assisting in axon guidance [367]. 

Overexpression of constitutively active Src in Aplysia models leads to cortactin association, 

resulting in increased density, stability and elongation of filopodia [355]. Conversely, Src and 

Fyn-deficient mice are deficient in the phosphorylation of Rho, a second-messenger which 

plays essential roles in neuronal morphology [370]. These animals also show deficits in axon 

guidance and outgrowth, indicating that SFKs play absolutely essential roles in neuronal 

morphology and differentiation. Similarly, Src phosphorylates p190-RhoGAP in vitro, 

indicating that this interaction is direct [369]. As discussed along with our previous 

observations regarding cAMP/PKA signalling in neuritogenesis, Rho signalling facilitates F-

actin stabilisation in neurons. Meanwhile, PP2A activates cofilin, leading to actin remodelling; 

it has extensive roles in regulating cytoskeletal dynamics during neurite outgrowth (reviewed 

in [73]). Thus, a likely interplay in this system lies in the interactions between PP2A, Src and 

Tau. The precise pathways underlying SFK/PP2A dependent neuritogenesis remain to be 

elucidated. 
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7.5 Conclusions and perspectives:  
In this thesis, we have provided evidence underlining the importance of PP2Ac post-

translational modifications in normal neuronal function and in AD, as illustrated in Fig. 7.2.  

 

Firstly, we demonstrate a role for the activation of PKA in the regulation of PP2Ac 

demethylation and distribution in neuronal cells, which in turn directly affects the 

phosphorylation and function of Tau and CREB, modulating neurite outgrowth (Chapter 3). 

We also built on earlier observations by showing that one-carbon metabolism not only 

regulates the methylation and Tau phosphatase activity of PP2A, but can also modulate the 

expression and/or phosphorylation of CREB and APP in both N2a cells and in vivo (Chapters 

4 and 5). We also demonstrate in vivo that genetic- or diet- induced alterations in folate status 

can promote the dysregulation GSK-3β, which has a well-documented role in the 

phosphorylation of Tau and neuron dysfunction in AD. Finally, we provide novel insights in the 

regulation of PP2Ac by tyrosine phosphorylation induced by Src. We demonstrate that Src-

dependent PP2A tyrosine phosphorylation leads to Tau phosphorylation at the AD-related 

  
Figure 7.2 Involvement of PP2A in normal neuronal homeostasis and in AD pathogenesis. In 
this thesis, we have provided evidence further implicating dysregulation of PP2A in AD in novel ways. 
We have shown that PP2Ac demethylation can be induced by PKA, and that Src mediates novel 
tyrosine phosphorylation of PP2A. We present evidence indicating that disturbed one-carbon 
metabolism in vivo alters the phosphorylation of APP, which has been shown to promote Aβ formation, 
through a mechanism involving PP2A and GSK-3β. We have also observed one-carbon metabolism-
dependent changes in the regulation of CREB in N2a cells and in vivo, which provides some molecular 
explanation for the link between impaired one-carbon metabolism and deficits in learning and 
memory.  
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CP13 and PHF-1 sites. Additionally, we demonstrate a direct link between Src and PP2A in 

modulating neurite outgrowth.  
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Appendix 
 

The following review article “The protein serine/threonine phosphatases PP2A, 
PP1 and calcineurin: A triple threat in the regulation of the neuronal 
cytoskeleton” was first published in Molecular and Cellular Neuroscience 84 (2017) 
119–131. I appear as first author, and there were invaluable contributions made by 
members of the Sontag lab, Goce Taleski and Estelle Sontag. 
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1. Introduction

The cytoskeleton plays a critical role in the establishment of the neu-
ronal cell polar morphology, which is essential for regulated synaptic
plasticity. Alterations in the phosphorylation state of cytoskeletal
proteins in response to various extracellular signals occurs via changes
in the relative activities of protein kinases and phosphatases. It is a
major regulatory mechanism ensuring homeostasis of the neuronal
Fig. 1. Schematic structure of PP2A, PP1 and calcineurin enzymes. A. These phosphatases all sh
subunit- and calmodulin (CaM)-binding domains, and an auto-inhibitory domain.B. Subunit int
natural inhibitors. For details, see text.
cytoskeleton. The majority of neuronal cell phospho-Serine/Threonine
dephosphorylation is mediated by the phosphoprotein phosphatases
(PPPs) type 1 (PP1 or PPP1), 2 (PP2A or PPP2) and 3 (PPP3, also called
PP2B or calcineurin). These ubiquitously expressed enzymes, which
contain a highly conserved catalytic domain (Fig. 1A), regulate nearly
all cellular processes while displaying differences in substrate recogni-
tion (Reviewed in Virshup and Shenolikar, 2009). As illustrated in
Fig. 1B, a key feature of PP2A, PP1 and calcineurin, is that they are
are a ~ 30 kDa conserved catalytic domain. The calcineurin A subunit contains additional B
eractions play a critical role in the regulation of these enzymes,which are targeted bymany
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multimeric enzymes. Notably, crystal structure analyses of these phos-
phatases have shown that binding of diverse regulators to the catalytic
subunit provides a specific substrate recognition platform, thereby
explaining the substrate specificity displayed by distinct oligomeric ho-
loenzymes (Cho and Xu, 2007; Egloff et al., 1997; Griffith et al., 1995;
Kelker et al., 2009; Maynes et al., 2004; Terrak et al., 2004; Xu et al.,
2008; Xu et al., 2006). In this review, we discuss how thesemajor phos-
phatases have truly emerged as critical regulators of the neuronal mi-
crotubule (MT), neurofilament and actin cytoskeleton.

1.1. PP2A

Protein phosphatase 2A (PP2A) is an essential enzyme that repre-
sents up to 1% of total cellular proteins (Lin et al., 1998; Ruediger et
al., 1991). The “PP2A” family of enzymes (Fig. 1B) comprises at least
96 distinct members that exert non redundant cellular functions. The
typical mammalian PP2A enzyme exists as a heterotrimer of a scaffold-
ing A subunit (PPP2R1 A/B isoforms), a catalytic C subunit (PP2Ac or
PPP2C A/B isoforms) and one of 23 regulatory B-type subunits belong-
ing to one of 4 distinct families: B (PPP2R), B' (PPP2R5), B" (PPP2R3)
or B"'/striatins (PPP2R4); B, B' and B" families each comprise several iso-
forms (named A, B, C…or α, β, γ…). Other atypical regulatory subunits,
such as α4, can also associate with PP2Ac. The dazzling complexity of
regulatory subunits, which are differentially expressed in different tis-
sues and cells, informs PP2A enzyme biogenesis, substrate specificity,
stability and subcellular localisation (Reviewed in Sents et al., 2012;
Sontag, 2001). For instance, structural differences affecting the binding
to the scaffolding A and catalytic C subunits have been found to underlie
the contrasting functions of the B and B′ families of regulatory subunits
(Cho and Xu, 2007; Xu et al., 2008; Xu et al., 2006).

PP2A activity is also regulated bymany cellular regulators and natu-
ral inhibitors, such as okadaic acid (OA). However, it is worth mention-
ing that these commonly used inhibitors not only inhibit all PP2A
isoforms, but also other Ser/Thr phosphatases, including PP1 and other
PPP family members, at the concentrations needed to completely abro-
gate cellular PP2A activity. This has several limitations in the interpreta-
tion of studies performedwith these inhibitors (Swingle et al., 2007), in
particular in neurons wherein PP2A and PP1 enzymes are very
abundant.

1.2. PP1

Functional PP1 enzymes (Fig. 1B) classically consist of a complex be-
tween the catalytic “C” subunit (PP1c or PPP1C; four isoforms) and one
or more regulators (R or PPP1R). PP1-binding domains allow a single
PP1c subunit to recruitmore than one regulator, usingwhat is described
as a “molecular-lego strategy”. There is especially an incredible diversity
of PP1-interacting proteins in the brain. The nearly 200 vertebrate PP1-
interacting proteins identified so far show preferential docking to indi-
vidual PP1 isoforms, thereby supporting PP1 functional specificity and
diversity (Reviewed in Heroes et al., 2013). Several structural studies
have given insights into how regulatory interactions control the access
of substrate to the catalytic site (Egloff et al., 1997; Kelker et al., 2009;
Terrak et al., 2004). PP1 is also inhibited by many toxins, such as OA
and tautomycin, as well as unique endogenous protein inhibitors
(Kelker et al., 2009; Shi, 2009).

1.3. Calcineurin

Calcineurin was first identified as the principal target of the immu-
nosuppressive drugs, Cyclosporin A and FK506/Tacrolimus, the binding
of which physically prevents the recruitment of macromolecular sub-
strates to the active site (Griffith et al., 1995). Interestingly, while cal-
cineurin and PP1 share 40% sequence identity, crystal structure data of
a chimeric PP1-Calcineurin mutant have contributed to explain how
PP1 and calcineurin vastly differ in their sensitivity to inhibitory toxins
such as OA andmicrocystin-LR, due to a divergent amino acid sequence
in the β12–β33 loop of PP1c (Maynes et al., 2004).

Calcineurin is a calcium- and calmodulin-dependent enzyme found
in many cell types, but is especially enriched in neuronal soma and
processes (Ferreira et al., 1993). Notably, it is the most abundant
calmodulin-binding protein in adult brain (Klee et al., 1979), where it
plays an important role in memory and plasticity (Mansuy, 2003).
Calcineurin comprises a catalytic “A or CNA” subunit (PPP3C A/B/C
isoforms), which interacts with calmodulin in a calcium-dependent
fashion, and a regulatory “B or CNB” subunit (PPP3R 1/2 isoforms),
which contains four calcium-binding domains (Fig. 1B). The subunits
act in concert to regulate calcineurin activity. Calcineurin isoforms are
also compartmentalised in cells through interaction with various
anchoring proteins, thereby determining substrate specificity (Dodge
and Scott, 2003).

2. Pools of PP2A, PP1 and calcineurin are associated with the
neuronal microtubule cytoskeleton

NeuronalMTs exist as amixture of different populations ofα- andβ-
tubulin isotypes, with αβ-tubulin heterodimers being the building
blocks of MTs (Barra et al., 1988). Studies from the past decades have
established that many Ser/Thr phosphatases are associated with the
neuronal MT cytoskeleton, either directly, or indirectly through MT-
associated proteins (MAPs). The regulated MT attachment of these
major enzymes allows exquisite spatial modulation of MAPs phosphor-
ylation and MT assembly and stability, as described below.

2.1. Selected PP2A enzymes are associated in an inactive state with the mi-
crotubule cytoskeleton

Pools of regulatory Bα (or PPP2R2A)-containing PP2A holoenzymes
(PP2A/Bα) directly bind to purified MTs in vitro and in neuronal cells
(Hiraga and Tamura, 2000; Merrick et al., 1997; Sontag et al., 1995;
Sontag et al., 1999). Notably, the targeting of PP2A to MTs involves in
part a direct association of PP2Acwith polymerised, but notmonomeric
tubulin (Fig. 2). Yet, binding of regulatory subunits to PP2Ac greatly
modulates the strength of this association, with Bα-, and to a lesser
extent Bβ (or PPP2R2B)-containing PP2A isoforms having the highest
affinity for MTs (Hiraga and Tamura, 2000; Sontag et al., 1999).
Although the exact domain of interaction of PP2Awith neuronalMTs re-
mains to be determined, PP2A associates withMTs via a domain distinct
from that of tau and MAP2, two major MAPs. Other studies have con-
firmed that both PP2A/Bα and PP2A/Bβ co-sediment with MTs, but
have suggested a potential recruitment of these enzymes to MTs by a
yet unidentified scaffolding protein (Price et al., 1999).

The binding of PP2A to MTs has a dramatic inhibitory effect on its
catalytic activity, so that MT-bound PP2A is maintained in an inactive
state, relative to MT-unbound, cytosolic PP2A (Hiraga and Tamura,
2000; Sontag et al., 1999). The sequestration of inactive PP2A on MTs
could serve to preserve basal levels of Ser/Thr phosphorylation of
major MAPs, such as MAP2 and tau, at the MT level. Those MAPs are
the targets of many Ser/Thr kinases under normal physiological condi-
tions (Reviewed in Martin et al., 2013b; Sanchez et al., 2000). While
PP2A is amajor tau andMAP2 phosphatase, it can only dephosphorylate
these phospho-MAPs when they are not bound to MTs (Sontag et al.,
1999; Sontag et al., 2012).

Interestingly, PP2Awas reported to be the only phosphatasemediat-
ing dephosphorylation of the neuronal phosphorylated βΙΙΙ tubulin iso-
form, which inhibits MAP2-stimulated MT assembly (Khan and
Luduena, 1996). PP2Apreferentially dephosphorylates unassembled tu-
bulin (Sontag et al., 1999). While PP2A can influence MT assembly and
dynamics (see also below), the observation that tubulin assembly de-
creases PP2A activity in vitro suggests that cellular PP2A activity can
also be modulated by MT dynamics. Thus, MT depolymerisation results
in a substantial increase in active cytosolic PP2A pools available for



Fig. 2. The regulated binding of PP2A, PP1 and calcineurin to neuronal microtubules influences the spatial dephosphorylation of tubulin and MAPs. PP2A/Bα and α4/PP2Ac enzymes are
sequestered in an inactive state onMTs. MT depolymerisation releases PP2A (andMAPs), resulting in enhanced dephosphorylation of cytosolic tubulin, tau and otherMAPs likeMAP2 and
MAP1B. Dephosphorylation is likely promoted by the direct association of cytosolic PP2A/Bαwith tau, MAP2 (not shown) and unassembled tubulin. In contrast to PP2A, both calcineurin
and PP1 are anchored toMTs by tau; they have the potential to dephosphorylate both cytosolic andMT-boundMAPs. The calcineurin CNB subunit also binds to tubulin in vitro. For details,
see text.
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dephosphorylating tau (Sontag et al., 1999), MAP2 (Fan et al., 2002),
and other cellular phosphoproteins (Fig. 2).

In addition to “classical” PP2A/Bα holoenzymes, other less abundant
PP2A oligomeric species are also found associatedwithMTs. Indeed, the
atypical PP2A regulatory subunit, α4, which binds to PP2Ac, is tethered
to MTs through formation of a complex with the E3 ubiquitin ligase,
MID1 (Schweiger and Schneider, 2003; Short et al., 2002). Under condi-
tions of cellular stress, cytosolic α4 normally serves to sequester and
stabilize PP2Ac in an inactive form until it can be incorporated into ac-
tive PP2A holoenzymes (Kong et al., 2009). At theMT level, MID1-medi-
ated monoubiquitination can trigger calpain-dependent cleavage ofα4,
resulting in altered stability and targeting of PP2Ac for proteosomal deg-
radation; in turn, the cellular loss of PP2A can induce changes in the
phosphorylation state of tau, a preferred PP2A substrate (Watkins et
al., 2012). Notably, increased α4 cleavage and destabilization of MTs
in AD could contribute to the pathological increase in tau phosphoryla-
tion observed in this disorder; conversely, mutations in MID1 that de-
crease α4 cleavage are associated with MAP hypophosphorylation in
the developmental disorder, Opitz syndrome (Watkins et al., 2012).

Altogether, these findings suggest close structural and functional in-
terrelationships between PP2A, MTs and MAPs.

2.2. PP1 and calcineurin also interact with the microtubule cytoskeleton

There is much less information regarding the association of other
Ser/Thr phosphatases withMTs. The PP1c β isoformwas found to co-lo-
calisewith neuronal MTs, but its associationwith β-tubulin is not direct
(Strack et al., 1999). Indeed, in contrast to PP2A, tau could serve to an-
chor PP1c to MTs (Liao et al., 1998), which likely contributes to the
MT-regulatory function of PP1 (Fig. 2). Others have failed, however, to
identify PP1 in MT co-sedimentation experiments in neuronal cells
(Merrick et al., 1997).

Distribution studies have shown that calcineurin is present in neuro-
nal growth cones, and cell soma and processes, where it is associated
with the neuronal cytoskeleton (Ferreira et al., 1993). In vitro, the CNB
subunit can bind to bovine brain α/β-tubulin, and calcineurin dephos-
phorylates tubulin phosphorylated by calcium-, calmodulin-dependent
protein kinase (Goto et al., 1985; Li and Handschumacher, 2002). Cal-
cineurin is responsible for alterations in the MT cytoskeleton during
changes in synaptic function (Silverman-Gavrila et al., 2013). It also
binds to tau and co-localises with tau on MTs (Yu et al., 2008) (Fig. 2).
Calcineurin is especially well positioned to mediate interactions be-
tweenMTand actin cytoskeletal systemsduringneuritogenesis. Specific
inhibition of calcineurin prevents axonal elongation, affects tau phos-
phorylation state and interferes with the establishment of cell polarity
(Ferreira et al., 1993).
3. PP2A, PP1 and calcineurin also directly bind to selectedMAPs in a
regulated manner

3.1. PP2A/Bα isoforms can directly bind to the major neuronal MAPs, tau
and MAP2

Besides interacting with MTs, we have reported that PP2A can di-
rectly bind to tau and MAP2 (Sontag et al., 1996; Sontag et al., 1999;
Sontag et al., 2012), which sharemany structural and functional similar-
ities (Lewis et al., 1988). The high molecular weight MAP2 isoform is a
major neuronal MAP present in neuronal cell bodies and enriched in
dendrites. It regulates MT and actin cytoskeletal organization, dendritic
morphogenesis and organelle trafficking (Reviewed in Farah and
Leclerc, 2008). In contrast, tau is a primary axonal MAP that plays a
role in regulating neuronal MT dynamics, promoting axonal outgrowth
and regulating axonal trafficking (Reviewed in Wang and Mandelkow,
2016). PP2A/Bα holoenzymes co-purify with and co-sediment with
MAP2 and tau isolated from bovine grey matter and white matter, re-
spectively (Sontag et al., 2012). However, neither MAP can serve as a
scaffolding protein for PP2A on MTs, since PP2A still associates well



Fig. 3. PP2A, PP1 and calcineurin interactwith tau.A. The PP2A/Bα trimeric enzyme interactswith a domain encompassing theMT-binding repeats andupstreamproline-rich region of the
longest adult tau 2N/4R–Tau isoform containing 2 N-terminal inserts (2N) and fourMT-binding repeats (4R). Calcineurin CNA and CNB subunits independently bind to these two separate
regions of tau. PP1 binds to tau via anunknownmotif.B. Two peptideswithin theMT-binding domainmediate the direct interaction of a recombinant tau isoformwith PP2A regulatory Bα
subunit. C. Frontotemporal dementia-associated taumutations (blue) inhibit the interaction of PP2Awith tau. The conserved RTPPKSPmotif present in all tau andMAP2 isoforms is critical
for binding to PP2A. Represented here are the shortest MAP2c and fetal tau isoforms containing only three MT-binding repeats. For details, see text.
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withMTs after their cleavage by subtilisin, which impairs tau andMAP2
binding (Sontag et al., 1999; Sontag et al., 2012).

Studies using purified proteins have shown that PP2A binds to a do-
main encompassing the MT-binding repeats and upstream proline-rich
region of both tau and MAP2 (Fig. 3A); these domains are shared by all
known isoforms of tau and MAP2. Interaction of PP2A with these MAPs
is isoform-dependent, with PP2A/Bα holoenzymes displaying the
highest affinity (Sontag et al., 1996; Sontag et al., 1999; Sontag et al.,
2012). Structural studies have provided further proof for the preferen-
tial interaction of the Bα subunit with tau. Binding studies with recom-
binant proteins have specifically identified two non-overlapping basic
peptide sequences within the MT-binding domain of tau that promote
the interaction of tau with the acidic groove located in the center of
the seven-bladed β propeller of Bα (Xu et al., 2008) (Fig. 3B). In vitro
binding assays with purified native and recombinant proteins have
shown that soluble MAP2 and tau can compete for binding to PP2A/
Bα, suggesting the existence of a common binding domain (Sontag et
al., 2012). Significantly, conserved SH3-binding PXXP proline-rich mo-
tifs in adult and fetal MAP2 and tau isoforms, are also required for opti-
mal PP2A-MAP2 and PP2A-Tau interactions (Fig. 3C); more specifically,
the RTPPKSP sequence in tau and MAP2 is critical for PP2A binding
(Sontag et al., 2012).
PP2A/Bα binds more tightly to adult tau isoforms containing four
MT-binding repeats (4R-Tau), relative to tau isoforms containing three
MT-binding repeats (3R-Tau), including fetal tau (Sontag et al., 1999;
Sontag et al., 2012). Notably, kinases like Fyn that bind to SH3-binding
PXXP proline-rich motifs in MAP2 and tau, can inhibit the interaction
of PP2A/Bα to both the shortest fetal tau and juvenile MAP2c isoforms
in vitro (Sontag et al., 2012). Moreover, disease-associated tau phos-
phorylation in the proline-rich region (Eidenmuller et al., 2000;
Eidenmuller et al., 2001) and frontotemporal dementia-associated tau
mutations (Goedert et al., 2000) inhibit the interaction of tau with
PP2A (Fig. 3C), while increasing its affinity for Fyn (Bhaskar et al.,
2005). Thus, changes in PP2A-tau interactions have the potential to af-
fect tau phosphorylation and function by changing levels of the kinases
associated with tau. Notably, the 230RpTPPKSP236 phosphopeptide con-
taining the phospho-Thr231 residue markedly inhibits PP2A-tau inter-
actions (Sontag et al., 2012). Phosphorylation of tau at Thr231
decreases its affinity for PP2A, and could explainwhy tau phosphorylat-
ed at this site is poorly dephosphorylated by PP2A/Bα (Landrieu et al.,
2011). Importantly, the pseudo-phosphorylation of several Ser/Thr
sites in the proline-rich region (residues 172–251), including Thr231
(Sengupta et al., 1998), can induce the displacement of tau from MTs
and its redistribution to the cytosol. It is also associated with marked
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tau functional deficits, since it impairs tau's ability to promoteMTnucle-
ation and process formation (Eidenmuller et al., 2000; Eidenmuller et
al., 2001). Likewise, phosphorylation of the RTPPKSP motif in MAP2c
at the corresponding Thr residue, which occurs during development
(Zamora-Leon et al., 2001), inhibits its ability to associate with PP2A/
Bα (Sontag et al., 2012).

3.2. PP1 and calcineurin also directly bind to tau

Like PP2A, both PP1 and calcineurin can directly form a complex
with tau. However, the domain responsible for the interaction of tau
with PP1 (Liao et al., 1998) has not yet beenmapped. It has been report-
ed that calcineurin co-localises with tau, and both CNA and CNB sub-
units bind to tau (Fig. 2 and 3A). Interestingly, this calcineurin-tau
protein interaction is inhibited by calmodulin and participates in the
regulation of the dephosphorylation of tau by the phosphatase (Yu et
al., 2008). Using truncation mutants, the authors found that the CNA
subunit interacts with the proline-rich domain of tau, and this interac-
tion involves the calmodulin-binding domain; however, CNA and tau
do not compete significantly for binding to CNB. In contrast, CNB inter-
acts with theMT-binding repeats of tau (Fig. 3A), so that tau cannot an-
chor CNB to MTs, as observed with PP2A. Thus, it is likely that only the
CNA subunit mediates binding of calcineurin to MT-associated tau,
while both CNA and CNB subunits have the potential to interact with
MT-unbound tau. It remains to be establishedwhether the CNB subunit,
which binds to tubulin in vitro (Li and Handschumacher, 2002), directly
anchors calcineurin to assembled MTs in a tau-independent manner.

In any case, in contrast to PP2A enzymes that can only dephosphor-
ylateMT-unbound tau, the reported association of both PP1 and calcine-
urin with MT-associated tau may provide a regulatory mechanism for
the control of tau phosphorylation state at the MT level.

Together, these observations strongly support an important role for
abundant neuronal MAPs as localised scaffolds for major regulatory
signalling molecules. Conversely, the spatial compartmentalization of
active/inactive PP2A, PP1 and calcineurin, which are differentially
regulated by distinct signal transduction pathways, can allow for
complex modulation of MAP-MT interactions and MT assembly.

4. PP2A, PP1 and calcineurin dephosphorylate MAPs, thereby
affecting microtubule assembly

Like most cellular proteins, MAPs are regulated by dynamic and re-
versible phosphorylation events, wherein PP2A, PP1 and calcineurin
play a central regulatory role. In turn, changes inMAPs phosphorylation
state influence cytoskeletal dynamics, as well as other cellular process-
es,which are important formorphogenesis and synaptic plasticity in the
developing and mature brain.

4.1. Tau is dephosphorylated by PP2A, PP1 and calcineurin

The study of tau phosphorylation has been amajor focus of attention
due to its central role in the pathogenesis of tauopathies, such as
Alzheimer disease (AD) (Reviewed in Spillantini andGoedert, 2013). In-
deed, abnormal, excessive phosphorylation of tau has been linked to cy-
toskeletal pathology, synaptotoxicity, impairment in learning and
memory, and eventually neuronal cell death (Reviewed in Wang and
Mandelkow, 2016). Each of the major PPPs have been identified as tau
phosphatases (Goedert et al., 1992; Gong et al., 1994a; Gong et al.,
1994b; Sontag et al., 1996), but PP2A is by far themost significant, con-
tributing to ~71% of total brain tau phosphatase activity (Liu et al.,
2005). Biochemical and structural studies have demonstrated that
PP2A/Bα isoform is the primary neuronal PP2A isoform that mediates
tau dephosphorylation at many phosphoepitopes (Reviewed in Sontag
and Sontag, 2014). The direct PP2A tau phosphatase activity is intimate-
ly linked to its ability to associate with tau (Sontag et al., 1996). Yet,
PP2A can also indirectly regulate tau phosphorylation state by acting
on tau kinases, such as glycogen synthase kinase 3β (GSK3β) (Wang
et al., 2015). Besides PP2A/Bα, other PP2A isoforms can also dephos-
phorylate tau, albeit to a lesser degree (Sontag et al., 1996). They likely
modulate tau phosphorylation through indirect mechanisms, e.g. by
regulating the activity of tau kinases like PP2A/PPP2R5D enzymes
(Louis et al., 2011; Yu et al., 2014), or by affecting PP2A stability like
the α4-PP2Ac complex (Watkins et al., 2012).

Specific inhibition of PP2A/Bα is associatedwith enhanced tau phos-
phorylation, and subsequent inability of tau to bind to and stabilizeMTs
(Sontag et al., 1996). Deregulation of the MT cytoskeleton could in turn
contribute to the inhibition of neurite outgrowth observed following si-
lencing of PP2A/Bα (Sontag et al., 2010). Of note, many physiologically
relevant metabolic alterations, such as starvation (Planel et al., 2001),
hypothermia (El Khoury et al., 2016), diabetes (Papon et al., 2013), es-
trogen deficiency (Zhou et al., 2008) and disturbances of folate and ho-
mocysteinemetabolism (Sontag et al., 2007; Sontag et al., 2008; Sontag
et al., 2014; Yoon et al., 2007; Zhang et al., 2008) can inhibit PP2A,
resulting in increased tau phosphorylation in many animal models. In
addition, specific inhibition of PP2A worsens phospho-tau pathology
in transgenicmice (Deters et al., 2009). There is also a significant down-
regulation of neuronal PP2A/Bα expression levels (Sontag et al., 2004)
and PP2A activity (Gong et al., 1995; Gong et al., 1993; Sontag et al.,
2004) in AD, which correlatewith the accumulation of phospho-tau pa-
thology, cementing the critical role played by this phosphatase in tau
regulation atmultiple epitopes. Manymechanisms have been proposed
to lead to PP2A dysfunction in AD (Reviewed in Sontag and Sontag,
2014).

In contrast to PP2A, PP1 only dephosphorylates few tau
phosphoepitopes, and accounts for ~11% of total brain tau phosphatase
activity (Liu et al., 2005). However, some of these sites are preferentially
dephosphorylated by PP1 (Rahmanet al., 2005). PP1 has the potential to
dephosphorylateMT-bound tau, which could increase the affinity of tau
for MTs. Conversely, axonal PP1 can be activated by pathological fila-
mentous forms of tau, resulting in inhibition of anterograde, kinesin-
based fast axonal transport (Kanaan et al., 2011).

Calcineurin can dephosphorylate tau (Gong et al., 1994c; Goto et al.,
1985) at few sites (Wei et al., 2002), but its activity represents only ~7%
of total brain tau phosphatase activity (Liu et al., 2005). Interestingly,
the tau phosphatase activity of both calcineurin and PP2A is regulated
during brain development (Mawal-Dewan et al., 1994). Deregulation
of calcineurin contributes to abnormal tau hyperphosphorylation in
mouse models of Huntington's disease, an autosomal dominant neuro-
degenerative disorder (Gratuze et al., 2015). In contrast, partial calpain
cleavage of calcineurin has been associatedwith its activation in AD, but
is insufficient to counteract tau hyperphosphorylation in this disorder
(Qian et al., 2011).

4.2. MAP2 is also differentially dephosphorylated by PP2A, PP1 and
calcineurin

Like tau, MAP2 isoforms are also phosphorylated at numerous sites
by a variety of cellular Ser/Thr kinases, and dephosphorylated by Ser/
Thr phosphatases, resulting in modulation of MT organization and sta-
bility (Sanchez et al., 2000). The protein kinase A (PKA)-phosphorylated
Thr-220 phosphosite of the juvenile MAP2c isoform is dephosphorylat-
ed in vitro by CNA N PP2Ac N PP1c; this dephosphorylation regulates nu-
cleation ofMTs and theMTbinding activity ofMAP2 (Alexa et al., 2002).
Calcineurinmay also be involved in dephosphorylation ofMAP2 follow-
ing NMDA receptor activation (Halpain and Greengard, 1990). Howev-
er, other studies have shown that inhibition of PP2A, but not of
calcineurin, induces phosphorylation of MAP2 at multiple sites in rat
brain, impairing its MT binding activity (Gong et al., 2000). Likewise,
phosphorylated sites within the C-terminal proline-rich region of
adult MAP2 are preferentially dephosphorylated in vitro by PP2A and
PP1, but not calcineurin (Sanchez et al., 1996). MAP2 is also the major
MAP dephosphorylated by PP2A in bovine grey matter. As observed
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with tau, PP2A/Bα binds to and dephosphorylatesMAP2more efficient-
ly than PP2A dimers and PP2Ac (Sontag et al., 2012).

In agreement with the hypothesis that MAP2 cannot anchor PP2A to
MTs and can only bind to cytosolic PP2A (Sontag et al., 2012), MAP2 ap-
pears to sequestrate PP2A into the somatic compartment of neuronal
cells. There, it acts as a scaffold for the phosphatase, aswell as for kinases
such as PKA (Dell'Acqua et al., 2006). Distribution studies also indicate
that PP2A most likely associates with and dephosphorylates MAP2 in
neuronal cell bodies rather than in dendrites (Sontag et al., 2012). In-
deed, other phosphatases, such as PP1 α and γ1 isoforms, which are
specifically concentrated at dendrites and regulate synaptic plasticity
(Ouimet et al., 1995), are better positioned than PP2A/Bα to dephos-
phorylate dendritic MAP2. Nevertheless, detachment of PP2A from
MTs leads to activation of PP2A–mediated dephosphorylation of
MAP2. This results in inhibition of dendrite outgrowth (Fan et al.,
2002), suggesting that PP2A does not need to be associated with den-
drites per se to regulate MAP2 function in dendritic morphogenesis.

4.3. MAP1B is also a target of Ser/Thr phosphatases

Like tau and MAP2, MAP1B undergoes phosphorylation-dependent
regulation during neurodevelopment. MAP1B can be phosphorylated
at multiple sites that are conventionally classified into two modes of
phosphorylation, which not only influence its MT binding, but also im-
pact neuronal morphology and maturation. Mode I phosphorylation is
mediated by proline-directed protein kinases and is limited to growing
axons; dephosphorylation of these sites occurs upon neuronmaturation
(Gordon-Weeks et al., 1993; Riederer et al., 1993; Ulloa et al., 1993b).
Mode II phosphorylation of MAP1B is catalysed by casein kinase II and
affects MT binding and neurite outgrowth (Ulloa et al., 1993a). While
PP2A can dephosphorylate both modes of MAP1B phosphorylation,
PP1 dephosphorylates mode II and calcineurin mode I sites only
(Gong et al., 2000; Ortega-Gutierrez et al., 2008; Ulloa et al., 1993b). In-
hibition of PP2A, and to a lesser extent of calcineurin, enhances MAP1B
phosphorylation and inhibit its MT binding activity (Gong et al., 2000).

Together, these studies show that complex protein-protein and en-
zyme-substrate interactions govern the regulation of major neuronal
MAPs, as determinedby a delicate balance between phosphatase and ki-
nase expression levels and activity. In turn, this significantly impactsMT
assembly.

5. PP2A, PP1 and calcineurin and the regulation of microtubule
dynamics

5.1. Inhibition of PP2A and PP1 selectively affect stable microtubules

MTs are the molecular machinery involved in the establishment of
neuronal polarity and cellular transport, and exhibit a dynamically reg-
ulated structure. The most characteristic MT behavior encompasses al-
ternating phases between slow, plus-end growth (“rescue”), rapid
depolymerisation (“catastrophe”), and pausing, referred to as dynamic
instability. There is strong evidence that PP2A and PP1 can modulate
MT dynamics. Stimulation of cells with OA induces a two-fold increase
in the frequency of catastrophe transitions and dramatically eliminates
rescue transitions (Gliksman et al., 1992; Shelden and Wadsworth,
1996). OA also reduces the density of MTs in the vicinity of MT-
organising centres, and induces a three-fold increase in net gain and
loss of polymers at MT plus ends (Shelden and Wadsworth, 1996).

Interestingly, a specific subset of MTs comprised of detyrosinatedα-
tubulin (Glu-MTs) exhibits long turnover rates and increased resistance
to the MT-depolymerising drug, nocodazole (Gundersen and Bulinski,
1988; Khawaja et al., 1988). Like Glu-MTs, MTs comprised of acetylated
α-tubulin are selectively stabilized, in particular under depolymerizing
conditions (Piperno et al., 1987). In contrast, themore dynamic or labile
MTs are composed of tyrosinatedα-tubulin (Tyr-MTs) (Gundersen and
Bulinski, 1988). Significantly, studies in neuronal and nonneuronal cell
types have demonstrated that stable acetylated and Glu-MTs, rather
than Tyr-MTs, are especially vulnerable to OA- or calyculin-A-induced
MT depolymerisation (Gurland and Gundersen, 1993; Merrick et al.,
1997; Yoon et al., 2008). Of note, in these studies, these inhibitors did
not affect tubulin synthesis and turnover, and did not up-regulate any
MT severing activity under the experimental conditions utilised. Short
incubation of cultured neuronal NT2N cells with low concentrations of
OA that preferentially inhibit PP2A, but not PP1, was sufficient to lead
to a significant loss of Glu-MTs. However, the loss of stableMTswas fur-
ther exacerbated when cells were treated with OA and/or calyculin-A
for a prolonged time, or using higher drug concentrations, which result
in concomitant PP1 inhibition (Gurland and Gundersen, 1993; Merrick
et al., 1997; Yoon et al., 2008). Thus, it has been proposed that PP2A is
preferentially involved in the initial step of MT depolymerisation
(Merrick et al., 1997). Accordingly, specific deregulation of cellular
PP2A activity and subunit composition, and silencing of the regulatory
Bα subunit are sufficient to induce a selective breakdown of acetylated
andGlu-MTs; they also enhance the sensitivity ofMTs to nocodazole-in-
duced MT depolymerization in both neuronal and nonneuronal cells
(Nunbhakdi-Craig et al., 2007). These results unambiguously implicate
PP2A in the regulation of MT stability. More specifically, PP2A/Bα holo-
enzymes, which co-purify and are associated with neuronal MTs, are
well positioned to directly influence MT dynamic instability (Hiraga
and Tamura, 2000; Sontag et al., 1995).

The pool of Glu-tubulin is generated through enzymatic removal of
the COOH-terminal tyrosine residue on the tubulinα-chain by an ill-de-
fined tubulin carboxypeptidase. Conversely, a tubulin tyrosine ligase
mediates re-addition of the tyrosine residue on α-tubulin (Barra et al.,
1988). There is ample evidence that these evolutionary conserved cy-
cles of tubulin tyrosination/detyrosination play a critical physiological
role in most eukaryotic cell types; in particular, they are essential for
neuronal organization and neurite extension (Erck et al., 2005). In this
context, it is interesting that, besides markedly reducing Glu-tubulin
levels, PP2A inhibitors (Merrick et al., 1997; Yoon et al., 2008) and spe-
cific deregulation of PP2A (Nunbhakdi-Craig et al., 2007) also increased
Tyr-tubulin levels. Of note, a significant depletion of tubulin carboxy-
peptidase activity has been found in cells treated with inhibitors of
PP2A/PP1, but not other Ser/Thr and Tyr phosphatase inhibitors
(Contin et al., 2003). Such changes could underlie the changes in tubulin
tyrosinated state observed in many studies using PP2A/PP1 inhibitory
drugs.

In agreement with the critical role of MTs in neuronal homeostasis,
OA-mediated loss of Glu-MTs in NT2N neuronal cells correlates with
rapid degeneration of axons, which are enriched in stable MTs
(Merrick et al., 1997).MTs accumulate intensely around somaand prox-
imal neurites in OA-treated neurons, likely as a result of impairment of
MT retrograde transport to distal neurites. Indeed, OA induces the
calpain-dependent cleavage of dynein and dynactin, which are compo-
nents of the dynein-motor complex. In turn, MT transport deficits pro-
mote neurite retraction (Yoon et al., 2008). Breakdown of the MT
cytoskeleton following inhibition of PP1 also induces retraction of
growth cones in NGF-differentiated PC12 cells (Reber and Bouron,
1995).

Altogether, these findings delineate an important functional role for
PP2A and PP1 activities in the regulation of MT stability, while empha-
sizing that the stable and dynamic subsets of MTs are differentially reg-
ulated by protein phosphorylation-dependent mechanisms.

5.2. Indirect regulation of MT dynamics via the regulation of MAPs

As mentioned earlier, dynamic changes in MT organization are also
indirectly influenced by MAPs. Both tau and MAP2 modulate MT dy-
namics (Gamblin et al., 1996; Panda et al., 2003). Recently, structural
studies have revealed that tau binds at the interface between tubulin
α/β heterodimers (Kadavath et al., 2015). Since stable MTs and tau
are both enriched in the axonal compartment, another mechanism by



126 A. Hoffman et al. / Molecular and Cellular Neuroscience 84 (2017) 119–131
which phosphatase inhibitors such as OA could affect MT dynamics
could involve their ability to deregulate tau phosphorylation. Indeed,
treatment of neuronal cells with OA and specific targeting and inhibi-
tion of PP2A both induce the phosphorylation of tau at many epitopes,
and concomitant detachment of tau from MTs (Merrick et al., 1997;
Sontag et al., 1996). PP2A inhibition also inhibits the formation of
nocodazole-resistant, tau-mediated MT bundles (Sontag et al., 1996),
indicating both tau-dependent and-independent roles of PP2A in regu-
lating MT dynamics.

Recent studies strongly suggest that the phosphorylation of tau at
key epitopes, rather than a quantitative “blanket increase” in tau phos-
phorylation, can differentially influence its association with MTs
(Reviewed in Hanger et al., 2009;Wang andMandelkow, 2016). Indeed,
the phosphorylation of the conserved KXGSmotif in both Tau andMAP2
regulates their MT-binding capacity (Drewes et al., 1995; Ozer and
Halpain, 2000). Phosphorylation of Ser262 reduces the affinity of tau
for MTs, rendering MTs more dynamically unstable (Drewes et al.,
1995). Likewise, tau phosphorylation at Ser214 (Schneider et al.,
1999) and Thr231 (Sengupta et al., 1998) in the region flanking the
MTBD of tau, promotes its detachment from MTs. By contrast, tau-MT
interactions are not significantly affected by phosphorylation of other
sites. Notably, the activity of many of the tau/MAP2 protein kinases
that phosphorylate these key MT-binding regulatory sites can be up-
regulated by PP2A/PP1 inhibition, which also prevents tau/MAP2
dephosphorylation (Reviewed in Martin et al., 2013b; Sontag and
Sontag, 2014). Moreover, binding of particular protein kinases could
also modulate tau/MAP2 phosphorylation, in turn altering MT dynam-
ics. For instance, the tyrosine kinase Fyn, which binds to proline-rich
motifs in Tau and MAP2, inhibits the interaction of these MAPs with
PP2A/Bα (Sontag et al., 2012). Not surprisingly, alterations in tau phos-
phorylation due to an imbalance between protein kinases' and phos-
phatases' activities (Reviewed in Martin et al., 2013a; Martin et al.,
2013b) has been linked to neuronal MT disassembly and defects in
kinesin-dependent axonal cargo transport, ultimately leading to synap-
se loss (Reviewed in Wang and Mandelkow, 2016). Interestingly, it has
also been proposed that the abnormal hyperphosphorylated tau in AD
could promote MT disassembly by sequestering normal tau, as well as
MAP2 and MAP1, into filamentous aggregates (Alonso et al., 1996;
Alonso et al., 1994; Alonso et al., 1997).

Besides regulating tau andMAP2, both PP2A and PP1 have also been
involved in the dephosphorylation of doublecortin, an important MAP
involved in MT stabilization and neuronal cell migration (Schaar et al.,
2004; Shmueli et al., 2006). In particular, the PP1-targeting protein,
spinophilin/Neurabin II, promotes PP1γ1-dependent dephosphoryla-
tion of doublecortin, resulting in localised MT bundling, an event
critical for axonal growth (Bielas et al., 2007). Notably, mutations in
doublecortin alter MT dynamics and cause X-linked lissencephaly
(“smooth brain”), a neuronalmigration disorder associatedwith epilep-
sy and mental retardation in humans.

Lastly, MT crosslinking factor 1 (MTCL1), a cytoskeletal crosslinking
protein that interacts with both F-actin and MTs, has recently been
identified as a protein targeted by PP2A in epithelial cells. More specif-
ically, PP2A PPP2R5E (B′ε) regulatory subunit can bind to and stabilize
MTCL1, thereby contributing to MT organization (Hyodo et al., 2016).
Interestingly, MTCL1 has also a function in the developing brain,
where it is essential for axonal outgrowth and dendritic arborisations;
yet, it remains to be established whether MTCL1 is also regulated by
PP2A in neurons.

In conclusion, major Ser/Thr phosphatases are targeted, either di-
rectly or indirectly, to localised cytoskeletal protein scaffolds, where
they modulate the phosphorylation state of MT and MAPS via multi-
modal and intricate mechanisms. There is strong evidence that deregu-
lation of these phosphatases and disruption of these multi-protein
scaffolds has severe consequences on MT cytoskeletal organization
and dynamics, resulting in disturbances in neuronal plasticity and ho-
meostasis. On the other side, MTs could also be viewed as reservoirs of
intracellular phosphatases. Together with MAPs, they may act as plat-
forms to sequestermajor phosphatases and kinases in discrete neuronal
compartments, e.g. cell body, dendrite or axon, allowing for exquisite
control of localised signal transduction and integration.

6. Regulation of neurofilaments by PP2A, PP1 and calcineurin

6.1. PP2A, PP1 and calcineurin co-purify with and/or dephosphorylate
neurofilament proteins

Neurofilaments (NFs) are another predominant constituent of the
cytoskeletal scaffolding underlying the axonal architecture; they make
up more than 60% of total protein in the axoplasm (Brown and Lasek,
1993). NFs act as essential determinants in radial growth of myelinated
axons, which optimises conduction velocity (Hoffman et al., 1987;
Sakaguchi et al., 1993). Furthermore, NFs support neuronal polarisation
through their elastic fibrous properties (Wagner et al., 2007). NFs exist
as heteropolymers and assembles from five intermediate filament pro-
teins, namely NF heavy (NF-H), medium (NF-M), and light (NF-L) poly-
peptides, along with α-internexin in the central nervous system (Yuan
et al., 2006), or peripherin, mostly expressed by neurons of the periph-
eral nervous system (Beaulieu et al., 1999). The amino-terminal rod do-
main promotes intermolecular interactions between NF subunits,
thereby playing an important role in their polymerization into coiled-
coil structures and ultimately, NF protofibrils. Uniquely, N-terminal
domains of NF proteins harbour a MT polymerization inhibitory motif
that binds unassembled tubulin. These flexible NF-MT interactions can
influence MT polymerization and the markedly asymmetric shape of
neurons (Bocquet et al., 2009). Thus, NF-NF and NF-MT interactions
are integral to the formation of the dynamic axonal lattice.

Of particular interest, the C-terminal tail of NF-M and NF-H harbour
highly phosphorylated Lys-Ser-Pro repeats, so that NFs, and especially
NFH, are the most phosphorylated proteins in the nervous system. NF
phosphorylation influences filament calibre, inter-filament interaction,
NF-MT interactions, plasticity, and stability (Pant and Veeranna,
1995). In the axon, phosphorylation of NF-M and NF-H creates linearly
aligned, spaced lattices of NFs, whereas dephosphorylation favours col-
lapsedmeshes in the soma and dendrites (Pant and Veeranna, 1995). In
the normal neuron, NF-H, NF-M, and NF-L are phosphorylated to differ-
ent degrees along theNF length, likely due to the complex regulatory in-
terplay between protein kinases' and phosphatases' activities. PP1
catalytic subunit, and PP2A A, Bα and C subunits have been isolated in
NF fractions purified from white matter (Saito et al., 1995; Strack et
al., 1997) (Fig. 4). They interact with NFs independently of their activi-
ties. PP2A and PP1 contribute ~60% and ~10–20%, respectively, of total
NF subunit phosphatase activity in vitro. Calcineurin has also been in-
volved in dephosphorylation of NFs in vitro (Eyer and Leterrier, 1988),
in depolarised neuronal cultures (Mata et al., 1997), and in the rat
brain (Tanaka et al., 1993).

6.2. Functional significance of NF (de)phosphorylation in neuronal
homeostasis

PP2A-mediated dephosphorylation of NF-L, which is assembly in-
competent, induces its assembly into filamentous forms (Saito et al.,
1995). Thus, by increasing the phosphorylation of NF triplet proteins
and inducing disassembly of NFs, inhibition of PP2Amay also contribute
to axonal degeneration in OA-treated cells.

During their transport along axons, newly synthesisedNF-MandNF-
L specifically undergo a significant turnover of phosphate group. This
dynamic modification may represent a fundamental mechanism to co-
ordinate interactions of NFs with other proteins during their axonal
transport, and their incorporation into the stationary cytoskeleton
along axons (Nixon and Lewis, 1986). Significantly, this process is at-
tributed to C-terminal domain dephosphorylation (Fig. 4). Inhibition
of PP2A/PP1 by OA stimulates a rapid de novo accumulation of



Fig. 4. PP2A- and PP1-dependent regulation of neurofilament architecture. Neurofilaments (NFs) are intermediatefilaments that abundantly occupy axons and constitute the fundamental
axonal cytoskeletal framework. Both PP2A and PP1 can interact with and dephosphorylate NF proteins, and play an essential role in the regulation of anterograde transport of somatic NFs
along axons, which is required for incorporation of NFs into the stationary cytoskeletal lattice supporting axonal calibre and function. Inhibition of PP2A/PP1 activity promotes the
accumulation of phosphorylated NFs in the soma and proximal axon by hindering axonal transport. For details, see text.
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phospho-NFs in somas and proximal axons in situ, and decreases trans-
port rate (Jung and Shea, 1999). Likewise, other studies report aberrant
somatic phosphorylation of NF proteins in response to several PP2A/PP1
inhibitors (OA, microcystin LR and fostriecin), which impedes antero-
grade transport of NF-H into axons of primary cortical neurons
(Rudrabhatla et al., 2009; Wang et al., 2001). Activation of PP1 triggers
the translocation of NFs from the soma into axonal neurites,while direct
PP1 inhibition promotes the accumulation of phospho-NFs and NF bun-
dles in cell bodies (Lee et al., 2014).

Under normal physiological conditions, PP2A activity is high in neu-
ronal cell bodies and phosphorylation of NF occurs selectively in axonal
compartments (Rudrabhatla et al., 2009).Moreover, NF dynamics play a
critical role in the developing andmature brain, and decreased PP2A ac-
tivity has been shown to underlie age-related NF hyperphosphorylation
(Veeranna et al., 2011). Interestingly, decreased NF and tau protein
levels are found in mossy fibers of calcineurin α knockout mice, which
could contribute to their deficits in learning and memory (Kayyali
et al., 1997).
6.3. Functional significance in disease

Cytoskeletal phosphorylation status is also often altered in neurolog-
ical disease. For instance, hyperphosphorylated NF proteins are present
in AD-affected brain regions (Wang et al., 2001), wherein PP2A/Bα
holoenzymes are known to be down-regulated (Sontag et al., 2004).
Furthermore, phosphorylated NFs abnormally accumulate in motor
neurons from patients with amyotropic lateral sclerosis (Munoz et al.,
1988), and this is causally linked to neuronal cell death in transgenic
mouse models of the disease (Williamson et al., 1998). Abnormal up-
regulation of PP2A and PP1 mediating excessive dephosphorylation of
NF proteins has also been observed in amousemodel of Krabbe disease,
a genetic demyelinating syndrome characterised by a deficiency of
large-calibre axons (Cantuti-Castelvetri et al., 2012). This is not surpris-
ing considering that PP2A is a key regulator of cellular signal transduc-
tion pathways and affiliated kinases. For instance, PP2A can positively
regulate GSK3β activity (Wang et al., 2015). This kinase can induce NF
bundling in somas and is essential for facilitatingNF-NF interactions fos-
tering the incorporation of NFs into the stationary phase (Lee et al.,
2014). In contrast to PP2A activity, GSK3β also inhibits axonal transport
of NFs and mediates NF accumulation within somas (Lee et al., 2014).

Together, these findings support a direct and indirect role for PP2A-
and PP1-mediated dephosphorylation of NFs in the regulation of axonal
calibre and NF dynamics.
7. Regulation of the neuronal actin cytoskeleton by PP2A, PP1 and
Calcineurin

Actin filaments are another important constituent of the neuronal
cytoskeleton. Actin within cells exists as globular (G-Actin) or filamen-
tous (F-Actin) forms. Actin polymerization is tightly regulated and
mediates a vast array of processes that are critical for neuronal morpho-
genesis and plasticity (Spence and Soderling, 2015). Actin polymeriza-
tion can be regulated either by uncapping filament barbed ends,
severing filaments, or de novo nucleation. It is well established that
many actin regulatory proteins are regulated by Ser/Thr phosphoryla-
tion/dephosphorylation, and several studies in nonneuronal cells sup-
port an important role for PP2A, PP1 and calcineurin in the regulation
of actin dynamics (see examples below). However, the specific function
of these enzymes in the regulation of the neuronal actin cytoskeleton
remains somewhat sketchy. Yet, it is likely that many actin regulatory
proteins modulated by these phosphatases in nonneuronal cells could
be targeted as well in neurons.

Actin dynamics in the dendritic spine -as well as in many other cel-
lular systems- are largely regulated by Rho-family GTPases, including
RhoA, Rac-1 and Cdc42 (Spence and Soderling, 2015). The Rho-GTPases
regulate the downstream formation of specific actin structures, such as
stress fibers, ruffles, lamellipodia and filopodia. Because of their central
role in signal transduction, a great deal of interest has focused on the
identification of downstream pathways that link these G proteins to
the actin cytoskeleton (Hall, 1998). For instance, RhoA stimulates
ROCK activity, subsequently phosphorylating and activating LIM
domain kinase (LIMK); the loss of LIMK alters spine morphology and
enhances long term potentiation (Meng et al., 2002). The critical target
of LIMK is cofilin, an F-actin severing protein, the phosphorylation of
which inhibits its F-actin disassembly activity (Yang et al., 1998).
Notably, calcium-dependent calcineurin activation has been linked to
enhanced cofilin dephosphorylation, contributing to synaptic dysfunc-
tion and impaired long term potentiation (Tu et al., 2014). PP1 and
PP2A have also been reported to bind to and dephosphorylate cofilin
in nonneuronal cell types, leading to its activation (Ambach et al.,
2000; Oleinik et al., 2010). PP2A is likely involved inmigration of neuro-
nal cells via cofilin-dependent actin depolymerisation (Kilian et al.,
2008). Stimulus-dependent PP1- and calcineurin-mediated cofilin de-
phosphorylation have been implicated in PC12 cell differentiation
(Meberg et al., 1998).

The Rho/ROCK pathway is also important for neurite morphogene-
sis. One of the downstream effector of the Rho/ROCK pathway is the
myristoylated, alanine-rich C kinase substrate protein (MARCKS),



Fig. 5. Targeting of PP2A and PP1 to the actin cytoskeleton. Selected PP2A and PP1 enzymes have been found to be recruited to the F-actin network by specific actin-binding proteins in
dendritic spines. This leads to actin rearrangements that modulate synaptic function and spine morphogenesis. Neuronal PP2A, PP1 and calcineurin also directly regulate F-actin
disassembly by interacting with and/or dephosphorylating F-actin severing factors; they also function in Rho GTPase-mediated signalling that critically regulates F-actin assembly and
branching (not shown). For details, see text.
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which plays a key role in F-actin assembly, neurite outgrowth and den-
drite branching. Notably, PP2A can dephosphorylate MARCKS to pro-
mote bradykinin-induced neurite outgrowth (Tanabe et al., 2012).
Specific deregulation of PP2A is also associated with alterations in the
actin cytoskeletal network in differentiated N2a cells (Sontag et al.,
2010). In Xenopus, calcineurin acts on the growth cone actin cytoskele-
ton; Ca2+waves lead to calcineurin-mediated dephosphorylation of the
actin polymerization factor, GAP43, thereby promoting F-actin instabil-
ity and slowing neurite extension (Lautermilch and Spitzer, 2000). Fur-
thermore, the Rho/ROCK pathway is involved in the regulation of
profilin, which facilitates linear F-actin formation and the inhibition of
axon growth in neurons (Fujita and Yamashita, 2014). OA and knock-
down of PP1c increase profilin phosphorylation in nonneuronal cells
(Shao and Diamond, 2012). While not yet demonstrated, PP1/PP2A
phosphatases may similarly regulate profilin in neurons.

F-actin assembly in neurons is also modulated by Rac1 and Cdc42,
which link extracellular signals and actin nucleation through pathways
involving theWiskott-Aldrich Syndrome Protein (WASP) family of pro-
teins, and the Arp2/3 complex, the actin nucleation machinery. These
regulatory mechanisms are essential for branched F-actin formation,
spine maintenance and functional and morphological alterations to
spines, contributing to plasticity (Kim et al., 2013). Recent findings in
mouse sensory neurons indicate a role for PP2A in interacting with
and dephosphorylating Dock6, a guanine nucleotide exchange factor
that activates Rac1 and Cdc42, thereby critically modulating axon out-
growth during neuronal development (Miyamoto et al., 2013).

Notably, some selected phosphatases are also targeted to the actin
cytoskeleton through their docking to selective actin-binding proteins
(Fig. 5). For instance, PP1 is anchored to F-actin-rich clusters in the post-
synaptic density through its binding to Neurabin I, a neuron-specific
actin-binding protein enriched in dendritic spines. By controlling actin
rearrangement, this protein complex plays a critical role in modulating
the morphology and maturation of spines; its disruption significantly
affects synaptic transmission and hippocampal plasticity (Hu et al.,
2006). Moreover, the PP1-Neurabin I complex promotes the disassem-
bly of actin stress fibers in mouse hippocampal neurons (Oliver et al.,
2002). The actin-binding protein, Neurabin II, also serves to target PP1
and doublecortin to F-actin; this promotes dephosphorylation of
doublecortin, a key regulator of neuronal cellmigration during develop-
ment (Shmueli et al., 2006). Another example is the brain cortactin-
binding protein 2, which targets striatin-containing PP2A isoforms
(Fig. 1B) to actin stress fibers in dendritic spines (Chen et al., 2012).
Cortactin-binding protein 2, which stably resides at dendritic spines, in-
teracts with cortactin, a factor that stabilizes F-actin branching. The
cortactin/cortactin-binding protein 2/PP2A protein complex is thought
to regulate dendritic spine morphogenesis and synaptic signalling
(Chen et al., 2012).

Lastly, many studies have implicated interactions between the actin
and MT cytoskeleton in neurite outgrowth and axon guidance. In this
context, the regulation of tau and MAP2 by Ser/Thr phosphatases
could also indirectly influence actin remodelling. For instance, tau can
indirectly impact actin dynamics through its signalling function
(Sharma et al., 2007). MAP2c has been involved in the reorganization
of lamellipodia during differentiation (Dehmelt et al., 2003), and in F-
actin binding and bundling (Roger et al., 2004). The interaction of
MAP2 with both MTs and F-actin is critical for neurite initiation, during
which networks of MTs and F-actin are reorganized in a coordinated
manner (Dehmelt and Halpain, 2005). Many other MAPs, like
doublecortin and MTCL1, can bind both MTs and F-actin, and are regu-
lated by PP2A and/or PP1.

In conclusion, PP2A, PP1 and calcineurin have clearly emerged as key
regulators of neuronal MT, actin and NF dynamics. However, much re-
mains to be learnt on their precise function in the regulation of the neu-
ronal cytoskeletal architecture and its function in synaptic plasticity.
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