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ABSTRACT 

 

Tauopathies are a class of sporadic neurodegenerative disorders including Alzheimer’s 

disease (AD), Pick’s disease, Corticobasal degeneration and Progressive supranuclear 

palsy, characterized by hyperphosphorylation and aggregation of the microtubule-

associated protein tau in the brain parenchyma. Currently, there are no effective therapies 

for the treatment of tauopathies and the understanding of its pathogenesis is still 

incomplete. Despite in recent years, miRNAs dysregulation has been constantly reported 

in Alzheimer’s disease (AD) and related tauopathies, the fundamental challenge of the 

current research is to understand whether these miRNA changes contribute to the onset and 

progression of these disorders or instead occur as a secondary event to tau pathology. 

Due to the ability of miRNAs to modulate disease-related gene networks, we hypothesized 

that dysregulation of these small molecules promotes abnormal tau phosphorylation and 

aggregation and that the restoration of their normal level of expression represents a 

valuable therapeutic approach for the treatment of these disorders. 

To test our hypothesis, we investigated the temporal and regional specific miRNAs 

expression profile and its association with the onset and/or progression of tau pathology in 

the mouse model that currently, best recapitulates the human condition. In addition, we 

explored the pathophysiological mechanisms regulated by the screened miRNAs in vitro 

and the feasibility of using miRNAs as therapeutic targets for the treatment of tauopathies.  

Compared with age-matched control, we found three specific miRNAs (miR-132-3p, 

miIR-146a-5p, miR-22-3p) significantly upregulated already in the pre-symptomatic stage 

in the hTau mice, and the investigation of their predicted targets highlighted pathways 
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relevant to neuronal survival and synaptic function. In vitro mechanistic studies 

demonstrated that, miR-22-3p promotes increased levels of total soluble, MC1-

conformational change and insoluble tau via dysregulation of the cell cycle and inhibition 

of the autophagy pathway. Moreover, for the first time we report miR-22-3p upregulation 

also in the cortex of Pick’s patients. Finally, we demonstrated that downregulation of 

endogenous miR-22-3p rescued tau phosphorylation and conformational change in the 

hTau mouse model of tauopathy.   

In conclusion, this study provides new clues ino the relationship between miRNAs 

dysregulation and tau protein and highlights the potentially beneficial effect of targeting 

miRNA molecules for the treatment of tauopathies.  
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CHAPTER 1 

MICRORNAS DYSREGULATION IN TAUOPATHIES 

 

Tauopathies: Overview 

Tauopathies belong to a large group of neurodegenerative disorders characterized by 

abnormal phosphorylation and accumulation of toxic misfolded tau protein, also called 

microtubule-associated protein tau (MAPT), in the brain parenchyma [Jadhav S et al. 

2019]. The classical clinical picture of these diseases is defined by progressive loss of 

memory, learning ability (cognition) and motor functions with patients typically 

experiencing the first symptoms around age 60 and progressively worsen over an average 

timeline of 10 years. [Lauretti et al. 2020]. The most common tauopathies are: Alzheimer’s 

disease (AD), Progressive supranuclear palsy (PSP), Corticobasal degeneration (CBD), 

Pick’s disease, and Frontotemporal dementias with parkinsonism-linked to chromosome 

17 (FTDP-17). Tauopathies are mainly sporadic and age represents the strongest risk 

factor. Additional risk factors are: sex, traumatic brain injuty, cardiovascular disease, 

hypertension, and type-2 diabetes [Anstey et al. 2011; Gudala et al. 2013; Ninomiya et al. 

2011; Edward G III et al. 2019].  

Currently, the understanding of the molecular mechanisms leading to tau aggregation and 

neurodegeneration is still incomplete and, despite a major research effort in the tauopathies 

field, there are no effective therapies to cure or delay the progression of these disorders. 

For instance, PSP patients can only benefit from Levodopa, a drug commonly prescribed 

for motor symptoms, for 2-3 years. For AD, the Food and Drugs Administration (FDA) 
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have approved 6 drugs: rivastigmine, galantamine, donepezil, memantine, memantine-

donepezil combined treatment and tacrine. However, these compounds can only 

temporarily mitigate symptoms without successfully stopping progression of the pathology 

[Alzheimer’s Association 2019]. Antidepressants are also conventionally administrated to 

tauopathies patients who experience depression [Altimus C et al. 2018].  

Given the increasing prevalence of these diseases with aging, with more than 5.7 million 

Americans and 50 million people worldwide, today AD and related tauopathies represent 

a significant economic burden for the US healthcare system, a burden projected to escalate 

even more in the next few years [Alzheimer’s Association 2019; Altimus C, 2018]. A 

timely and accurate diagnosis for AD and related tauopathies represents a great challenge 

since the overlapping of clinical phenotypes, particularly in the early stage of the disease 

and lack of disease-specific biomarkers. Analyses of family history, risks factors, cognitive 

and psychological evaluation are the routinely implemented by the physicians to make a 

diagnosis but they are not precise and as a result, many patients go misdiagnosed for years. 

Taking advantage of the different regional distribution of tau inclusions, at the moment, 

neuroimaging such as positron emission tomography (PET) and magnetic resonance 

imaging (MRI), represent the best available tools to discriminate between tauopathies. For 

these reasons, there has been a substantial effort from the scientific community to develop 

sensitive and highly specific tau tracers. However, these tests are quite expensive and not 

universally accessible.  

The great heterogeneity of this neuropathology can be largely brought back to the existence 

of multiple tau alternative splice forms and post-translational modifications 

(phosphorylation, ubiquitination, and acetylation). Generally, tauopathies can be classified 
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as primary (FTDL, PSP, Pick disease and CBD) or secondary (AD, Down’s syndrome) 

depending on whether tau is the predominant lesion or, even if still central to the 

neurodegenerative process, is associated with other pathological features (i.e., Amyloid-

β). Tauopathies can also be grouped based on the ratio of 3R/4R tau found in the filaments. 

Depending on alternative splicing of exon 10, tau protein can display three or four repeat 

domains (3R and 4R, respectively) [Iqbal K et al. 2010]. Mixed 3R and 4R tauopathies are 

AD, Down’s syndrome and a subset of FTDP-17. Prevalence of the 3R isoform of tau is 

observed in Pick disease while CBD, PSP, AGD largely contain 4R tau. The structure of 

tau species and cellular distribution can also be quite different. Notably, in AD, tau lesions 

are mainly composed of paired helical filaments (PHFs) and straight filaments (SFs), while 

other tauopathies are characterized by different molecular conformers [Fitzpatrick AWP et 

al. 2017]. Moreover, in AD tau pathology is restricted to neuronal cells where tau is found 

in its oligomeric form and as NFTs. Pick disease is characterized by the presence of 

rounded cytoplasmic neuronal inclusions, composed of tau straight filaments, called Pick 

bodies and globular oligodendroglial inclusions. PSP and CBD instead, present tau 

accumulation in neurons and glia cells as well as in astrocytes (tufted astrocytes and 

astrocytic plaque, respectively) (Table 1) [Li C et al. 2017].  

Based on post-mortem pathological investigations of tau, these disorders also have a 

specific pattern of tau spreading. In PSP tau pathology is prominent in the brainstem, sub-

thalamic nucleus and dentate nucleus of cerebellum. In CBD, tau inclusions are observed 

through the basal ganglia and brainstem regions while, in Pick’s disease, through limbic 

and neocortical areas [Irwin et al. 2017]. Indeed, in AD, the neuroanatomical pattern of tau 

spreading is well characterized across the 6 Braak stages. In stage I, lesions develop in the 
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trans-entorhinal region to extend only during stage II into the entorhinal cortex and 

hippocampal structures. 

Disease Tau 
isoform 

Neurons Astrocytes Glia Mutations 
associated with tau 
pathological 
subtype 

Alzheimer’s disease 3R + 4R NFTs 
Tau oligomers 

NA NA  

Down syndrome 3R + 4R NFTs NA NA  

Pick disease 3R Pick bodies tufted 
astrocytes 

glial tau 
deposits 

Exon 9: K257T,L266V , 
G272V 
Exon 10: ΔK280 
Exon 11: L315A, 
S320F, P332S 
Exon 12: 
Q336R, Q336H, K369I,  
G342V  
Exon 13: E372G, 
G389R, R406W 
Intron 9: IVS9-15 
Intron 10: IVS10+4 
  

Progressive 
supranuclear palsy 

4R NFTs tufted 
astrocytes 

Coiled 
bodies 

Exon 1: R5L 
Exon 10: S305S, 
S303S, S285R, N279K 
Intron 10: IVS10+16 

Corticobasal 
degeneration 

4R NFTs, 
Neuropil threads 

Astrocytic 
plaques 

Coiled 
bodies 

Exon 10: S305S 
Intron 10: IVS10+16 
Exon 13: N410H 

Globular glial 
tauopathy 

4R NFTs, 
Neuropil threads 

Globular 
inclusions 

Globular 
inclusions 

Exon 1: R5H 
Exon 10: P301L, 
N296H 
IVS10+16 
Exon 11: K317N 

Chronic traumatic 
encephalopathy 

3R + 4R NFTs, 
Neuropil threads 

tufted 
astrocytes 

NA  

Argyrophilic grain 
disease 

4R spindle-
shaped argyrophilic 
grains 

NA Coiled 
bodies 

 

 

Table 1. Classification of Tauopathies. 
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During stage III-IV tau pathology is more severe reaching the adjoining temporal neocortex 

of the occipito-temporal and lingual gyri in the limbic allocortex and adjoining neocortex. 

Finally, in stage V-VI, tau lesions appears also in secondary and primary neocortical areas, 

in the occipital lobe, and extend into the striate area [Braak H et al. 2006].  

Although tauopathies are mainly sporadic, more than 40 mutations on the MAPT gene have 

been identified including missense, intronic and silent mutations and single-codon 

deletions (Table 1) [Li C et al. 2017]. The majority of these mutations affect tau alternative 

splicing of exon 10, thus the abundance of different isoforms of this protein and 

consequently the 3R/4R tau ratio. Other missense mutations affect protein-protein 

interaction and tau ability to bind to the microtubules. Other evidence have shown that a 

wide range of mutants (R5L, K257T, I260V, G272V, ΔK280, P301L, P301S, G335V, 

Q336R, V337M, and R406W) promote formation of tau filaments in vitro in the presence 

of polymerization-inducing agents [Wolfe MS et al. 2009].  

Additional studies revealed also that, although post-mitotic cells are believed to stay in a 

permanent G0 phase, in AD and other tauopathies, degenerating and dying neurons show 

signs of abnormal cell cycle re-entry [Thakur A et al. 2008]. Entry into the cell cycle 

requires transition from G0 to G1/S phase and phosphorylation of the retinoblastoma 

protein (pRB) which persists in this hyper-phosphorylated state until the beginning of the 

mitotic (M) phase of the cycle [Thakur A et al. 2008].  Indeed, high levels of pRB at the 

specific S807 site are frequently observed in the brain of tauopathies patients (PSP, AD, 

Pick’s disease and Parkinson-amyotrophic lateral sclerosis of Guam) and more 

importantly, strictly associated with phosphorylated tau and tangles [Currais A et al. 2009]. 

Interestingly, it seems that in tauopathies, the reactivation of the cell cycle machinery in 
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post-mitotic neurons occurs without a successful completion of the mitotic step leading to 

the death of the defective neurons [Currais A et al. 2009, Stone JG et al. 2011]. For these 

reasons, loss of neuronal cell cycle control is thought to be involved in tau pathogenesis.  

Tau biology 

Tau is a microtubule-associated protein (MAP) predominantly expressed in neurons and 

located in several cellular compartments, including nucleus, cytoplasm, cell membrane, 

axon, dendrite and synapse [Arendt T et al. 2016]. In human, tau is encoded by MAPT gene 

located on chromosome 17. Alternative splicing of exons 2, 3, and 10 generates 6 brain 

isoforms. Inclusion or exclusion of exon 2 and 3 generates tau isoforms which differ by the 

presence of zero, one or two amino-terminal inserts (0N, 1N and 2N). Exon 10 instead, 

encodes the second tau microtubule-binding domain, thus, inclusion or exclusion of exon 

10 results in the presence of either 4 or 3 microtubule-binding repeats (called 4R-tau and 

3R-tau), as depicted in figure 1. Recent studies have shown that, 4R-tau isoforms are more 

efficient at promoting microtubule assembly and have greater microtubule-binding affinity 

than the 3R-tau isoforms but, they also are more likely to aggregate [Honson NS et al. 

2008].  The 3R- and 4R-tau are present in equal amount in the adult human brain. However, 

an imbalance in the 3R/4R ratio has been observed in various tauopathies [Iqbal K et al. 

2010; Liu F et al. 2008]. As a microtubule-associated protein, tau is crucial for microtubule 

assembly, structural stability and dynamics. Moreover, by binding to microtubules and 

actin microfilaments, tau regulates axonal transport, synaptic integrity and activity [Elie A 

et al. 2015]. In addition to its canonical functions, tau nuclear localization and recent 

reports have unveiled novel functions of tau including maintenance of DNA integrity, RNA 
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and ribosome stability, regulation of neuronal activity and neurogenesis [Gao YL et al 

2018; Chang HY et al. 2018].  

 

 

Figure 1. Tau alternative splicing. 

 

Tau post-translational modifications 

Under physiological conditions, tau undergoes several post-translational modifications that 

can significantly affect its function, metabolism and clearance.  

Tau phosphorylation 

The most common form of post-translational modification of tau is phosphorylation. 

Phosphorylation and de-phosphorylation are reversible processes that occur on specific 

sites of a protein surface. Phosphorylation refers to the addition of a phosphate group to 

Serine and Tyrosine (phosphate-accepting amino acid) by enzymes called kinases while 
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de-phosphorylation refers to the removal of that phosphate group by enzymes called 

phosphatases. Adenosine Triphosphate (ATP) and guanosine triphosphate (GTP) are the 

common energy donors that supply the phosphate group. The net activity of these two 

processes determines the phosphorylation state and function of the substrate [Krebs et al. 

1979]. Tau is characterized by a very high content of proline and lysine residues with a 

total of 85 potential phosphorylation sites. In a normal state, there is an average of 2-3 

moles of phosphate per mole of tau while in tauopathies this ratio is increased up to 7-8 [Li 

C et al. 2017]. Several studies have shown that tau affinity for microtubules is affected by 

its phosphorylation status and in particular by phosphorylation at S262, S293, S324 and 

S356, respectively found in tau repeat regions [Mandelkow EM etal. 1995; Martin et al. 

2011]. When phosphorylation is present to such a high degree, tau detaches from the 

microtubules and accumulates in the cytoplasm, increasing the chances of self-aggregation, 

polymerization, mis-sorting and altered transport from axon to terminals and dendrites and 

ultimately leading to neuronal toxicity [Hoover et al. 2010]. Throughout the years we have 

identified several kinases involved in tau phosphorylation including cyclin-dependent 

kinase 5 (CDK5), CDK2, GSK3β, the mitogen-activated protein kinases p38 (p38 MAPK), 

ERK, JUN N-terminal kinase (JNK), Ca2+/calmodulin-dependent protein kinase II 

(CaMKII), AKT, PKA and PKC. On the other hand, tau protein phosphatases include 

protein phosphatase 2A (PP2A), PP2B, PP2C, PP3 and PP5 [Wang JZ et al. 2007]. PP2A 

is considered the major phosphatase and it has been reported to be reduced by 50% in the 

AD brain compared with healthy controls [Chang HY et al. 2018]. 
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Tau acetylation 

The histone acetyltransferase p300 (p300 HAT) and the cAMP-responsive element-

binding protein (CREB)-binding protein seem to be the major enzymes promoting tau 

acetylation. Sirtuin 1 (SIRT1) and histone deacetylase 6 (HDAC6) instead, de-acetylate 

tau. Tau lysine residues have been found highly acetylated in the brain of AD and 

tauopathies patients compared to normal brains [Irwin et al. 2012]. In particular, the 

acetylation of lysine K174 and K280 is an early event in the AD pathological cascade and 

contributes to tau pathology by affecting tau clearance through inhibition of ubiquitin 

binding [Cohen TJ et al. 2011]. Therefore, dysregulation of this process has been linked to 

tau aggregation, mis-sorting and altered neuronal plasticity. Recently, acetylation at 

Lys174 (K174) has been also shown to play a crucial role in tau homeostasis and cognitive 

deficits in a mouse model of tauopathy [Min SW et al. 2015; Min et al. 2018].  

Tau proteolytic cleavage 

A number of studies have shown that tau can be also a substrate for different proteases 

including calpain, cathepsin and several caspases. Specifically, tau can be cleaved at 

Asp421 by caspase 3 and 6, at Asp314 by caspase 2 and at Asp402 and Asp13 by caspase 

6 [Means JC et al. 2016; Zhao X et al. 2016; Guo H et al. 2004; Horowitz PM et al. 2004]. 

Caspase-3 can also modulate tau phosphorylation indirectly by cleavage of the protein 

kinase B (Akt) which in turn regulates the activation of the GSK3β kinase pathway. 

Additionally, tau cleaved at glutamic acid 391 (E391) is also observed in AD pathology, 

as a component of NFTs [McMillan PJ et al. 2011]. Similar to phosphorylation, tau 

truncation inhibits its biological function and promotes tau conformational changes and 

subsequent aggregation. Supporting this concept, a study showed that there is an inverse 
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correlation between the abundance of tau cleavage products and cognitive performance 

[Rissman RM et al. 2004]. Moreover, the E391 peptide promotes tau cellular mis-

localization, phosphorylation and tau conformational change in a transgenic mouse model 

of tau pathology [McMillan PJ et al. 2011]. 

Tau O-GlcNAcylation and N-glycosylation 

Tau protein can also undergo O-GlcNAcylation and N-glycosylation. However, the exact 

role of these post-translational modifications is less investigated and not quite understood. 

Further studies are needed in order to characterize their biological functions and 

pathological implications.  

Tau clearance 

Tau is degraded by both the proteasome and autophagy systems and the preferred 

mechanism adopted by cells seems to be dependent on the nature of tau post-translational 

modifications and level of tau aggregation [Chesser AS et al. 2013]. Soluble, monomeric 

tau interacts with two E3 ligases, the carboxy-terminus of heat shock protein (CHIP) and 

the tumor-necrosis-factor-receptor-associated factor 6, TRAF6, which promote tau 

ubiquitination at Lys254, Lys257, Lys311, Lys317 and Lys48 residues and subsequently 

target tau to the proteasome. Ubiquitinated tau is indeed a component of NFTs [Wang J et 

al 2012] and up-regulation of CHIP or treatment with proteasome activators has been 

shown to reduce accumulation of tau protein in vivo and in vitro [Caccamo A 2010 et al 

2010]. However, the majority of tau from AD is mono-ubiquitinated not poly-ubiquitinated 

which is not a strong signal for degradation thus, some literature hypothesized that 

ubiquitination might alternatively drive tau aggregation [Wang J et al 2012]. One possible 
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explanation for these contradictory results could be that degradation of tau by the 

proteasome depends on the specific ubiquitinated residue and tau conformer. Further 

studies are required to clarify this point.  

On the other hand, clearance of tau by the autophagy machinery is well established. 

Phosphorylated forms of tau, caspase-cleaved-tau and oligomeric tau are selectively 

degraded by the autophagy machinery. Stimulation of autophagy via genetic or 

pharmacological approach decreased total and phosphorylated tau in vitro and in several 

mouse models of the disease. [Caccacamo A et al. 2010; Chesser AS et al. 2013]. Under 

physiological conditions, basal autophagy plays a crucial role in clearing damaged proteins 

and organelles to maintain cellular homeostasis and survival [Metaxakis et al., 2018]. This 

process is particularly important in neurons which relay on quick and efficient protein 

turnover for proper synapse plasticity to occur (Nikoletopoulou and Tavernarakis, 2018). 

A large body of evidence has demonstrated that both tau and aggregated tau are degraded 

through the autophagy pathway (Wang and Mandelkow, 2012; Ji et al., 2017). Inhibition 

of autophagy induces tau to form tangle-like structures and promotes tau aggregation in a 

cell model overexpressing human tau [Wang J et al. 2009; Kruger et al. 2011; Hamano T 

et al. 2008] while its stimulation reduces tau pathology in transgenic mice overexpressing 

tau [Kruger et al. 2011; Hamano T et al. 2008].  

Tau pathophysiology  

Tau exists as a naturally unfolded protein. This particularly flexible state allows this protein 

to adopt different conformations required for binding to numerous partners and suggests 

its involvement in many signaling pathways [Jadhav S et al. 2019]. However, under 

pathological conditions, aberrant post-translational modifications interfere with normal tau 
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function and promote polymerization, fibrillization and ultimately its aggregation finally 

resulting in neurodegeneration [Arendt T et al. 2016]. Although the exact mechanisms by 

which tau starts to accumulate is not known, tau abnormalities occur by steps. Evidence 

suggests that hyper-phosphorylation of tau is an early event which leads to reduced tau 

affinity and binding to the microtubules. Hyperphosphorylation of tau, has also been found 

to induce endoplasmic reticulum stress (ER), fragmentation of Golgi and mitochondria 

dysfunction in vitro and in several tau transgenic mice (JNPL3 P301L and P301S) [Iqbal 

K et al 2009]. Electron microscopy analysis have revealed a particular tau conformation 

not observed in a normal brain (recognized by MC1 monoclonal antibody), where tau 

protein is in a folded structure with the N-term and third microtubule binding domain in 

close proximity [Weaver CL et al. 2000]. This particular tau isomer occurs early in the 

pathology and precedes the formation of PHFs. However, how it is generated it is not 

known. All these early changes in tau promote its self-association into stable nucleus which 

can bind to additional monomers eventually forming non-filamentous and/or filamentous 

aggregates with a β-pleated structure, as for a typical amyloidogenic protein [Oosawa F et 

al. 1975]. Although the last were considered for long time the most toxic species of tau, 

recent evidence have disputed that pre-fibrillar tau oligomers are indeed the one 

responsible for neuronal dysfunction. In fact, memory deficits and cell death occurs prior 

or despite neurofibrillary tau in some transgenic models suggesting that neurofibrillary 

pathology is not required for neurodegeneration [Oddo S et al. 2003; Spires TL et al. 2006; 

Andorfer C et al. 2005; Santacruz K et al. 2005].  

One of the consequences of the formation of tau aggregates is microtubules 

depolymerization and dysfunctional axonal transport. Because of these events, proper 
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synaptic function is compromised and is followed by neuronal death with permanent loss 

of neuronal circuitry crucial for cognition, memory and motor function. For instance, the 

extent of tau pathology strictly correlates with the degree of cognitive impairment in 

patients confirming the central role played by alterations of tau protein. More evidence of 

synaptic impairment in tauopathies are provided by reduced levels of pre- and post- 

synaptic proteins synaptophysin (SYP) and post synaptic protein 95 (PSD95) [Masliah et 

al. 2001], and depletion of brain-derived neurothophic factor (BDNF), a protective 

neurotrophins, and of several neurotransmitters including glutamate and acetylcholine in 

the brain [Connor et al. 1997; Kandimalla et al. 2017].  

Although primarily intracellular, in pathological conditions tau is also released into the 

extracellular space by healthy or dying neurons and is found at significant levels in the 

interstitial fluids of the CNS and in the cerebrospinal fluid (CSF) of tauopathy patients 

[Jadhav S et al. 2019]. The pathogenic tau transfer among neurons seems to occur mainly 

across synapses. For instance, tau spreading has been widely demonstrated in wild type 

and transgenic animal models of AD and primary tauopathies. In these studies, intracranial 

injections of either synthetic tau fibrils or human brain-derived pathological tau reached 

anatomically connected brain regions way distant from the original site of injection 

[Gibbons GS et al. 2019]. Although there are strong data in support of the tau cell-to-cell 

transmission hypothesis, currently, the mechanisms responsible for tau spreading are not 

fully understood. It is believed that one of the possible mechanisms involves exosomes. 

These extracellular vesicles are released upon fusion with the plasma membrane [Fuster-

Matanzo A et al. 2015] and several studies have reported tau secretion via this pathway in 

vitro and in vivo [Wang Y et al. 2017; Asai H et al. 2015]. Indeed, in AD patients, tau from 
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the CSF [Saman S et al. 2012] and from the blood [Fiandaca MS et al. 2015] was found 

associated with exosomes. Alternative proposed secretion mechanism involves chaperone 

complexes [Fontaine SN et al 2016], or members of the Rab GTPases family (Rab7a and 

Rab1a) [Fuster-Matanzo A et al. 2018]. On the other hand, among the potential 

mechanisms for tau uptake clathrin-mediated endocytosis, micropinocytosis, and direct 

membrane fusion have all been considered [Gibbons GS et al. 2019]. 

As discussed earlier, tau clearance mostly relies on autophagy. It is now widely accepted 

that, in tauopathies, this delicate process is dysregulated as shown by build-up of 

autophagosome vesicles and reduction of proteins essential for its initiation in the brain 

parenchyma [Liu J et al. 2019]. Several studies have proved that autophagy disruption in 

neurons results in the accumulation of hyper-phosphorylated tau and in the formation of 

toxic tau oligomers while its induction ameliorates tau pathology and cognitive 

impairment. However, whether or not autophagy is causative, protective or a combination 

of both depending on the different stage of the pathology and the cell type is not clear. In 

fact, tau as a microtubule stabilizing protein, is also known to be involved in the regulation 

of autophagosome retrograde trafficking and fusion with lysosomes thus, tau 

hyperphosphorylation could exacerbate or even provoke autophagy dysfunctions [Liu J et 

al. 2019]. Finally, disturbed autophagy in glia cells should also be taken into consideration 

given the important role played by these cells in cleaning up debris, misfolded proteins and 

dying neurons [Pomilio et al. 2016]. Progressive accumulation of tau protein triggers the 

activation of microglia and astrocytes in a first attempt to clear the microenvironment 

around neurons [Wyss-Coray et al. 2002]. However, after the initial beneficial effect, 

chronic microgliosis results in excessive pro-inflammatory cytokines release and in the 
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activation of inflammatory pathways like Tumor Necrosis Factor-α (TNF-α) which lead to 

further oligomer formation, neural damage and cell death. Inflammation is indeed a 

constant feature in tauopathies where reactive gliosis is observed in the affected brain 

regions and correlates with severity of dementia and neuronal loss [Schuab C et al. 2010; 

Janelsins MC].  

miRNAs biogenesis and functions 

miRNAs are endogenous RNA molecules of 21-23 nucleotides (nt) that regulate gene 

expression at the post-translation level [Huang Y et al. 2013]. They were first discovered 

in the early 1990s when Ambros and collegues found that a repressor of the protein lin-14 

in C. elegans, which they called lin-4, did not display an open reading frame but was 

instead complementary to the 3’-UTR of lin-14 [Lee LC et al. 1993]. The finding that lin-

4 was able to suppress lin-14 expression by binding to its 3’-UTR was unforeseen, and 

revolutionized the entire RNA field and our thinking about RNA function. miRNAs are 

transcribed by RNA polymerase II as single strand RNA primary transcripts (pri-miRNAs). 

These pri-miRNAs are further processed by the Drosha (RNase III enzyme)/DiGeorge 

Syndrome Critical Region 8 (DGCR8) complex in the nucleus leading to the generation of 

a hairpin-shaped precursor miRNA called pre-miRNA. Pre-miRNAs are then actively 

exported to the cytoplasm in a RanGTP-dependent manner by exportin-5 [Huang Y et al. 

2013]. There,  Dicer, another RNase III in association with the RNA binding protein TRBP 

generates the double-stranded 22nt long mature form of miRNAs. In the final step, one 

strand of the miRNA will be recognized by the RNA-silencing complex (RISC) and will 

guide RISC to the 3’UTR of target mRNAs leading to their translational repression or 

mRNA degradation. The passenger strand of the miRNA duplex instead, will be targeted 
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for degradation [Huang Y et al. 2013]. Through this mechanism a single miRNA can 

regulate the translation of a large number of mRNAs and at the same time, one mRNA can 

be under the control of many different miRNAs [Morris KV et al. 2014]. miRNAs are 

abundantly present in the brain where they show region- and temporal-specific expression 

[Sempere LF et al. 2004; Landgraf P et al. 2007]. For instance, miRNA expression profiling 

analysis showed that a subset of miRNAs is expressed specifically in the hippocampus and 

in the cortex of adult mice [Bak et al. 2008]. Moreover, a deeper investigation revealed 

distinct miRNAs expression profiles depending on the neuronal subtypes (glutamatergic 

vs GABAergic neurons) and the cellular compartment (distal axons vs. synaptic fraction). 

Examples of miRNAs enriched in the synapse is include miR-200c, miR-339, miR-322, 

miR-318, miR-29a, miR-7, and miR-137 [Lugli et al. 2008], while miRNAs enriched in 

distal axons are miR-15bm, miR-16, miR204, and miR-221 [Natera-Naranjo O et al. 2010]. 

Thus, it seems pretty clear that miRNAs display a highly specific expression pattern which 

strongly suggests their involvement in precise neuronal functions. In fact, growing 

evidence confirms that miRNAs are master regulators of many biological pathways 

important for normal brain function like brain development, neurogenesis, synaptic 

function, neuronal plasticity, survival, memory and learning [Sempere LF et al. 2004; 

Landgraf P et al. 2007]. Through studies of gain and loss of function we have identified 

several miRNAs important for cortical development including the miR-17-92 cluster, miR-

106a-363 and miR-106b-25 [Suh MR et al. 2004; Ventura A et al. 2008]. The miR-124, 

the most abundant miRNA in the brain, regulates neurogenesis [Makeyev EV et al. 2007] 

and axonal growth of retinal ganglion cells [He Y et al. 2018]. A neuronal specific miRNA, 

miR-9 regulates neural progenitor cell fate and proliferation [Makeyev EV et al. 2007; 
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Radhakrishnan B et al. 2016]. Moreover, the same has also been shown to control axonal 

development and neuronal migration [Dajas-Bailador F et al. 2012; Otaegi G et al. 2011]. 

Beside cells of the neuronal lineage, crucial regulator of astrocyte differentiation are Let-

7b and miR-125 [Shenoy A et al. 2015], while miR-338 and miR-138 are involved in the 

differentiation of oligodendrocytes [Lau P et al. 2008; Douglas-Escobar M et al. 2012]. 

The direct proof of miRNAs regulation of memory and learning comes from neuronal 

specific inducible deletion of Dicer in mice. This mutation was surprisingly found to 

enhance behavioral performance, post-tetanic potentiation (PTP, a form of synaptic 

plasticity) and to change the morphology of dendritic spines and levels of synaptic proteins 

(BDNF and PSD95) [Konopka W et al. 2010]. The miR-132 has been shown to regulate 

dendritic arborization and synaptogenesis. Moreover, transgenic mice overexpressing miR-

132 display impaired novel object recognition [Hansen KF et al. 2010; Edbauer D et al. 

2010]. Other miRNAs implicated in regulation of memory are: miR-128b, which influence 

the formation of fear-extinction memory [Lin Q et al. 2011], miR-124, which is involved 

in sensory motor memory and serotonin-induced synaptic plasticity via CREB signaling 

[Rajasethupathy P et al. 20109], and miR-134, which affects long term memory (LTM) 

targeting CREB mRNA and, thus, causing reduction of BDNF expression [Gao J et al. 

2010].  

Finally, miRNAs have also been involved in neuroinflammation. For example, the 

evolutionary conserved miR-146a is a well-known negative regulator of inflammation 

which acts via inhibition of toll like receptor 4 (TLR4) signaling pathway targeting 

important genes of the innate and adaptive response including: tumor necrosis factor 

(TNF), receptor-associated factor 6 (TRAF6) and interleukin-1 receptor-associated kinase 
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1 (IRAK1) [Taganov KD et al. 2006; Su W et al. 2016]. By contrast, miR-155 exerts both 

pro- and anti- inflammatory properties depending on the context [Su W et al. 2016; Cho 

KHT et al. 2019]. It has been shown that pro-inflammatory microglia display increased 

miR-155 and decreased miR-124 and miR-146a levels and that, the variations of these 

particular miRNAs are required for the transition to a pro-inflammatory state [Su W et al. 

2016]. 

microRNA dysregulation in tau pathologies 

Since their discovery, miRNAs have been implicated in the regulation of molecular 

pathway responsible for neuronal function and survival. Notably, miRNAs have been 

consistently found dysregulated in neurodegenerative disorders attracting the interest of 

the scientific community and opening to two main areas of research: miRNAs as 

biomarkers and miRNAs as therapeutic strategy. As the most prevalent form of tauopathy, 

the great majority of studies have analyzed expression levels of miRNAs in brain, plasma 

and CSF of AD patients [Wang M et al. 2019; Angelucci F et al. 2019] with consequent 

paucity of data when it comes to more rare forms of primary tauopathies like PSP and 

CBD. As mentioned before, currently there are not reliable biomarkers that can be used to 

diagnose tauopathies. miRNAs are present in a relatively stable form in plasma, serum and 

CSF and their measurement is easy and non-invasive. Thus, these small molecules could 

represent an ideal biomarker candidate. According to the literature, the most promising 

AD-related miRNAs to fulfill this purpose include: miR-455-3p, miR-34a-5p and miR-

146a. The miR455-3p is consistently up-regulated in the brain, serum and plasma of AD 

patients [Cosín-Tomás M et al. 2016], while miR-34a-5p and miR-146a are up-regulated 

in the brain but down-regulated in plasma and CSF [Kumar S et al. 2018; Kiko T et al. 
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2014]. Expression of miR-132 was found down-regulated in temporal, parietal, and 

prefrontal lobe of PSP patients compared to controls (n=8) [Smith et al. 2011]. However, 

more recently, Tatura et al. were not able to confirm this observations. From the analysis 

of 372 miRNAs in the forebrains of 40 PSP patients and 40 controls they found instead, 

significant up-regulation of miR-147a and miR-518e. Moreover, as further support of their 

findings, target genes of both miR-147a (ACLY, ALG12, and NF1) and miR-518e (JAZF1, 

CPEB1, and RAP1B) were also reduced in PSP [Tatura R et al. 2016]. With the goal of 

evaluating the potential of miRNAs from the CSF as biomarkers, in another study, only 

one miRNA, miR-106b-5p, was found able to discriminate between PSP and Parkinson’s 

Disease (PD) groups with good clinical accuracy (AUC = 0.88; P < 0.001) [Starhof C et 

al.2018]. Finally, in a very interesting study, serum levels of miR-9, miR-29b, miR-34a, 

miR-146a and miR-125b were investigated for their association with changes in cognition 

and cerebral cortex integrity [Maldonado-Lasuncion I et al. 2019]. These miRNAs were 

selected based on their differential expression in either brain, blood samples or SCF of AD 

patients [Maldonado-Lasuncion I et al. 2019; Geekiyanage H et al. 2012; Schonrock N et 

al. 2012; Galimberti D et al. 201461]. Data from this paper indicate that lower serum 

expression of miR-9, mir-34a, and miR-125b is associated with changes in cognitive 

performance; low miR-9, miR-29b, miR-34a, and miR-125b with cortical thickness and 

low miR-29b, miR-125b, and miR-146a with abnormal cortical glucose metabolism in 99 

normal elderly subjects [Maldonado-Lasuncion I et al. 2019], suggesting that changes in 

AD-related miRNAs can identify different signs of brain aging even in healthy individuals. 

Thus, the authors speculated that these miRNAs might be suitable biomarkers and enable 

prediction of cognitive dysfunction in AD before the appearance of the symptoms. 
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miRNAs as therapeutic strategy in tauopathies 

Given their ability to interfere with the expression of many genes involved in 

neurodegeneration, manipulation of miRNA levels represents a promising therapeutic 

strategy for tauopathies. In fact, depending on the direction of the dysregulation found in 

the pathology, mimics or antagonists can be employed to restore specific miRNAs and their 

targets to their normal level. In vitro and preclinical data in several mouse models of the 

disease provide a strong rational for this approach.  

One of the first paper testing the hypothesis that miRNA loss of function could result in 

disruption of normal tau metabolic pathway used a α-CamKII-Cre conditional Dicer 

knockout (cKO) to generate dramatic changes in miRNA expression levels in the forebrain 

of wild type mice [Hebert SS et al. 2010]. Interestingly, in absence of Dicer, mice displayed 

significant decreased in the size of both cortex and hippocampus but abundant neuronal 

loss only in the CA3/4 of the hippocampus. Moreover, when Dicer was knocked out, a site-

specific [AT8 (Ser202/Thr205), AT180 (Thr231), AT270 (Thr181), AD2/PHF-1 

(Ser396/Ser404), 12E8 (Ser262/Ser356) and S422 (Ser422)] and age-dependent hyper-

phosphorylation of endogenous tau occurred in cortex and hippocampus of the same 

animals. Furthermore, it was demonstrated that tau hyper-phosphorylation was mediated 

by up-regulation of mitogen-activated protein kinase 3 (MAPK3/ERK1) under the control 

of the miR-15 family [Hebert SS et al. 2010].  A similar study by Bilen et al. also showed 

that loss of miRNA function triggers neurodegeneration through induction of tau 

expression in Drosophila [Bilen et al. 2006]. From these initial studies, several miRNAs 

have been extensively investigated to decipher the exact role played by these small 

molecules in the onset of development of these pathologies. In recent years, miRNAs have 
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been linked to neuro-inflammation, apoptosis, neurogenesis and synaptic plasticity but 

only a few have been shown to specifically interfere with tau metabolism [Figure 2]. 

Among them, miR-125 which is up-regulated in AD, promotes tau hyper-phosphorylation 

in neuronal cells via activation of the CDK5/P35 and p44/42-MAPK kinases most likely 

through down-regulation of its target genes: the two phosphatases DUSP6 and PPP1CA 

and the anti-apoptotic factor Bcl-W. In support to these in vitro findings, direct 

hippocampal delivery of miR-125b mimic improved learning and memory, inhibited the 

expression of Bcl-W, DUSP6, and PPP1CA and significantly reduced aberrant tau 

phosphorylation in C57BL/6 wild-type mice [Banzhaf-Strathmann J et al. 2014]. 

Dysregulation of miR-146a has also been consistently reported in AD. Although mostly 

known for its key role in the inflammatory response, miR-146a has been recently shown to 

affect tau phosphorylation. Interestingly, miR-146a suppresses ROCK1, a kinase important 

for phosphorylation and activation of the phosphatase PTEN [Vemula S et al. 2014], thus, 

indirectly promoting tau pathology. Furthermore, miR-146a inhibition in 5xFAD mice 

successfully reduced hyper-phosphorylated tau and rescued memory dysfunction [Wang G  

et al. 2016]. Additionally, miR-138, another miRNA up-regulated in AD, was found to 

induce tau phosphorylation via down-regulation of the RARA/GSK3β pathway in multiple 

in vitro AD models [Wang G.  et al. 2016]. Finally, a very well characterized miRNA 

cluster is the miR-132/212. These miRNAs are found down-regulated in tauopathy patients 

and transgenic models of the disease and have been linked to tau editing and synaptic 

function thus, showing great potential as targets for a disease modifying therapy [Wang M 

et al 2019]. One of the first studies evaluating the role played by miR-132/212 in AD 

pathology was performed in the triple transgenic model of AD, the 3xTg mice.  
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Figure 2. miRNAs implicated in the regulation of Tau metabolism. 

 

Notably, tau was identified as one of miR-132 direct target. In fact, loss of miR-132 

increases levels of total and phosphorylated tau and promoted tau aggregation in 3xTg 

mice. Consistently, restoring miR-132 to normal levels improved tau pathology and long-

term memory in the same mice [Smith PY et al 2015]. In addition to the ability of directly 

bind the 3’UTR of tau mRNA, miR-132 can also inhibit expression of polypyrimidine 

tract-binding protein 2 (PTBP2) leading to tau exon 10 inclusion and imbalance in the 

4R/3R ratio of tau often observed in tauopathies [Smith PY et al. 2011]. A follow up study 

uncovered an additional mechanism underlying the exacerbation of both tau and Aβ 

pathology following down regulation of miR‐132 levels in the hippocampus of APP/PS1 

mice [Salta E et al 2016]. The authors of this paper demonstrated the involvement of 
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Inositol trisphosphate 3‐kinase B (ITPKB) kinase. This kinase, which is up-regulated in 

AD, can induce BACE1 activity leading to Aβ production but also promote tau 

phosphorylation via activation of ERK1/2 [Stygelbout V et al. 2014]. Furthermore, miR-

132 was shown to modulate the PTEN/AKT/FOXO3 signaling in cortical and hippocampal 

primary neurons with important implication in term of neuronal survival [Wong HK et al. 

2013]. Finally, miR-132 can exert neuroprotective properties via regulation of additional 

AD related genes: Rbfox1, GSK3β, EP300, and Calpain 2 confirming the crucial role 

played by miR-132 in these neurodegenerative disorders [El Fatimy R et al. 2018]. Beside 

phosphorylation, few miRNAs have also been examined in relation to their contribution to 

tau clearance. As discussed earlier, acetylation of tau at specific residues is known to 

interfere with its clearance via inhibition of ubiquitin binding thus promoting tau 

aggregation and mis-sorting. Reports suggest that SIRT1 gene is directly inhibited by miR-

9, miR-132/212 and miR-181c [Zhao J et al. 2017]. SIRT1 deficiency enhanced levels of 

acetylated-tau and toxic forms of phospho-tau in primary neurons and in vivo [Min SW et 

al. 2010] suggesting that, dysregulation of miRNAs targeting this enzyme could 

significantly contributes to tau pathology by affecting tau turnover and clearance (Figure 

2).  

In conclusion, the literatures suggest that miRNAs could play a crucial role in controlling 

several aspects of tau-related diseases. However, the exact role and implications of miRNA 

dysregulation in primary tauopathies still need to be fully elucidated. Moreover, which 

miRNA can be considered a good therapeutic candidate for the treatment of these disorders 

requires further and more in depth analysis, in particular in more relevant mouse model of 

human tau pathology.  
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CHAPTER 2 

EXPERIMENTAL HYPOTHESIS AND STUDY AIMS 

 

Tauopathies are a class of neurodegenerative diseases including AD, Pick’s disease, CBD 

and PSP, characterized by progressive loss of memory and cognitive functions. In every 

one of these disorders, the microtubule-associated protein tau is abnormally hyper-

phosphorylated and accumulates as paired helical filaments in the soma and in dendritic 

processes of neurons and glia cells [Jadhav et al. 2019]. Despite intensive research and the 

identification of specific mutations in the human tau gene, the mechanisms governing tau 

pathology in sporadic tauopathies are still unknown and currently there is no cure. Recent 

studies in human and animal models have identified several miRNAs altered in tauopathies 

[Wang M et al. 2019; Angelucci et al. 2019; Lauretti E et al. 2019]. However, all the studies 

are mainly carried out in post-mortem brains and they provide no insights about microRNA 

network changes during the progression of the disease itself. Current research in neuronal 

and animal models of tauopathies suggest that miRNAs are involved in the regulation of 

tau metabolism and could potentially contribute to the pathogenesis of these 

neurodegenerative disorders. However, despite this evidence, whether the abnormal 

expression of these miRNAs is a consequent phenomenon or represents a contributing 

factor to the pathogenesis of these disorders is still not clear. In fact, abnormal expression 

of miRNAs has typically been explored at the later stages of these diseases and 

comprehensive study that examined miRNAs expression profile in distinct brain regions 

and in different stages of tau pathophysiology correlating them with the disease onset and 

progression in a mouse model of pure tauopathy is currently unavailable. Moreover, 
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miRNAs have not been evaluated yet as potential candidates for the treatment of the 

sporadic form of primary tauopathies. Therefore, a deeper understanding of physiological 

and/or pathological role of miRNAs in the development and evolution of tauopathy is of 

great interest in order to develop novel and alternative approaches to halt the pathological 

processes.  

We hypothesize that specific miRNAs by acting as post-transcriptional regulators of gene 

expression target specific tau kinases/phosphatases and/or alternative splicing factors thus 

influencing tau metabolism and promoting abnormal phosphorylation and pathology. We 

believe the proposed research will elucidate the cause-consequence relationships of 

miRNA dysregulation in the pathogenesis of tauopathies. To characterize the region-

specific and age-dependent miRNAs expression profile in the hTau mouse model of 

tauopathies, we analyzed miRNAs levels at 3, 6 and 12 months old (time points 

representing different stages of the pathology evolution in the hTau mice) and in three 

regions of interest: hippocampus, cortex and cerebellum and we correlate miRNA 

alterations with disease onset and progression.  

We hypothesize that treatment of hTau mice with specific anti-miRNAs or miRNA mimics 

will restore tau metabolism and rescue their memory function. The specific goal of this 

study is to determine whether restoring normal expression of a specific miRNA can 

ameliorate tau pathology, synaptic dysfunction and neuroinflammation in the hTau mouse 

model and ultimately to identify potential therapeutic targets for the treatment of 

tauopathies. Animal received 2-week continuous intracerebroventricular delivery of LNA 

control or LNA inhibitors by Alzet osmotic mini pump. Following treatment, animals were 
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tested for miRNAs expression, memory function and brain pathology in the three brain 

regions (Figure 3). To address our hypothesis, we proposed 2 specific aims (Figure 3): 

Aim 1: Characterize the age-dependent and region-specific pattern of expression of 

different miRNAs in the hTau mouse model of tauopathy.   

Sub-aim 1a: Investigate the miRNA profile in a relevant tauopathy mouse model and 

compare it with wild type mice. The expression profile of miRNAs in hTau mice will be 

characterized and compared to WT animals utilizing the Mouse Neurological Development 

& Disease miScript miRNA PCR Array. Data will be validated by qRT-PCR.  

Sub-aim 1b: Determine age-related and disease-related alterations of specific miRNAs in 

the hTau mouse model of tauopathy. Expression profile of miRNAs found dysregulated in 

sub-aim 1a will be analyzed comparing young vs old WT and young vs old hTau by qPCR 

to determine whether the observed changes are age-related or specifically occur in the hTau 

mouse model.  

Sub-aim 1c: Study the relationship between specific miRNA dysregulation profile and the 

age-dependent development of the tauopathy phenotype. WT and hTau animals will be 

assessed for tau pathology, inflammation and memory function in the Y-maze, Morris 

Water Maze and Rotarod tests. 

Aim 2: Determine whether restoring specific miRNA levels rescues tau metabolism 

and memory dysfunction in the hTau mouse model of tauopathy.    

Sub-aim 2a: Establish the mechanisms responsible for the disease-like modification of tau 

dependent on miRNAs expression levels in neuronal cells stably expressing human tau. 

Neuronal cells stably expressing human tau (N2A hTau) will be used to investigate the 
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contribution of miRNAs found dysregulated in aim 1 in the modulation of tau expression, 

phosphorylation, and aggregation. 

Sub-aim 2b: Assess whether downregulation or overexpression of a specific miRNA 

changes tau expression, phosphorylation and aggregation in the hTau mouse model of 

tauopathy. Starting at 12 months of age hTau mice will receive continuous 

intracerebroventricular delivery of LNA control or LNA inhibitors by Alzet osmotic mini 

pump. At the end of the treatment to define whether the specific LNA inhibitor can 

counteract tau aberrant phosphorylation and aggregation, levels of total human tau, 

phosphorylated tau, tau specific kinases and phosphatases, formic acid soluble tau will be 

measured in the brain of the animals by western blot analysis and by 

immunohistochemistry.  

Sub-aim2c: Establish whether downregulation or overexpression of a specific miRNA 

improves synaptic dysfunction and cognitive performance in the hTau mouse model of 

tauopathy. hTau animals will be assessed for memory function utilizing the Y-maze test. 

To assess synaptic function, we will perform electrophysiology experiments on transverse 

hippocampal slices from LNA control and LNA inhibitor hTau mice at 12 months of age.  

Rationale for mouse model of choice: 

In the past years, a great variety of transgenic mice expressing mutant human tau transgenes 

have been generated as models for familial tauopathies [Koechling T et al. 2010]. The 

majority of them rely on the insertion of the mutated human tau gene in the presence of the 

endogenous murine MAPT, which is known to differ from human tau in regard to its 

isoforms. In fact, the adult mouse brain only contains the 4R tau isoforms, while both the 
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3R (3R0N, 3R1N and 3R2N), and 4R (4R0N, 4R1N and 4R2N) isoforms are equally 

present in normal adult human brain. Moreover, often these model systems carry only one 

of the six human isoforms of tau protein altering the ratio of mouse/human tau isoforms 

and limiting the comparison and translation of related findings between different models 

but also in relation to the human condition [Lee VMY et al 2005]. For instance, the Tau 

P301S mouse line is characterized by overexpression of the 4R1N isoform of tau bearing 

the MAPT (P301S) mutation under the mouse PRNP promoter [Yoshiyama et al. 2007]. 

The rTg4510 mice instead, express 4R0N human tau with the P301L mutation associated 

with the tetracycline-controlled transactivator protein (tTA) under the control of the 

forebrain-specific calcium/calmodulin-dependent kinase II promoter [Ramsden M et al. 

2005]. Both models develop age-dependent tau hyper-phosphorylation, tau deposition 

(mostly in cortex and hippocampus), cognitive dysfunction, synaptic pathology and 

neuroinflammation. However, for all the reasons listed above, these models are less 

valuable for the study of sporadic tauopathies, which represent the majority of the cases. 

By contrast, the hTau mouse model, seems to better recapitulates the human tau pathology. 

The peculiarity of this model consists in the expression of all six alternately spliced forms 

of normal human tau in absence of the endogenous mouse MAPT. The hTau mice display 

an age-related accumulation of phosphorylated tau and show memory and cognitive 

impairment together with reduced basal synaptic transmission and induction of long-term 

potentiation (LTP) in hippocampal CA1 region [Polydoro N et al. 2009]. The only 

limitation of the present model is overexpression of the MAPT gene which is not usually 

observed in the human pathology. However, despite such limitations, currently the hTau 
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represents the best model available to study the cognitive decline and brain pathology 

typical of sporadic tauopathies. 

 

 

Figure 3: Experimental approach and specific aims tested in the current study. 
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CHAPTER 3 

EXPERIMENTAL METHODS AND MATERIALS UTILIZED IN THE STUDY 

 

Animals 

All animal procedures were approved by the Institutional Animal Care and Usage 

Committee, in accordance with the US National Institutes of Health guidelines. Wild-type 

C57BL/6J and the hTau mice expressing all six human tau isoforms in absence of 

endogenous mouse tau were used in this study [Polydoro et al. 2010]. Animals were kept 

in a pathogen-free environment, on a 12-h light/dark cycle and fed a normal chow and 

water ad libitum throughout the study. 

Surgical Procedure 

For intracerebroventricular (i.c.v.) delivery of miRCURY LNA scramble and miR-22-3p 

inhibitor FAM labeled (QIAGEN, Germantown, MD, USA), Alzet pumps (Model 1002, 

Alzet, Cupertino, CA) were filled with the indicated compounds (100 μl, 10μg/day/animal) 

and implanted using the following stereotaxic coordinates: frontal pole (F-P), 0.5 mm; 

medio-lateral (M-L), 1.0 mm; dorso-ventral (D-V), 2.7-3.0 mm as previously described 

[Lauretti et al. 2015]. Prior surgical procedure, mini-osmotic pumps were primed in 

isotonic saline at 37º C for 48h. Mini-osmotic pumps were implanted subcutaneously and 

attached via polyethylene tubing to a cannula inserted into the lateral ventricle. This 

osmotic pump has an infusion rate of 0.25 mL/h and a 14-day pumping capacity. After 2 

weeks of infusion, animals were sacrificed, the brain removed and dissected for 

biochemistry analysis.  
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Cognitive behavioral tests 

Wild-type C57BL/6J and the hTau mice underwent behavioral testing at 3, 6 and 12 months 

of age. All the animals were handled for at least 3–4 consecutive days before testing and 

all tests were conducted by an experimenter blind to the conditions. The following 

behavioral tests were implemented as previously described [Lauretti E et al. 2019]  

Y-maze 

Testing was always performed in the same room and at the same time to ensure 

environmental consistency. After introduction to the center of the Y-maze, the animals 

freely explored the three arms for 5 minutes and the sequence and total number of arms 

entered was video-recorded to calculate number of entries and percentage of alternation. 

An alternation was defined as three subsequent entries in three different arms (i.e. 1, 2, 3 

or 2, 3, 1, etc.). The percentage alternation score was calculated as: (Total alternation 

number/total number of entries-2)*100.  

Morris Water Maze 

The Morris Water Maze (MWM) test was conducted in a white circular plastic tank filled 

with opaque water. As previously described [Lauretti et al. 2017], mice were given four 

daily trials for five consecutive days. Starting each time from a different position, mice 

were trained to reach the hidden platform within 20 seconds (escape latency) for 5 days. 

On the fifth day, after 5 hours from the last training session, during the probe, mice were 

allowed to swim in the pool without the platform for 180 seconds, and the number of entries 

in the platform zone, the latency to reach the platform and the swimming speed were 

recorded [Lauretti et al. 2017]. 
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Rotarod test 

A Rotarod instrument with automatic timers and falling sensors (Omnitech Electronics, 

Columbus, OH, USA) was used. As previously described [Lauretti et al. 2017b], Rotarod 

testing was performed on 4 consecutive days. Mice underwent 6 trials per day and the 

maximal length of observation time for each trial was 90 s. During the training phase (days 

1–3), the speed of the rotation was increased gradually from zero to 15 r.p.m. during the 

first 15 s and held constant at that rate for the rest of the trial (75 s). For the test day on day 

4, the speed of rotation was accelerated gradually (1 m s−1) from zero to 90 r.p.m. during 

the 90 s of the duration of the test. 

Euthanasia and brain dissection  

As previously described [Lauretti et al. 2017], after behavioral tests, 12 months old wild-

type C57BL/6J and hTau mice were euthanized and organs harvested after intraventricular 

perfusion with ice-cold PBS buffer, Ethylenediaminetetraacetic acid (EDTA) and 

phosphatase inhibitor cocktail. Tissue collection for RNA and western blot analysis: brain 

was harvested dissected in brain cortex, hippocampus, cerebellum and midbrain. Tissues 

were stored at -80 ͦ C. Tissue collection for immunohistochemistry: half brain was perfused 

with ice-cold PBS buffer, harvested and fixed overnight in 4% paraformaldehyde. Serial 

6‐μm thick coronal sections were mounted on 3‐aminopropyl triethoxysilane‐coated slides. 

Tissue preparation and cryopreservation with sucrose for frozen tissue sections: whole 

brain was perfused with ice-cold PBS buffer followed by 4% paraformaldehyde, harvested 

and fixed overnight in 4% paraformaldehyde. Brain was then store at 4°C in a 30% sucrose 

until tissue sank. Tissue was embedded in Tissue Tek stored at -20°C in a 30% sucrose 
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solution. Serial horizontal sections 40 μm thick were cut on a freezing sliding microtome 

(Leica CM1950 cryostat, Leica Biosystem).   

miRNAs extraction  

miRNAs from mice brain tissues were extracted and purified using the miRNeasy mini-kit 

(Qiagen, Germantown, MD) following manufacturer’s instructions. RNA quality and 

concentration were always assessed by using a Nanodrop 2000 spectrophotometer (Thermo 

Fisher Scientific, Waltham, MA).  

cDNA synthesis and miScript miRNA PCR Array  

250 ng of total RNA was used to synthesize cDNA in a 20 μl reaction using miScript 

HiSpec buffer supplied with the miScript II RT Kit for reverse transcriptase-PCR (Super 

Array Bioscience). The prepared cDNA was used to perform the miScript miRNA PCR 

Array Mouse Neurological Development & Disease (Qiagen, Hilden, Germany) using the 

miScript SYBER Green PCR kit (Qiagen, Hilden, Germany). Data were analyzed using 

the 2−ΔΔCt method and the miScript miRNA PCR Array Data Analysis Tool. 

cDNA synthesis and validation of miRNAs expression using qRT-PCR 

8 ng of total RNA was used to synthesize cDNA in a 15 μl reaction using TaqMan  

MicroRNA reverse transcription kit following manufacturer’s instructions (Applied 

Biosystems, Foster City, CA) and specific TaqMan primers for miRNA-22-3p, 132-3p, 

146a-5p and 455-5p (#000398, #000457, #000468 and #001280, Thermo Fisher Scientific, 

Waltham, MA). Quantitative real-time RT-PCR reaction mix was prepared using TaqMan 

Universal PCR master mix II and TaqMan primers for miRNA-22-3p, 132-3p, 146a-5p 

and 455-5p (#000398, #000457, #000468 and #001280, Thermo Fisher Scientific, 
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Waltham, MA). U6 snRNA was used as an internal control gene to normalize for the 

amount of miRNAs. Each sample was run in triplicate, and analysis of relative gene 

expression was done by using the 2−ΔΔCt method [Livak KJ et al. 2001]. 

mRNA expression analysis 

Extracted RNA samples were converted to cDNA utilizing RT2 First Strand Kit (Qiagen, 

Germany) according to manufacturer instructions. Genes expression was measured by 

SYBR-green qPCR technology using RT2 qPCR primer assay (Qiagen, Germany) 

according to manufacturer specification with Applied Biosystems Step One Plus rt-PCR 

system. The following commercially available primers were used: MAPT human (cat 

#PPH05972F), P21 (cat #Mm04205640_g1), P62 (cat #PPM28731F) and LC3B (cat 

#PPM27261A-200). Mouse GAPDH (cat #Mm00521988_m1) was used as housekeeping 

control gene.  

miRNAs pathway analysis 

miR-22-3p, miR-132-3p and miR-146a-5p target genes were identified using miRBase and 

TargetScan. Enrichment analysis was performed using Ingenuity Pathway Analysis (IPA). 

Protein samples preparation 

Immunoblot analyses were performed as previously described [Lauretti et al. 2017]. 

Briefly, proteins were extracted in enzyme immunoassay precipitation buffer containing 

250 mM Tris base, 750 mM NaCl, 5% NP-40, 25 mM EDTA, 2.5% sodium deoxycholate, 

0.5% sodium dodecyl sulfate and an EDTA-free protease and phosphatase inhibitors 

cocktail tablet (Roche Applied Science, Indianapolis, IN, USA), sonicated, centrifuged at 

45 000 r.p.m. for 45 min at 4 °C, and supernatants used for immunoblot analysis. Total 
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protein concentration was determined by using BCA Protein Assay Kit (Pierce, Rockford, 

IL, USA). Samples were electrophoretically separated using 10% Bis–Tris gels or 3–8% 

Tris–acetate gel (Bio-Rad, Richmond, CA, USA), according to the molecular weight of the 

target molecule, and then transferred onto nitrocellulose membranes (Bio-Rad). Signals 

were developed with Odyssey Infrared Imaging Systems (LI-COR Bioscience). For 

detection of insoluble tau, brain homogenates were sequentially extracted in formic acid 

(FA), as previously described [Lauretti et al. 2017]. Actin and GAPDH were always used 

as internal loading control. Primary antibody used I this study are summarized in Table 2. 

Pellets were resuspended in 30 to 60 ul of 70 % formic acid and neutralized in 6N NaOH 

to analyze RIPA insoluble (formic acid soluble) tau protein fraction by western blot.  

Immunohistochemistry on paraffin embedded sections 

Immunostaining was performed as reported previously [Lauretti et al. 2017]. Serial 6‐μm 

thick coronal sections were deparaffinized, hydrated, rinsed with PBS, and pretreated with 

citric acid for 5 minutes for antigen retrieval, then with 3% H2O2 in methanol for 30 

minutes to eliminate endogenous peroxidase activity in the tissue and with blocking 

solution (5% normal serum in Tris buffer, pH 7.6). Subsequently, sections were incubated 

overnight at 4 °C with primary antibody for total tau (HT‐7), phospho‐tau (PHF‐13, AT8, 

AT180, AT270), microglia (Iba1), astrocytes (GFAP) and pRB(S807). The following day, 

sections were incubated with biotinylated anti‐mouse immunoglobulin G (Vector 

Laboratories, Burlingame, CA) and then developed by using the avidin–biotin complex 

method (Vector Laboratories) with 3,3′‐diaminobenzidine as a chromogen or with 

secondary Alexa Fluor 488-conjugated antibody. Primary antibodies used are summarized 

in Table 2.  
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Immunofluorescence on frozen sections 

Free floating sections were washed in PBS(1X), blocked in 5% normal serum for 2h at RT 

and incubated overnight at 4 °C with primary antibody for NeuN, GFAP and CD45. The 

following day, sections were incubated for 1 h at RT with secondary Alexa Fluor 488-, 

560-, 680-conjugated antibody. Sections were then stained with DAPI, washed with PBS 

and subsequently held at 4 °C in the dark until imaging. Primary antibodies used are 

summarized in Table 2. Consecutives sections were incubated in the absence of primary 

antibodies to ensure specificity of staining. 

Long-term potentiation electrophysiology on hippocampal slices 

Slice preparation 

Mice from both groups were anesthetized with isoflurane and quickly decapitated, next 

brains were removed and hippocampi quickly dissected, placed in a tissue slicer (Stoelting 

Co. IL, USA), and 400 micron hippocampal sections cut. Slices were transferred into an 

incubation chamber filled with artificial cerebrospinal fluid (aCSF) of the following 

composition (in mM): 124 NaCl, 3 KCl, 2 MgCl2, 1.25 NaH2PO4, 2.5 CaCl2, 26 

NaHCO3, 10 dextrose, and pH 7.4 adjusted with continuous bubbling of 95%O2/5%CO2 

gas mixture. Slices were allowed to stay in the incubation chamber at least for 2 hr for 

recovery and then transferred to the experimental chamber for field potential recordings. 

Hippocampal slices from both male and female were used. 

Field potential recordings 

Hippocampal slices were transferred to the submerged experimental chamber and 

continuously perfused with bubbled aCSF. All recordings were done at a temperature of 
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30–31°C controlled with PTC03 Temperature Controller (Scientific Systems Design Inc, 

USA). Field excitatory postsynaptic potentials (fEPSPs) were evoked by stimulation of 

Schaffer collaterals of hippocampus with 0.2 msec bi‐physic electrical pulse by 

platinum/iridium bipolar electrode (FHC, USA) connected to isolated pulse stimulator 

MODEL 2100 (A‐M systems, USA). Registration of fEPSPs was done in the stratum 

radiatum of CA1 area of hippocampus with a borosilicate glass electrode of 1.5–2 mOhm 

resistance pulled with PIP6 pipette puller (HEKA, USA) and filled with aCSF. The 

recording electrode was connected to a headstage of IE‐210 amplifier (Warner, USA). 

Recorded fEPSPs were filtered with LPF 202A low pass Bessel filter (Warner, USA) and 

digitized with Axon Digidata 1550b (Molecular Devices, USA). All data acquisition was 

done with Clampex 10.7 software from PClamp 10.7 software suit (Molecular Devices, 

USA) In order to study basal synaptic activity, the hippocampal slice was stimulated with 

current pulses of a different intensity and constant increment at 20 s inter‐pulse interval. 

Input–output curve was built as value of fEPSP slope vs amount of injected current. Next, 

short‐term and long‐term plasticity (STP and LTP) were assessed at intensity of stimulation 

needed to elicit fEPSP at 1/3 of a maximal response which was selected based on input–

output curve analysis. STP was assessed with time dependency of paired‐pulse facilitation 

protocol. For this paired current pulses at different inter‐pulse intervals were used to elicit 

paired fEPSPs. Then ratio of fEPSP slope at pulse 2 to fEPSP slope at pulse 1 was built 

over respective inter‐pulse‐interval time points. In order to induce LTP, high‐frequency 

stimulation protocol was used. Before LTP induction, the baseline response to continuous 

stimulation was recorded for 20 min. Then, three consecutive tetanic pulses of 100 Hz and 

1‐s duration at 60‐s inter‐pulse interval were applied in order to induce LTP. Values of 



38 

fEPSP slope after LTP induction were normalized to the values of fEPSP slope at the 

baseline. All the data analysis for fEPSP slope assessment was performed by using the 

Clampfit 10.7 software from PClamp 10.7 software suit (Molecular Devices, USA). 

Human Samples 

Frozen human postmortem frontal cortex brain tissues were obtained from patients with a 

clinical diagnosis of Pick’s disease (3 females and 7 males) along with normal age-matched 

controls (3 females and 6 males). Tissue samples were provided by the NIH NeuroBioBank 

with informed consent under approval by the appropriate institutional review board at each 

of the following brain banks: UCLA Brain Bank (WLA VA Medical Center), University 

of Maryland Brain and Tissue Bank, and Harvard Brain Tissue Resource Center (HBTRC). 

Information regarding tissue donor neuropathological criteria including age, sex, and post-

mortem interval (PMI) is described in Table 3. Post-mortem diagnostic evaluation was 

performed in accordance with standard histopathological criteria. 

In vitro experiments 

MicroRNAs overexpression 

Neuro-2 A neuroblastoma cells stably expressing human tau (N2A-hTau) were cultured in 

Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum, 100 

U/mL streptomycin (Cellgro, VA) and 100 mg/mL Hygromycin B (Invitrogen, CA) at 37ºC 

in the presence of 5% CO2. Cells were plated in 6 well plate and treated with scramble Cy3 

labelled miRNA Negative Control Ambion (Thermo Fisher Scientific, MA), 100 nM miR-

22-3p mimic (Thermo Fisher Scientific, MA) or 100 nM miR-146a-5p mimic (Thermo 

Fisher Scientific, MA) or 100 nM miR-132-5p mimic (Thermo Fisher Scientific, MA). 
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Lipofectamine RNAiMAX (Thermo Fisher Scientific, MA) was used as transfection agent. 

Cells were harvested 24, 48 and 72 hours later for analysis of miR-22-3p, miR-146a-5p, 

miR-132-3p respectively, and protein lysate were assayed for Western blot analysis to 

measure levels of predicted miRNA targets and levels of total soluble tau, phospho-tau and 

insoluble tau.  

Induction of Neuronal Differentiation of N2A htau cells 

Neuro-2 A neuroblastoma cells stably expressing human tau (N2A-hTau) were plated in 6 

well plate and cultured in Dulbecco’s modified Eagle medium supplemented with 1% fetal 

bovine serum, 100 U/mL streptomycin (Cellgro, VA) and 100 mg/mL Hygromycin B 

(Invitrogen, CA) at 37ºC in the presence of 5% CO2. NeuN expression and morphological 

criteria were used to evaluate neuronal differentiation on N2A cells cultured in 6-well 

plates. Morphological changes neurite outgrowth (dendrites and/or axons) were evaluated 

at day 0, 5 and 10 of culture in DMEM (1% FBS) and 48h post transfection with scramble 

and miR-22-3p mimic (100nM). Cells were observed by phase contrast microscopy 

utilizing the EVOS M5000 Imaging System at a 40× magnification.   

Insoluble tau 

For detection of insoluble tau, RIPA samples were sequentially extracted in formic acid 

(FA), as previously described [Lauretti et al. 2017]. Insoluble tau was immunoblotted with 

the HT‐7 antibody. Actin was used as an internal loading control.  
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Bafilomycin treatment 

For the study of the autophagy signaling, N2A-hTau cells were cultured in Dulbecco’s 

modified Eagle medium supplemented with 10% fetal bovine serum, 100 U/mL 

streptomycin (Cellgro, VA) and 100 mg/mL Hygromycin B (Invitrogen, CA) at 37ºC in 

the presence of 5% CO2. Cells were plated in 6 well plate and treated with Lipofectamine 

RNAiMAX Transfection Reagent, scramble Cy3 labelled miRNA Negative Control and 

100 nM miR-22-3p mimic in the absence or presence of 100 nM bafilomycin A1 4 hours 

prior collection (B1793; Sigma). Cells were collected 12, 24 and 48 h after transfection 

and protein was subsequently analyzed by immunoblotting. 

LC3B Immunofluorescence 

As previously described [Vagnozzi A et al. 2019], N2A-hTau cells were plated on 

Matrigel-coated 4-well chamber slide (#PEZGS416, Millicel EZ slide, Millipore) and 

grown to 60% confluence prior scramble Cy3 labelled miRNA Negative Control and 100 

nM miR-22-3p mimic transfection in the absence or presence of 50 nM bafilomycin A1 

added 4 hours before collection (B1793; Sigma). After a 12 h incubation, cells were washed 

with PBS and fixed in 4% paraformaldehyde for 20 min at RT. Cells were washed several 

times with PBS, permeabilized with 0.2% Triton X-100 in PBS and incubated in blocking 

solution (5% normal donkey serum in PBS) for 1 h at RT followed by an O/N incubation 

at 4 °C with a primary antibody prepared in 2% blocking solution in PBS against LC3B 

(1:250, Abcam). The following day, cells were incubated for 1 h at RT with secondary 

Alexa Fluor 568-conjugated antibody. Cells were then stained with DAPI, washed with 

PBS and subsequently held at 4 °C in the dark until imaging.  
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Immunofluorescence staining on differentiated N2A hTau 

N2A-hTau cells were plated on Matrigel-coated 4-well chamber slide (#PEZGS416, 

Millicel EZ slide, Millipore) and differentiated in reduced FBS (1%) DMEM media prior 

scramble Cy3 labelled miRNA Negative Control and miR-22-3p mimic transfection 

(100nM). After 48h incubation, cells were washed with PBS, fixed in 4% 

paraformaldehyde and processed as described above. Cells were incubated at 4 °C with a 

primary antibody against pRB (S807). The following day, cells were incubated for 1 h at 

RT with secondary Alexa Fluor 488-conjugated antibody. Cells were then stained with 

DAPI, washed with PBS and subsequently held at 4 °C in the dark until imaging.  

SIRT1 overexpression  

Neuro-2 hTau were plated in 6 well plate and treated with vehicle or 2 μg/well mouse-

SIRT1 plasmid  (Addgene, Cambridge, MA, USA). Lipofectamine 2000 (Thermo Fisher 

Scientific, MA, USA) was used as transfection agent. Cells were harvested 48 hours later 

and processed for protein and RNA extraction.  

Gymnotic LNA delivery 

For gymnotic LNA delivery using N2A-hTau cells, 1 × 104 cells per well (six-well plate) 

were cultured and maintained in Dulbecco’s modified Eagle medium supplemented with 

10% fetal bovine serum, 100 U/mL streptomycin (Cellgro, VA) and 100 mg/mL 

Hygromycin B (Invitrogen, CA) at 37ºC in the presence of 5% CO2. 5’ FAM labeled CTR 

and miR22 LNAs were then added to the cell culture medium (500nM) and the cells were 

incubated for 24 h, 48 h and 72h. 
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Confocal microscopy 

For LC3B imaging Nikon Eclipse T1 confocal microscope (Nikon Inc; Mellvile, NY) at 

100X magnification was used for image acquisition. For LNA/pRB and LC3B imaging 

Nikon Eclipse Ti2 (Nikon Inc; Mellvile, NY) at 60X magnification was used for image 

acquisition.  

Cell viability assay 

After miR-22-3p transfection, cell viability was assessed using the 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay following the 

manufactures directions. Briefly, cells were plated into 96-well plates at a density of 2×103 

cells/well and transfected with vehicle, scramble miRNA Negative Control and miR-22-

3p mimic. After 44h hours, 20 µl of MTT (Sigma, St. Louis, MO, USA) was added into 

each well and incubated for another 4 h at 37°C. Then, 150 µl dimethylsulfoxide (DMSO; 

Sigma) was added to the plates. Following 10 minutes incubation, absorbance was 

measured at 570 nm (OD570) with a 680 microplate enzyme-linked immunosorbent assay 

(ELISA) reader (Bio-Rad Laboratories, Inc., Hemel Hempstead, UK). 

Subcellular Fractionation 

Cellular fractionation was performed to isolate purified cytosol and nucleus using NE-

PER™ Nuclear and Cytoplasmic Extraction Kit (ThermoFisher, Waltham, MA, USA) 

according to manufacturer instructions. Briefly, N2A hTau cells were transfected with 

either vehicle, miR-22-3p mimic or scramble Cy3 labelled miRNA Negative Control and 

harvested with trypsin-EDTA after 48 h incubation. Ice-cold CER I:CER II was added to 

the cell pellet at 200:11 ratio, respectively. After 5 minutes centrifuge at maximum speed 
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(~16,000 × g), the supernatant containing the cytoplasmic extract was transferred into a 

clean pre-chilled tube. The remaining pellets were resuspended in ice-cold NER, vortexed 

on the highest setting for 15 seconds every 10 minutes, for a total of 40 minutes. After 10 

minutes centrifuge at maximum speed (~16,000 × g) the supernatant containing the nuclear 

extract fraction was transferred into a clean pre-chilled tube. Samples were store at -80°C 

until use. 

Statistical analysis 

Unpaired Student’s t-test (two-sided) and one-way ANOVA were performed using Prism 

5.0 (GraphPad Software, La Jolla, CA, USA). All data are presented as mean±s.e.m. 

Significance was set at P<0.05. 
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Antibody Catalog number Company Species 

HT7 MN1000 Thermo Mouse 

MC1  Kindly provided by Peter Davis Mouse 

AT8 MN1020 Thermo Mouse 

AT180 P10636 Thermo Mouse 

AT270 MN1050 Thermo Mouse 

PHF1  Kindly provided by Peter Davis Mouse 

PHF13 9632 Cell Signaling Mouse 

cdk5 sc-173 Santa Cruz Rabbit 

p35 sc-820 Santa Cruz Rabbit 

P38 9212S Cell Signaling Rabbit 

P-p38 MAPK 
(T180Y182)  4511S Cell Signaling  Rabbit 

GSK 3b sc-9166 Santa Cruz Rabbit 

p- GSK-3beta (S9) 9336S Cell Signaling Rabbit 

PP2A sc-166034 Santa Cruz Mouse 

GFAP sc-33673 Santa Cruz Mouse 

GFAP ab33922 Abcam Rabbit 

CD45 F10-89-4 Millipore Mouse 

NeuN ABN91 Millipore Chicken 

pRB Ab184796 Abcam Rabbit 

Iba1 MABN92 Millipore Mouse 

SIRT1 PA5-87383 ThermoFisher Rabbit 

PTEN 9559 Cell Signaling Rabbit 

p62 MAB8028 R&D System Mouse 

LC3B 2775S Cell Signaling Rabbit 

LC3B ab192890 Abcam Rabbit 

AKT 9272 Cell Signaling Mouse 

Pakt (Ser) 4060 Cell Signaling Rabbit 

pAKT (Thr) 13038 Cell Signaling Rabbit 

P70s6k 9202 Cell Signaling Rabbit 

pP70s6k 9234 Cell Signaling Rabbit 

P53 AF1355 R&D System Goat 

pP53 9284 Cell Signaling Rabbit 

P21 AF1047 R&D System Goat 

P21 ab188224 Abcam Mouse 

LamininA/C 4777 Cell Signaling Mouse 

PSD95 ab18258 Abcam Rabbit 

SYP ab8049 Abcam Mouse 
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SNAP25 ab5666 Abcam Rabbit 

Complexin 1/2 AF7787 R&D System Goat 

Caspase 3 9668 Cell Signaling Mouse 

TauC3 AHB0061 ThermoFisher Mouse 

Cyclin D ab134175 Abcam Rabbit 

Cyclin E MA5-14336 ThermoFisher Mouse 

pCDK2 ab136810 Abcam Rabbit 

CREB 9104 Cell signaling Mouse 

pCREB 9191 Cell signaling Rabbit 

BDNF sc-546 Santa Cruz Rabbit 

c-Fos 2250 Cell signaling Rabbit 

 

Table 2. Antibodies used in this study. 
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Case No. 
Age 
(yrs) Sex 

Post Mortem 
Interval (PMI) 

Disease/diagnosis Brain Bank Source (via NIH 
NeuroBioBank) 

4291 73 F 13 
Unaffected Control University of Maryland 

Brain and Tissue Bank 

5247 64 M 22 
Unaffected Control University of Maryland 

Brain and Tissue Bank 

5326 62 M 6 
Unaffected Control University of Maryland 

Brain and Tissue Bank 

5511 80 F 10 
Unaffected Control University of Maryland 

Brain and Tissue Bank 

5666 65 M 25 
Unaffected Control University of Maryland 

Brain and Tissue Bank 

5828 66 F 25 
Unaffected Control University of Maryland 

Brain and Tissue Bank 

5214 61 M 19.5 Unaffected Control UCLA Brain Bank 

5222 61 M 21.8 Unaffected Control UCLA Brain Bank 

5072 83 M 19.5 Unaffected Control UCLA Brain Bank 

4145 69 F 14 Pick’s disease UCLA Brain Bank 

3897 68 M 9.5 Pick’s disease UCLA Brain Bank 

5008 65 F 15 
Pick’s disease University of Maryland 

Brain and Tissue Bank 

5153 68 M 5 
Pick’s disease University of Maryland 

Brain and Tissue Bank 

5722 60 M 26 
Pick’s disease University of Maryland 

Brain and Tissue Bank 

01036 63 M 26.75 Pick’s disease HBTRC 

17897 65 F 20.08 Pick’s disease HBTRC 

09786 64 M 14.16 Pick’s disease HBTRC 

14890 79 M 11.97 Pick’s disease HBTRC 

01483 65 M 20.88 Pick’s disease HBTRC 

 

Table 3. Summary of post-mortem human brain tissues used in the study. 
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CHAPTER 4 

EXPERIMENTAL FINDINGS 

 

miRNA expression profiling analysis reveals early microRNAs dysregulation in the 

hippocampus and cerebellum of hTau mice when compared to WT age-matched 

controls.  

To establish the region-specific miRNA expression profile in the brain of hTau mice in 

comparison with age-matched 

WT control, we employed 

miScript miRNA PCR Array 

Mouse Neurological 

Development and Disease in 

Figure 4: miRNAs array 

comparison of cortex, 

hippocampus, and cerebellum 

from hTau and wild-type 

control mice. miScript miRNA 

PCR Array Mouse Neurological 

Development and Disease, was 

performed in the cortex, 

hippocampus, and cerebellum of 

12 months WT and hTau mice 

(N = 3 per age group). Data are 

analyzed using miScript miRNA 

PCR Array Data Analysis Tool 

and the 2−ΔΔCt method. Data are 

expressed as fold change relative 

to age-matched WT controls. 
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cortex, hippocampus and cerebellum of 12-month-old mice (N=3 per group), an age when 

transgenic mice already show clear signs of hyperphosphorylation and aggregation of tau 

protein, memory and cognitive impairment. The initial analysis revealed no statistically 

significant expression change of miRNAs in hTau mice in any of the brain regions 

considered. However, transgenic mice displayed many dysregulated miRNAs in cortex and 

in hippocampus compared with WT (Figure 4). Thus, among the differentially expressed 

miRNAs, we selected the one showing at least a two-fold change and a strong sequence 

conservation between mouse and human (miR-132-3p, miR-146a-5p, miR-22-3p and miR-

455-5p). 
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These four miRNAs were further validated by qRT-PCR analysis (N=6-8 per age group, 

Figure 5). As shown in Figure 5, at 12 months of age, miR-132-3p, miR-22-3p, miR-455-

5p, and miR-146a-5p were significantly upregulated only in the hippocampus of hTau mice 

while miR-132-3p and miR-146a-5p were also significantly upregulated in the cerebellum 

of the same mice. No changes were instead observed in the cortex. To assess whether these 

changes were already present at earlier time points, we also measured their levels in the 

pre-symptomatic stage of the disease (3 and 6 months of age). Although changes were 

modest, we found that, a 6 months of age, miR-132-3p (p = 0.07), miR-22-3p (p = 0.09), 

and miR-146a-5p (p < 0.05) in the hippocampus and miR-132-3p and miR-146a-5p 

(p < 0.05) in the cerebellum were upregulated in transgenic tau mice compared with WT 

controls. Notably, no changes were ever observed at the early stage of the pathology (3-

month-old) between the two groups (Figure 5). Finally, when we analyzed separately males 

and females to evaluate potential gender-related differences, we observed no miRNAs 

differential expression at any region and age time point.  

miR-132-3p, miR-22-3p and miR-146a-5p age-dependent expression in cortex, 

hippocampus, and cerebellum of WT and hTau mice 

Despite the precise role of miRNAs in aging and lifespan is not understood, it has been 

shown that miRNAs expression changes with age in mouse and human brains [Inukai S et 

Figure 5: Temporal and region-specific profile of differentially expressed miRNAs in 

hTau mice. Validation of the four miRNAs differentially expressed in the cortex (A), 

hippocampus (B) and cerebellum (C) of a new cohort of hTau and WT mice at 3, 6, and 

12 months of age (N = 6–8/group) by qRT-PCR. Samples were run in triplicate and 

analyzed using the 2−ΔΔCt method. Data shown as fold change relative to WT controls.   

https://www.nature.com/articles/s41380-020-0655-2#Fig2
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al. 2012; Smith-Vikos T et al. 2012]. Aging is normally associated with many alterations 

at the cellular and physiological levels and is also the major risk factor for sporadic 

tauopathies. Thus, next to determine whether miR-132-3p, miR-22-3p and miR-146a-5p 

dysregulations were age-related or specifically occurred in the hTau transgenic mice, we 

evaluated the temporal expression profile of the selected miRNAs in young and old WT 

and hTau separately by qRT-PCR.  

 

 

 

As shown in Figure 6, in the cortex, WT mice presented age-dependent significant increase 

in miR-132-3p, miR-146a-5p, and miR-22-3p levels which was not observed in the hTau 

mice. In contrast, in the hippocampus of WT mice the expression of the same miRNAs was 

Figure 6. Age-dependent miRNAs change in cortex, hippocampus, and cerebellum 

of hTau and WT mice. miR-132-3p, miIR-146a-5p, and miR-22-3p age-dependent 

expression was evaluated in cortex, hippocampus, and cerebellum of hTau and WT mice 

separately by qRT-PCR (N = 5–6/group, *p < 0.05). 
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stable but significant differences in miR-132-3p and miR-146a-5p abundance were seen in 

the tauopathy model (Figure 6). Finally, in the cerebellum all three miRNAs decreased 

with time, sharing a common profile of expression in both groups of mice.  

Dysregulated miRNAs modulate specific signaling pathways involved in the 

development of the AD and related tauopathies 

To investigate the potential functions of the differentially expressed miR-132-3p, miR-

146a-5p and miR-22-3p in terms of onset and progression of tau pathology and memory 

impairment we performed several bioinformatical analyses and we looked at their predicted 

and validated target genes consulting several database (TargetScan and miRBase). miR-

22-3p targets SIRT1, p21, MeCP2, the brain-derived neurotrophic factor (BDNF) and 

PTEN (miRBase), a well-known inactivator of the AKT signaling pathway, whom 

reduction could promote tau phosphorylation and aggregation. miR-132-3p directly targets 

the 3′UTR of tau protein, the Polypyrimidine tract binding protein 2 (PTBP2) [Smith PY 

et al. 2011], SIRT1, PTEN, MeCP2, and BDNF. miR-146a, mostly implicated in the 

regulation of the inflammatory response, was shown to induce tau phosphorylation via 

suppression of the ROCK kinase [Li YY et al. 2011; Wang G et al. 2016]. miR-455-5p is 

also predicted to target PTBP2 (miRBase). Next, we performed an enrichment analysis 

using IPA to identify signaling pathways potentially modulated by these miRNAs. Figure 

7A shows the top 5 significantly enriched pathways targeted by every single miRNA: 

axonal guidance, neuregulin signaling for miR-132-3p, neuroinflammation and 

synaptogenesis signaling for miR146a-5p and synaptogenesis and NGF signaling pathway 

for miR-22-3p. Additionally, to identify common target genes among our miRNAs of 

interest, we prepared a Venn diagram (Figure 7B). Interestingly, miR-132-3p and miR-22-
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3p shared 48 target genes including PTEN, BDNF, MecP2 and SIRT1 [Min SW et al. 

2018]. Thus, given the potential overlap between miR-132-3p and miR-22-3p for several 

molecular targets we also performed comparative pathway analysis with IPA to get further 

insights about the biological context in which the three miRNAs work.  

 

 

 

 

Figure 7. Signaling pathways associated with the dysregulated miRNAs. (A) Top five 

significant biological pathways targeted by miR-132-3p, miR-146a-5p, and miR-22-3p 

and identified by IPA. The y-axis indicates the name of the canonical pathway and the x-

axis shows the –log (p value) assigned to that pathway. The vertical line represents the 

threshold which corresponds to a p value of 0.05. (B) Venn diagram illustrating the 

relationship between miR-132-3p, miR-146a-5p, and miR-22-3p targets. (C) Most 

significant canonical pathways identified by IPA comparative analysis. The y-axis 

indicates the name of the canonical pathway and the x-axis shows the –log (p value) 

assigned to that pathway. The vertical line represents the threshold which corresponds to 

a p value of 0.05. 
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As shown in Figure 7C, together with the target prediction analysis, IPA confirmed a 

cooperative control on specific pathways especially for miR-132-3p and miR-22-3 

implying a simultaneous action of these miRNAs on potentially crucial biological 

mechanisms associated with the onset and development of tau pathology.  

hTau mice show age-dependent memory, cognitive and motor impairments  

To assess cognition, motor skill learning and function, WT and hTau mice were tested in 

several behavioral paradigms at 3, 6 and 12 months of age. In particular, animals were 

challenged in the Y-maze test, Morris Water maze (MWM) and Rotarod test (Figure 8A-

C). As expected, behavioral performance of young hTau mice (3 and 6 months of age) was 

generally comparable with WT controls. We only observed mild deficits in the learning 

phase of the MWM task in 6-month-old hTau mice. However, when they reached 12 

months of age, working, spatial memory and motor skill learning were severely impaired 

in the transgenic animal group (Figure 8A-C). In fact, as shown in Figure 8A, hTau mice 

display reduced percentage of alternation in the Y-maze with no change in the number of 

entries. When tested in the MWM test, no differences were detected in the cued phase (data 

not shown) and average swimming speed (Figure 8B) among the 2 groups. However, an 

increase in the training time as well as in the number of entries to the platform zone was 

detected on probe day for 12-month-old hTau mice when compared to WT (Figure 8B) 

indicating progressive worsening of their spatial learning and memory. Interestingly, 

locomotor activity was significantly reduced in the transgenic mice already at 6 months of 

age as shown by the lower time spent on the rod during the test day (Figure 8C). No gender-

related differences were observed in any of the results of the different behavioral tests 

implemented. 
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Age-dependent tau pathology development in the cortex of hTau mice.  

Next, to assess whether the observed changes in miRNAs expression correlated with the 

onset and/or progression of tau pathology we looked at levels of soluble total tau 

(recognized by the antibody HT7), aggregation prone confirmation of tau (recognized by 

MC1 antibody) and phosphorylated tau at Ser202/Thr205, Thr231, Ser396/Ser404, Thr181 

Figure 8: Age-dependent impairment of memory and motor function in the hTau 

mice. (A) Number of entries and percentage of alternation in the Y‐maze paradigm (WT 

3 months N =4, WT 6 and 12 months N =6-8, hTau 3 months N =6, hTau 6 and 12 

months N =6-8, *p < 0.05). (B) Training phase of Morris water maze (MWM) as 

measured by latency to reach the platform zone over five consecutive days, number of 

entries to platform zone and swimming speed for the two groups in the probe trial (WT 

3 months n =4, WT 6 and 12 months N =6-8, hTau 3 months N =6, hTau 6 and 12 months 

N =6-8, *p < 0.05). (C) Days 1–3. Latency to fall off the Rotarod of WT and hTau mice 

(*p<0.05). Test day. Rotarod performance on test day for the same groups of mice (WT 

3 month N =4, WT 6 and 12 months N =6-8, hTau 3 months N =6, hTau 6 and 12 months 

N =6-8, *p < 0.05). Values represent mean ± SEM. 
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and Ser396 (AT8, AT180, AT270, PHF1 and PHF13 antibodies respectively) by western 

blot analysis.  

 

 

 

Figure 9. Age-dependent tau pathology in the cortex of hTau mice. (A) 

Representative Western blots of total soluble tau (HT7), phosphorylated tau at residues 

ser202/thr205 (AT8), thr231/ser235 (AT180), and thr181 (AT270), S396/S404 (PHF1) 

and ser396 (PHF13) in the cortex of 3, 6 and 12 months old hTau mice (N = 4). (B) 

Densitometric analyses of the immunoreactivities to the antibodies shown in the 

previous panel (*P < 0.05). (C) Representative images of brain sections from hTau 

immunostained with HT7 and AT180 antibodies. (D) Representative Western blot 

analysis of CDK5, P35, P38, pP38, GSK3β, pGSK3β and PP2A in the cortex of 3, 6 

and 12 months old hTau mice (N =4). (E) Densitometric analyses of the 

immunoreactivities to the antibodies shown in the previous panel; (**P < 0.05). (F) 

Representative Western blot analyses for formic acid-soluble tau (HT7) in in the cortex 

of 3, 6 and 12 months old hTau mice (N = 4). Values represent mean ± SEM. 
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While we did not detect any difference in total tau at any of the considered time points 

(Figure 9A), we found a time-dependent increase in the phosphorylation of tau at 

Thr231/ser235 as recognized by AT180 antibody starting at 6 months of age (Figure 9A,B) 

which was confirmed by immunohistochemistry of paraffin embedded brain sections 

(Figure 9C). Moreover, hTau mice displayed a strong trend toward increase in the level of 

the insoluble (FA-soluble) tau fraction (Figure 9F). Finally, immunoblot analysis of tau 

kinases showed that, in the cortex, P38 MAPK levels were significantly increased, whereas 

the phosphorylated form of GSK3β was significantly decreased at 12 months of age (Figure 

9D,E). No changes were detected instead, in levels of CDK5, P35, GSK3β and PP2A 

(Figure 9D,E). No gender differences were observed in tau phosphorylation levels at 

various epitopes nor in the kinases assayed in this brain region.  

Age-dependent tau pathology development in the hippocampus of hTau mice 

As expected, since the hippocampus is the most vulnerable region, hTau mice displayed a 

significant age-dependent increase in several epitopes of phosphorylated tau: Thr181, 

Thr231/ser235, and Ser396 as recognized by AT270, AT180, and PHF13 antibody, 

respectively. In this region levels of soluble total tau were not changed, whereas the total 

insoluble (FA-soluble) tau fraction increased with age (Figure 10A-F). Among the different 

kinases/phosphatases assessed, P38 MAPK, pGSK3β (Ser9) and PP2A were significantly 

changed in this region (Figure 10D, E). No gender differences were observed in tau 

phosphorylation levels at various epitopes nor in the kinases assayed in this brain region. 
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Age-dependent tau pathology development in the cerebellum of hTau mice 

Interestingly, in contrast with previous reports [Polydoro et al. 2009], when we looked at 

the cerebellum we found a significant age-dependent increase in total soluble tau, and in 

many phospho-tau epitopes: Thr181 (antibody AT270), Thr231/ser235 (antibody AT180), 

and Ser396 (antibody PHF13) (Figure 11A, C).  

Figure 10. Age-dependent tau pathology in the hippocampus of hTau mice. (A) 

Representative Western blots of total soluble tau (HT7), phosphorylated tau at residues 

ser202/thr205 (AT8), thr231/ser235 (AT180), and thr181 (AT270), S396/S404 (PHF1) 

and ser396 (PHF13) in the hippocampus of 3, 6 and 12 months old hTau mice (N = 4). 

(B) Densitometric analyses of the immunoreactivities to the antibodies shown in the 

previous panel (*P < 0.05). (C) Representative images of brain sections from hTau 

immunostained with HT7 and AT180, AT270 and PHF13 antibodies. (D) Representative 

Western blot analysis of CDK5, P35, P38, pP38, GSK3β, pGSK3β and PP2A in the 

hippocampus of 3, 6 and 12 months old hTau mice (N = 4). (E) Densitometric analyses 

of the immunoreactivities to the antibodies shown in the previous panel; (*P < 0.05). (F) 

Representative Western blot analyses for formic acid-soluble tau (HT7) in in the 

hippocampus of 3, 6 and 12 months old hTau mice (N = 4). Values represent mean ± 

SEM. 
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However, in the cerebellum these changes did not correlate with an increase in the insoluble 

fraction of tau (Figure 11F). Similar to the previous data for the kinases, we observed that 

P38 MAPK levels were significantly increased, whereas the phosphorylated form of 

GSK3β (Ser9) was significantly decreased at 12 months of age (Figure 11D, E). No gender 

Figure 11. Age-dependent tau pathology in the cerebellum of hTau mice. (A) 

Representative Western blots of total soluble tau (HT7), phosphorylated tau at residues 

ser202/thr205 (AT8), thr231/ser235 (AT180), and thr181 (AT270), S396/S404 (PHF1) 

and ser396 (PHF13) in the cerebellum of 3, 6 and 12 months old hTau mice (N = 4). (B) 

Densitometric analyses of the immunoreactivities to the antibodies shown in the 

previous panel (*P < 0.05). (C) Representative images of brain sections from hTau 

immunostained with HT7 and AT180 antibodies. (D) Representative Western blot 

analysis of CDK5, P35, P38, pP38, GSK3β, pGSK3β and PP2A in the cerebellum of 3, 

6 and 12 months old hTau mice (N = 4). (E) Densitometric analyses of the 

immunoreactivities to the antibodies shown in the previous panel; (*P < 0.05). (F) 

Representative Western blot analyses for formic acid-soluble tau (HT7) in in the 

cerebellum of 3, 6 and 12 months old hTau mice (N = 4). Values represent mean ± SEM. 
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differences were observed in tau phosphorylation levels at various epitopes nor in the 

kinases assayed in this brain region. 

Age-dependent and region-specific neuroinflammatory responses in the hTau mice 

Tauopathies as many other neurodegenerative disorders are also characterized by chronic 

activation of inflammatory pathways [Wyss-Coray et al. 2002]. Thus, next, we looked at 

cellular markers of neuroinflammation, in each brain region and time point. We found an 

age-dependent increase in the steady state levels of GFAP, a marker of astrocytes activation 

[Dal Pra’ I et al. 2017], and IBA1, a marker of microglia activation [Hopperton KE et al. 

2018], which were also confirmed by immunohistochemistry in both cortex and 

hippocampus of hTau mice (Figure 12A, B). By contrast, when we assessed cerebella, we 

observed a significant increase only in IBA1 at 12 months of age (Figure 12C). No gender 

differences were observed in any of the neuroinflammatory markers assessed. 

Age-dependent and region-specific synaptic integrity in the hTau mice 

Finally, we looked at age-dependent and region-specific synaptic integrity assessing levels 

of the pre- and post- synaptic integrity markers Synaptophysin (SYP) and (PSD95), cAMP 

response element-binding protein (CREB), pCREB, c-FOS and Brain-derived neurotrophic 

factor (BDNF) [Masliah et al. 2001] (Figure 13 A-C). However, no differences were 

observed in any of time points and specific brain region analyzed.  
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Figure 12. Age-dependent neuroinflammation in hTau mice. (A) Representative 

western blot analyses of GFAP and IBA1, densitometric analyses and representative 

images of cortex sections in 3, 6 and 12 months old hTau mice (N =4 per group, *p< 

0.05). (B) Representative western blot analyses of GFAP and IBA1, densitometric 

analyses and representative images of hippocampus sections in 3, 6 and 12 months old 

hTau mice (N =4 per group, *p< 0.05). (C) Representative western blot analyses of 

GFAP and IBA1, densitometric analyses and representative images of cerebella 

sections in 3, 6 and 12 months old hTau mice (N =4 per group, *p<0.05). Values 

represent mean ± SEM. 
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Figure 13. Age-dependent synaptic integrity in hTau mice. Representative western 

blot analyses of SYP, PSD95, CREB, pCREB, c-FOS and BDNF and densitometric 

analyses in the cortex (A), hippocampus (B) and cerebellum (C) of 3, 6 and 12 months 

old hTau mice (N =4 per group, *p< 0.05). Values represent mean ± SEM. 
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miR-22-3p overexpression promotes tau conformational change and aggregation in 

Neuro2A-hTau cell line 

To detect the transfection efficiency of miRNA mimics, we performed real-time RT-PCR 

to measure whether, under our experimental conditions, the expression of all miRNAs were 

significantly increased compared with CTR cells (P<0.05) (Figure 14A, 15A, D). Indeed, 

we found miR-22-3p, miR-132-3p and miR-146a-5p highly expressed in N2A-hTau cells 

48h post-transfection (Figure 14A, 15A, D). Next, to test the regulatory effect of each 

miRNA on tau expression and phosphorylation, western blot analysis of total human tau 

(HT7), MC1 and pTau (AT180 and PHF13) levels were performed. Despite previous 

reports showing that both miR-132-3p and miR-146a-5p modulate tau phosphorylation and 

expression through different mechanisms [Wang G et al. 2016; Smith PJ et al. 2011], 

increasing their levels in N2A-hTau did not result in any change in tau metabolism (Figure 

15B, C, E, F). By contrast, overexpression of miR-22-3p promoted a significant increase 

in human soluble total tau and MC1 conformation, independently from phosphorylation 

(Figure 14B, C). To investigate whether the increase in soluble tau protein was due to either 

a transcriptional or post-transcriptional event, we also measured human MAPT mRNA 

levels by real-time RT-PCR (Figure 14F). However, we did not find any significant 

difference among the three experimental conditions, suggesting that the observed increase 

in human tau protein is not dependent on the transcriptional activation of the MAPT gene. 

The generation of conformationally altered tau recognized by the MC1 antibody together 

with augmented human tau protein is known to increase tau's propensity to aggregate 

forming insoluble NFTs. For these reasons we also looked at total tau in the insoluble (FA-
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soluble) fraction and indeed, we found a significant increase in HT7 immunoreactivity only 

in N2A hTau miR-22-3p overexpressing cells (Figure 14D, E). 

 

 

Figure 14: miR-22-3p mediated regulation of tau conformational change and 

aggregation in Neuro2A-hTau cell line. (A) Representative PCR analysis of miR-22-

3p expression in Neuro2a-hTau cell line 48h post-transfection with miR-22-3p mimic 

(100nM) and scramble (100nM). U6 was used as normalization control. Data are 

analyzed using the 2−ΔΔCt method and expressed as fold change relative to controls. 

(B) Representative Western blots of total soluble tau (HT7), phosphorylated tau at 

residues thr231/ser235 (AT180), and ser396 (PHF13) in Neuro2A-hTau cell line 48h 

post-transfection with miR-22-3p mimic (100nM). In these experiments, vehicle and a 

scrambled miRNA were used as internal controls (N = 5). (C) Densitometric analyses of 

the immunoreactivities to the antibodies shown in the previous panel (*P < 0.05). (D) 

Representative Western blots of total insoluble tau (HT7) in Neuro2A-hTau cell line 48h 

post-transfection with miR-22-3p mimic (100nM), (N = 3). (E) Densitometric analyses 

of the immunoreactivities to the antibodies shown in the previous panel (*P < 0.05). (F) 

Representative PCR analysis of human MAPT expression in Neuro2a-hTau cell line 48h 

post-transfection with miR-22-3p mimic (100nM) and scramble (100nM). GAPDH was 

used as normalization control (N=4). Data are analyzed using the 2−ΔΔCt method and 

expressed as fold change relative to controls. Values represent mean ± SEM. 
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Figure 15: miR-132-3p and miR-146a-5p effect on tau metabolism in Neuro2A-

hTau cell line. (A) Representative PCR analysis of miR-132-3p expression in Neuro2a-

hTau cell line 48h post-transfection with miR-132-3p mimic (100nM) and scramble 

(100nM). U6 was used as normalization control. Data are analyzed using the 2−ΔΔCt 

method and expressed as fold change relative to controls. (B) Representative Western 

blots of total soluble tau (HT7), phosphorylated tau at residues thr231/ser235 (AT180), 

and ser396 (PHF13) in Neuro2A-hTau cell line 48h post-transfection with miR-132-3p 

mimic (100nM). In these experiments, vehicle and a scrambled miRNA were used as 

internal controls (N = 5). (C) Densitometric analyses of the immunoreactivities to the 

antibodies shown in the previous panel (*P < 0.05). (D) Representative PCR analysis 

of miR-146a-5p expression in Neuro2a-hTau cell line 48h post-transfection with miR-

146a-5p mimic (100nM) and scramble (100nM). U6 was used as normalization control. 

Data are analyzed using the 2−ΔΔCt method and expressed as fold change relative to 

controls. (E) Representative Western blots of total soluble tau (HT7), phosphorylated 

tau at residues thr231/ser235 (AT180), and ser396 (PHF13) in Neuro2A-hTau cell line 

48h post-transfection with miR-146a-5p mimic (100nM). In these experiments, vehicle 

and a scrambled miRNA were used as internal controls (N = 5). (F) Densitometric 

analyses of the immunoreactivities to the antibodies shown in the previous panel (*P < 

0.05).  
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MC1 conformational change of tau is not dependent on Caspase 3 activity  

Although the mechanisms responsible for the generation of the unique MC1 pathological 

conformation of tau remain to be defined, previous reports have shown that proteolytic 

cleavage of tau mediated by caspase-3 facilitates MC1 formation [Mead E et al. 2016; 

Rissman et al. 2004]. To test if this was the case, we measure caspase-3 activation and tau 

cleaved by Asp 421 with a specific antibody that recognizes Casp-3 tau fragment by 

western blot. However, no differences were found under our experimental conditions (Fig. 

16A, B).  

 

 

 

miR-22-3p overexpression inhibits the autophagic flux in Neuro2A-hTau cell line 

Since the increase in soluble and insoluble tau did not correlate with changes in tau mRNA 

levels, we speculated that one reason that could explain this phenomenon was an 

Figure 16: Caspase 3 activity and tau cleavage in Neuro2A-hTau cells 

overexpressing miR-22-3p. (A) Representative Western blots of procaspase3, caspase 

3 and TauC3 fragment in Neuro2A-hTau cell line 48h post-transfection with miR-22-

3p mimic (100nM). In these experiments, vehicle and a scrambled miRNA were used 

as internal controls (N = 3). (B) Densitometric analyses of the immunoreactivities to 

the antibodies shown in the previous panel (*P < 0.05). Actin was used as normalization 

control (N=3). Values represent mean ± SEM. 
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impairment in the clearance pathway of tau. Autophagy is the principal mechanism devoted 

to the removal of tau protein aggregates thus, we looked at protein and mRNA levels of 

the two gold-standard autophagy markers: p62 and LC3B at different time points after 

transfection (12, 24 and 48h) (Figure 17A, B) [Yoshii SR et al. 2017]. Interestingly, we 

found that already at 12h post transfection p62 was significantly upregulated in miR-22-

N2A hTau cells suggesting inhibition of the autophagy pathway. However, when we 

looked at LC3BI, we observed reduced protein levels but no change in the mRNA 

expression of the gene. Moreover, LC3BII, normally used as indicative of autophagy 

activity, showed no changes compared to control conditions implying instead, higher 

autophagic degradation capacity. It should be noted in fact, that LC3BII is also a 

degradation product of the autophagy [Yoshii SR et al. 2017]. Thus, to shed further lights 

on the regulatory effect of miR-22-3p on the autophagy signaling pathway, next we 

measured the autophagic flux by determining the lysosome-dependent degradation over 

time of LC3B and p62 at 12, 24 and 48h post transfection under our experimental 

conditions in presence or absence of bafilomycin A1 (BAF1), a potent inhibitor of the 

autophagosome-lysosome fusion [Mauvezin C et al. 2015]. As shown in figure 17, the 

difference in the amount of LC3BI, LC3BII, LC3BII/I ratio and P62 between samples with 

and without BAF1 was significantly higher in CTR and scramble while no difference was 

observed in miR-22-3p transfected cells (Figure 17D-F) indicating that this miRNA 

lowered the autophagic flux. Finally, to further confirmed western blot data, in the presence 

or absence of BAF1, formation of autophagic puncta which represents the autophagosomes 

that would be degraded during the treatment over time was also observed by 

immunofluorescence (Figure 17C).  
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miR-22-3p-induced autophagy inhibition is not mediated via SIRT1 or PTEN 

downregulation in Neuro2A-hTau cell line 

Among miR-22-3p validate target genes, SIRT1 and PTEN can both regulate autophagy 

via distinct mechanisms [Lee IH et al. 2008; Ueno T et al. 2008]. Since we found both 

targets significantly down-regulated 12h post transfection when autophagy is indeed 

already impaired in miR-22-N2A-hTau cells, we looked into both SIRT1 and PTEN 

downstream signaling pathways (Figure 18A-E). As shown in Figure 18C and D, loss of 

PTEN was not associated with any significant change in the AKT/mTOR pathway leading 

us to conclude that PTEN was not the target responsible for the observed autophagy 

impairment. Next, to see if autophagy inhibition and tau accumulation was dependent on 

SIRT1 reduction, N2A-hTau cells were transfected with miR-22-3p, SIRT1 alone as well 

Figure 17. miR-22-3p overexpression inhibits the autophagic flux in Neuro2A-hTau 

cell line. (A) Representative Western blots of LC3B and P62 in Neuro2A-hTau cell line 

12h post-transfection with miR-22-3p mimic (100nM). In these experiments, vehicle and 

a scrambled miRNA were used as internal controls (N = 3). (B) Densitometric analyses 

of the immunoreactivities to the antibodies shown in the previous panel (*P < 0.05). 

GAPDH was used as normalization control (N =3). Values represent mean ± SEM. (C) 

Representative fluorescence immunoreactivity of LC3B (TRITC: red), nuclear stain 

DAPI (blue) in Neuro2A-hTau cell line 12h post-transfection with miR-22-3p mimic 

(100nM) in presence or absence of Bafilomycin (50nM). Rapamycin was used as positive 

control; (Scale bar = 20 µm). (D) Representative Western blots of LC3B and P62 in 

Neuro2A-hTau cell line 12h post-transfection with miR-22-3p mimic (100nM) in 

presence or absence of Bafilomycin (50nM). In these experiments, vehicle and a 

scrambled miRNA were used as internal controls (N = 3). (E) Densitometric analyses of 

the immunoreactivities to the antibodies shown in the previous panel (*P < 0.05). 

GAPDH was used as normalization control (N =3). Values represent mean ± SEM. (F) 

LC3B and P62 ratio from Densitometric analyses of the immunoreactivities to the 

antibodies shown in the previous panel (*P < 0.05).  
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as miR-22-3p and SIRT1 in combination (Figure 18E, F). However, when we looked for 

human tau (HT7), MC1 and P62 and LC3B markers of autophagy we found that SIRT1 

overexpression in presence of miR-22-3p did not revert LC3B reduction or tau increase 

suggesting that SIRT1 is not the mediator of miR-22-3p biological effect (Figure 18E, F).  
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miR22-3p overexpression reduces cell viability 

Experimental evidence has shown that in cancer and in cardiovascular diseases miR-22-3p 

plays an important role in regulating autophagy and apoptosis [Tsuchiya et al. 2011; Li G 

et al. 2016]. Indeed, we found that under our experimental conditions, miR-22-3p 

overexpression significantly reduces cell viability (Figure 19A) as assessed using the 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay.  

miR-22-3p modulates cell fate between survival/adaptation and apoptosis by 

regulating P53-P21 activity and cellular localization 

Previous reports have showed that miR-22-3p can sensitize cells to apoptosis through 

modulation of the P53-P21 axis [Tsuchiya et al. 2011]. P21 is, in fact, miR-22-3p direct 

target and a tumor suppressor [Tsuchiya et al. 2011]. Given the reduced cell viability found 

under our experimental conditions, next we decided to investigate the activation of this 

signaling pathway. As shown in figure 19B and C, we found that miR-22-N2A-hTau cells 

display higher levels of P53 transcription factor and significant reduction of P21 

Figure 18: miR-22-3p induced autophagy inhibition is independent from SIRT1 and 

PTEN/AKT/mTOR signaling pathway in Neuro2A-hTau cell line. (A) Representative 

western blots of SIRT1 and PTEN expression levels 12h post transfection with miR-22-

3p mimic (100nM) and scramble (100nM), N =3. (B) Densitometric analyses of the 

immunoreactivities to the antibodies shown in the previous panel (*P < 0.05). (C) AKT, 

pAKT (ser), pAKT (thr), P70S6K and pP70S6K levels in Neuro2a-hTau cell line 48h post-

transfection with miR-22-3p mimic (100nM) and scramble (100nM), N =3. (D) 

Densitometric analyses of the immunoreactivities to the antibodies shown in the previous 

panel (*P < 0.05). (E) Representative western blots of SIRT1, soluble total tau (HT7), 

MC1 and LC3B levels in Neuro2a-hTau cell line 48h post-transfection with miR-22-3p 

mimic (100nM) and scramble (100nM), SIRT1 alone and SIRT1 in combination with miR-

22 (N =3). (F) Densitometric analyses of the immunoreactivities to the antibodies shown 

in the previous panel (*P < 0.05).  
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confirming our hypothesis. Another aspect that influences P53-P21 function is their 

cellular localization [Ohkoshi S et al. 2015].  

 

 

 

Figure 19. miR-22-3p dependent regulation of  P53-P21 activity and cellular 

localization. (A) MTT assay. Formosan absorbance expressed as a measure of cell 

viability from N2A-hTau cells 48h after transfection with vehicle, scramble control and 

miR-22-3p (100nM, N =3, *p <0.05). Values represent mean ± SEM. (B) 

Representative western blot of P53 and P21 in N2A-hTau cells 48h after transfection 

with vehicle, scramble control and miR-22-3p (100nM, N=3). (C) Densitometric 

analyses of the immunoreactivities to the antibodies shown in the previous panel (*P < 

0.05). GAPDH was used as internal control (*p <0.05). Values represent mean ± SEM. 

(D) Representative western blot of P53 and P21 after subcellular fractionation of N2A-

hTau cells transfected with vehicle, scramble control and miR-22-3p (100nM, N =3). 

Cell lysates were separated into cytosolic and nuclear fraction. Protein markers for 

cytosol (GAPDH) and nucleus (Lamin A/C) were used to assess the efficiency of the 

fractionation and for normalization. (E) Densitometric analyses of the 

immunoreactivities to the antibodies shown in the previous panel (*P < 0.05). Values 

represent mean ± SEM.  
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When mostly localized into the cytoplasm, P21 can inhibit apoptosis by direct interaction 

with apoptotic proteins while P53 can promote autophagy inhibition. For these reasons, we 

performed subcellular fractionation and look specifically at P53 and P21 levels in the 

nuclear/cytoplasmic compartments. As shown in Figure 19D and E, while no specific effect 

was observed for P53, we found that the cytoplasmic/nuclear ratio of P21 was significantly 

reduced in miR-22-N2A-hTau cells when compared to controls. Taken together our data 

suggest that miR-22-3p can act as a molecular switch deciding between survival/adaptation 

(represented by the autophagy pathway) and apoptosis by modulation of the P53-P21 axis.  

miR-22-3p regulates cell cycle and apoptosis via P21 signaling pathway in 

differentiated N2A hTau cells 

Recent research have implicated aberrant cell cycle activation in neurodegeneration where 

accumulation of the phosphorylated form of the retinoblastoma protein RB (S807) is often 

observed in the brain of tauopathy and AD patients in association with phosho-Tau [Currai 

A et al. 2009, Seward ME et al. 2013, Bonda DJ et al. 2011, Stone JG et al. 2012]. Notably, 

adult hTau mice display incomplete cell cycle re-entry accompanied by neuronal death 

[Andorfer C et al. 2005]. Moreover, we found an age dependent increase in pRB (S807) in 

the brain of hTau mice (cortex and hippocampus) starting from 6 months and thus, 

following the same trend of miR-22-3p expression (Figure 20). Consistently, when N2A 

hTau cells are transfected with miR-22-3p also show a dramatic increase in pRB (S807) 

(Figure 21A,B).  P21 is a well-known negative regulator of cell cycle and in post-mitotic 

cells, its depletion promotes exit from G0 and cell cycle re-entry (transition to G1/S phase) 

[Jung YS et al 2010]. Although, N2A hTau are transformed cells capable of unlimited 
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proliferation, they can be differentiation into neuronal cell types representing an excellent 

in vitro system suitable to explore the consequences of P21 reduction in post-mitotic cells.  

 

 

 

In this study, we evaluated the differentiation of N2A cells looking at NeuN expression 

and morphological changes. Western blot analysis showed that NeuN is not endogenously 

Figure 20: pRB (S807) accumulation in the CA1 region of the hippocampus of 3-, 6- 

and 12- month old hTau mice. (A) Representative fluorescence immunoreactivity of pRB 

(FITC: green), nuclear stain DAPI (blue) in the hippocampus of 3-, 6- and 12- month old 

hTau mice (N =3). Images of CA1 were captured at 100X magnification (Scale 

bar = 10 µm). 
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expressed in undifferentiated N2A hTau cells while its levels are significantly increased 

upon starvation-induced differentiation (Figure 22A,B).  

 

 

 

Moreover, their morphological features revealed a time dependent increase in neurite 

growth in response to reduced serum. Interestingly, after 10 days of differentiation, N2A 

hTau transfected with miR-22-3p showed a marked reduction in neurite growth (Figure 

22C). However, miR-22-3p overexpression did not affect NeuN expression (Figure 22B).  

Figure 21. miR-22-3p regulation of cell cycle via P21 downregulation. (A) 

Representative western blot of pRB, cyclin D and cyclin E in N2A-hTau cells transfected 

with vehicle, scramble control and miR-22-3p (100nM, N =4). GAPDH) was used as 

internal control for normalization. (B) Densitometric analyses of the immunoreactivities 

to the antibodies shown in the previous panel (*P < 0.05). Values represent mean ± SEM. 

(C) Representative fluorescence immunoreactivity of pRB (FITC: green), nuclear stain 

DAPI (blue) in Neuro2A-hTau cell line 48h post-transfection with scramble and miR-22-

3p mimic (100nM) (Scale bar = 10 µm). Images were captured at 100X magnification. 
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Thus, under our experimental conditions, as shown in figure 23A, B, we found that miR-

22-3p-induced P21 repression triggered a significant increase in pRB (S807) levels, which 

Figure 22: Evaluation of N2a cells neuronal differentiation. (A) N2A cells were 

cultured in medium with 1% fetal bovine serum (FBS) and observed for neurite outgrowth 

at day 0, 5 and 10. (B) Western blot shows changes in NeuN expression level after 10 days 

differentiation and upon treatment with scramble and miR-22-3p mimic (100nM). (C) 

N2A cells cultured in medium with 1% fetal bovine serum (FBS) for 10 days were 

transfected with scramble or miR-22-3p mimic (100nM) and observed 48h after for 

morphological changes. Images are taken by phase contrast microscopy (40x). Scale bar 

10μM.  
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indicates progression through the G1 restriction point, and elevated phospho-CDK2 

(Tyr15) which occurs when cells are arrested in G1/S phase. Importantly, the aberrant cell 

cycle activation in differentiated N2A hTau cells results in the induction of apoptosis as 

shown by significant decrease in the level of procaspase 3 and significant increase in the 

cleaved active form of caspase 3 (Figure 23A,B).  
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Therefore, our findings suggest that, in addition to the previously described mechanisms, 

miR-22-3p overexpression is responsible for anomalous cell cycle re-entry and consequent 

cell death of post-mitotic cells.  

miR-22-3p overexpression inhibits autophagy and promotes total tau accumulation 

in differentiated N2A hTau cells 

Several studies suggest that existence of a reciprocal regulation between autophagy and the 

cell cycle [Zheng K et al 2019.]. For instance, LC3B levels are at their lowest when cells 

are in the G1 phase, while they rise when cells move to the S and M phase [Warnes G, 

2015]. Indeed, under our experimental conditions, arrest of differentiated N2A hTau in the 

G1/S phase of the cell cycle correlates with significant decrease of LC3B levels and 

therefore autophagy, resulting in the accumulation of total tau, as recognized by HT7 

antibody (Figure 23C,D). Thus, taken together, our results support a model in which, miR-

22-3p-induced P21 repression promotes aberrant cell cycle re-entry, which results in the 

Figure 23: miR-22-3p mediated regulation of cell cycle, tau metabolism and apoptosis 

in differentiated Neuro2A-hTau cell line. (A) Representative Western blots of P21, 

phosphorylated form of RB (pRB), cyclin D, cyclin E, phosphorylated form of CDK2 

(pCDK2), procaspase 3 and caspase 3 in differentiated Neuro2A-hTau cell line 48h post-

transfection with miR-22-3p mimic (100nM). In these experiments, vehicle and a 

scrambled miRNA were used as internal controls (N = 5). (B) Densitometric analyses of 

the immunoreactivities to the antibodies shown in the previous panel (*P < 0.05).  (C) 

Representative Western blots of total soluble tau (HT7), misfolded tau (MC1), 

phosphorylated tau at residues Ser396/Ser404 (PHF1) and LCB in Neuro2A-hTau cell line 

48h post-transfection with miR-22-3p mimic (100nM). In these experiments, vehicle and 

a scrambled miRNA were used as internal controls (N = 5). (D) Densitometric analyses of 

the immunoreactivities to the antibodies shown in the previous panel (*P < 0.05). GAPDH 

was used as normalization control (N =4). Data are analyzed using the 2−ΔΔCt method 

and expressed as fold change relative to controls. Values represent mean ± SEM. 
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inhibition of the autophagy pathway, exacerbation of tau pathology and consequent 

activation of apoptosis.  

Endogenous levels of miR-22-3p and its target genes in N2A hTau compared to N2A 

WT cell line 

Levels of miR-22-3p are abnormally increased in our mouse model of tauopathy compared 

to WT animals. We therefore sought to explore whether our findings were also consistent 

in our in vitro system, the overexpressing human tau compared to the corresponding wild 

type cell line. For these reasons, we measured the endogenous expression levels of miR-

22-3p and its related target genes (Figure 24A-C). Interestingly, compared to WT, N2A-

hTau already displays higher expression of miR-22-3p, pRB (S807), upregulation of P53 

and apoptosis activation as suggested by increased levels of the cleaved caspase 3 fragment 

(Figure 24B, C). Moreover, levels of LC3BI were also found significantly down further 

supporting altered autophagy in presence of higher levels of miR-22-3p in N2A-hTau cells. 

By contrast, when we looked at the direct miR-22-3p target genes SIRT1, PTEN and P21, 

while no difference was observed for PTEN, SIRT1 and P21 were significantly up-

regulated in N2A-hTau compared to WT control cells (Figure 24B, C).  
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Expression levels of miR-22-3p and its target genes are dysregulated in the cortex of 

Pick’s patients compared to age-matched healthy controls 

In order to translate our findings to the human pathology, levels of miR-22-3p were also 

measured in brain cortices from Pick’s patients (N=10) and compared to healthy aged-

matched controls (N=9). Consistently with our previous observations in the hTau animal 

model, miR-22-3p was indeed significantly up-regulated (*p<0.05) of approximately 

twofold in tauopathy patients as shown in figure 25A. Moreover, expression of miR-22-3p 

target SIRT1 was significantly down-regulated (*p<0.001), (Figure 25B and C). 

Additionally, significant P62 accumulation together with LC3BI and LC3BII reduction 

was also found suggesting defective protein clearance in the cortex of Pick’s patients 

(Figure 25B and C). pRB expression was not detectable by western blot technique. 

 

Figure 24. Endogenous miR-22-3p and target genes expression in N2A hTau 

compared to WT N2A cell line. (A) qRT–PCR analysis of miR-22-3p in WT N2A and 

N2A hTau cells. U6 was used as normalization control. Data are analyzed using the 

2−ΔΔCt method and expressed as fold change relative to controls, **p <0.01. (B) 

Representative Western blots of P53, PTEN, SIRT1, caspase 3, P21, LC3B and 

pRB(S807) in WT N2A and N2A hTau cells (N =3). (C) Densitometric analyses of the 

immunoreactivities to the antibodies shown in the previous panel (*P < 0.05).  Blots were 

normalized to GAPDH. Values represent mean ± SEM. 
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Figure 25. Abnormal miR-22-3p and SIRT1 levels in the brain of Pick’s patients. 

(A) qRT–PCR analysis of hsa-miR-22-3p in temporal cortices of control (N = 9) and 

Pick’s (N = 10) patients. U6 was used as normalization control. Data are analyzed using 

the 2−ΔΔCt method and expressed as fold change relative to age-matched controls. (B) 

Representative Western blots of SIRT1, PTEN, P62 and LC3B in temporal cortices of 

control (N = 9) and Pick’s (N = 10) patients. (C) Densitometric analyses of the 

immunoreactivities to the antibodies shown in the previous panel (*P < 0.05).  Blots 

were normalized to GAPDH. No significant changes in PTEN protein levels were 

observed in these samples. Values represent mean ± SEM. 
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Therapeutic inhibition of miR-22-3p using locked-nucleic acid (LNA)-anti-miR and 

its effects on tau pathology in a cellular and animal model of the human disease.  

 

miR-22-3p LNA inhibitor significantly downregulates levels of miR-22-3p and 

upregulates its target genes in N2A hTau cells 

 

 

 

 

Figure 26. LNA-mediated suppression of miR-22-3p and target genes expression 

in N2A hTau cell line. (A) qRT–PCR analysis of miR-22-3p in N2A hTau cells 72h 

after LNA CTR and LNA miR22 transfection. U6 was used as normalization control. 

Data are analyzed using the 2−ΔΔCt method and expressed as fold change relative to 

controls. (B) Representative fluorescence immunoreactivity of miR22 LNA FAM 

labeled (green), nuclear stain DAPI (blue) in Neuro2A-hTau cell line 72h post LNA-

transfection (500nM). (C) Representative Western blots of SIRT1, PTEN and P21 in 

N2A hTau cells treated with vehicle, CTR LNA and miR22 LNA (N=3, *p <0.05). (D) 

Densitometric analyses of the immunoreactivities to the antibodies shown in the 

previous panel (*P < 0.05).  Blots were normalized to GAPDH. Values represent mean 

± SEM. 
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Before testing the biological effect of miR-22-3p reduction in vivo, we wanted to validate 

the efficiency of our miRCURY LNA miRNA Power Inhibitor in vitro. In order to predict 

the rate of in vivo cellular uptake and the consequences of miRNA silencing, we adopted 

the unassisted "naked" delivery (without transfection reagent), also known as gymnosis. 

Indeed, we found that, even in absence of transfection reagents, miR-22-3p LNA 

successfully entered the cells as shown by immunofluorescence staining and significantly 

reduced miR-22-3p expression when compared to control as measured by qRT-PCR at 72h 

post-treatment (Figure 26A, B). Moreover, as expected, antagonism of miR-22-3p enabled 

increased expression of its direct target genes PTEN, SIRT1 and P21 at 72h post-treatment 

(Figure 26C-D).  

Cerebral intra-ventricular infusion of miR-22-3p LNA inhibitor significantly 

downregulates miR-22-3p levels in both cortex and hippocampus of 12-month-old 

hTau mice without affecting expression of its target genes 

To start validating the effect of in vivo manipulation of miR-22-3p by the LNA inhibitor 

in 12-month-old hTau mice, we measured levels of both miR-22-3p and its target genes in 

the three brain regions of interest: cortex, hippocampus and cerebellum by RT-PCR and 

western blot analysis. As shown in Figure 27A, 2-week intra-ventricular infusion of miR-

22-3p LNA inhibitor dramatically decreased miR-22-3p levels in cortex and hippocampus 

of hTau mice without affecting the miRNA levels in the cerebellum. However, when we 

assessed expression of miR-22-3p target genes (SIRT1 and PTEN) we were not able to see 

any significant change in the brain regions where the reduction of the miR-22-3p was 

substantial (Figure 27B and C).  
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Effect of miR22 LNA inhibitor on hippocampal synaptic activity in hTau mice 

To elucidate the effect of miR-22-3p inhibition on synaptic activity and plasticity, we 

studied basal synaptic activity, short-term (STP) and long-term potentiation (LTP) in the 

CA1 area of hippocampus of CTR LNA and miR-22-3p LNA mice. To assess the activity 

of the CA3-CA1 synapse we stimulated Schaffer collaterals as an input and field excitatory 

postsynaptic potentials (fEPSP) were recorded as an output response from stratum radiatum 

dendrites of the CA1 area. As shown in Figure 27D, although it didn’t reach statistical 

significance, we found an enhanced basal synaptic activity and short-term plasticity in 

miR-22-3p LNA mice when compared to controls. Hippocampal slices from miR-22-3p 

LNA mice displayed a trend toward an increase in basal synaptic activity as evidenced 

from the input-output curve showing higher fEPSP slopes across a broad range of given 

stimuli (Figure 27D(a)).  
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Similarly, there was a trend in facilitation of STP in miR-22-3p LNA mice as evidenced 

from the paired‐pulse ratio at 50 and 100 millisecond inter‐pulse time intervals (Figure 

27D(b)). Last, we tested the effect of miR-22-3p inhibition on long-term potentiation over 

120 minutes after LTP induction using the high‐frequency stimulation (HFS) protocol. 

Consistently, we found that compared to CTR LNA, miR-22-3p LNA mice displayed and 

enhanced LTP response (Figure 27(c)). However, even for this parameter there was no 

significant difference between the two groups.     

Downregulation of miR-22-3p levels does not rescue working memory in 12-month-

old hTau mice 

12-month-old hTau mice are known to display impaired working memory [Lauretti E et al. 

2019]. Thus, to assess whether restoring normal miR-22-3p expression levels ameliorate 

cognitive function, hTau mice underwent Y-maze testing. As shown in figure 27, after 2 

Figure 27. Effect of Intraventricular infused miR22 LNA inhibitor on synaptic 

function and miR-22-3p target genes in 12-month old hTau mice. (A) qRT-PCR 

analysis of miR-22-3p expression in cortex, hippocampus and cerebellum of 12-month 

old hTau mice after 2 week-intraventricular infusion of CTR LNA or miR22 LNA (CTR 

LNA N = 5, MIR22 LNA N =7, *p< 0.05). U6 was used as normalization control. Data 

are analyzed using the 2−ΔΔCt method and expressed as fold change relative to controls. 

(B) Representative Western blots of SIRT1 and PTEN in cortex, hippocampus and 

cerebellum of 12-month old hTau mice after 2 week-intraventricular infusion of CTR 

LNA or miR22 LNA (CTR LNA N = 5, MIR22 LNA N =7). (C) Densitometric analyses 

of the immunoreactivities to the antibodies shown in the previous panel (*P < 0.05). Blots 

were normalized to GAPDH. Values represent mean ± SEM (D) Basal synaptic activity, 

short‐term and long‐term plasticity in CTR LNA and miR22 LNA hTau mice. (a) Input–

output curve of fEPSP slope vs injected current. (b) Time dependence of paired‐pulse 

facilitation of fEPSP slope as a ratio of fEPSP slope at pulse 1 to fEPSP slope at pulse 2 

for different time points. (c) Long‐term potentiation induced with 3 consecutive pulses of 

high‐frequency stimulation of 100 Hz and 1 s inter‐pulse interval. The fEPSP slope values 

are presented as a percentage of response after LTP induction to averaged response of 

baseline. (LNA CTR N = 3, miR22 LNA N = 3). (E) Number of entries and percentage of 

alternation in the Y‐maze paradigm (CTR LNA N =5, miR22 LNA N =7). 
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week-treatment-time, no significant differences were detected among the 2 groups of mice 

as demonstrated by equal number of entries and percentage of alternations (Figure 27E).  

Cell-specific distribution of intraventricularly infused miR22 LNA inhibitor in hTau 

mice 

In order to assess the cell specific distribution of the LNA antisense nucleotide in the brain 

of our animals, we performed immunofluorescence staining in cortex and hippocampus of 

hTau mice. To identify if 6-FAM labeled LNA colocalized to neurons, Neuronal Nuclear 

Protein (NeuN) was used as neuronal marker.  
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GFAP and CD45 were used instead, to label astrocytes and microglia. As shown in figure 

28 and 29, in both cortex and CA3 region of the hippocampus, with the exception of few 

microglia cells, the majority of  6-FAM positive cells were neurons.  

Downregulation of miR-22-3p levels reduces tau phosphorylation and conformational 

change in the hippocampus of 12-month-old hTau mice 

To further assess the effect of miR-22-3p inhibition on tau brain metabolism, we measured 

soluble total tau, aggregation prone tau as recognized by MC1 antibody and phosphorylated 

epitopes of tau in cortex, hippocampus and cerebellum of both groups of animals (Figure 

30A, B).  Despite no changes in soluble total tau, we observed significant reduction of 

phosphorylated tau (PHF1) and MC1 in the hippocampus of miR-22-3p LNA hTau 

compared to the CTR LNA group (Figure 30A, B). No differences were detected instead, 

in cortex and cerebellum of the same animals. Since the specific tau changes occurred in 

the hippocampus, we examined the effect of miR-22-3p down-regulation on insoluble tau 

deposition only in this particular brain region. However, compared with controls brain 

homogenates, miR-22-3p LNA hTau displayed no significant change in the level of total 

insoluble (formic acid-soluble) tau as recognized by the antibody HT7 (Figure 30C, D).  

Figure 28: LNA cell-specific localization in the CA3 region of the hippocampus of 

hTau treated mice. (A) Representative fluorescence immunoreactivity of  NeuN 

(TRITC= red) used as a pan‐neuronal marker, LNA shown in green and nuclear stain 

DAPI (blue). (B) Representative fluorescence immunoreactivity of CD45 (TRITC= 

red) used as a microglia marker, LNA shown in green and nuclear stain DAPI (blue). 

(C) Representative fluorescence immunoreactivity of GFAP (TRITC= red) used as 

astrocyte marker, LNA shown in green and nuclear stain DAPI (blue). Images of CA3 

were captured at 60X magnification. Scale bar 10μm.  
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Figure 29: LNA cell-specific localization in the cortex of treated hTau mice. (A) 

Representative fluorescence immunoreactivity of  NeuN (TRITC= red) used as a pan‐
neuronal marker, LNA shown in green and nuclear stain DAPI (blue). (B) Representative 

fluorescence immunoreactivity of CD45 (TRITC= red) used as a microglia marker, LNA 

shown in green and nuclear stain DAPI (blue). (C) Representative fluorescence 

immunoreactivity of GFAP (TRITC= red) used as astrocyte marker, LNA shown in 

green and nuclear stain DAPI (blue). Images of cortices were captured at 60X 

magnification. Scale bar 10μm.  

Figure 30. miR22-dependent reduction of tau pathology in 12-month hTau mice. (A) 

Representative Western blots of total soluble tau (HT7), MC1, phosphorylated tau at 

residues ser202/thr205 (AT8) and S396/S404 (PHF1) in cortex, hippocampus and 

cerebellum of 12-month old hTau mice after 2 week-intraventricular infusion of CTR LNA 

or miR22 LNA (CTR LNA N = 5, MIR22 LNA N =7). (B) Densitometric analyses of the 

immunoreactivities to the antibodies shown in the previous panel (*P < 0.05). Blots were 

normalized to GAPDH. Values represent mean ± SEM. (C) Representative Western blots of 

total insoluble tau (HT7) in the hippocampus of 12-month old hTau mice after 2 week-

intraventricular infusion of CTR LNA or miR22 LNA (CTR LNA N = 5, MIR22 LNA N 

=7). (D) Densitometric analyses of the immunoreactivities to the antibody shown in the 

previous panel (*P < 0.05). Blots were normalized to GAPDH. Values represent mean ± 

SEM. 
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Downregulation of miR-22-3p levels does not affect synaptic integrity and 

inflammation in the hTau mouse model of tauopathy. 

Tau phosphorylation is often associated with changes in synaptic function and integrity. 

Thus, we assessed levels of synaptophysin (SYP), post-synaptic density protein 95 (PSD-

95), SNAP25, Complexin1/2 in cortex, hippocampus and cerebellum of 12 months old 

CTR LNA and miR22 LNA hTau by western blot. No significant differences were detected 

in any of the synaptic integrity markers (Figure 31A, B).  
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Finally, caspase 3 and markers for astrocytes and microglia activation (GFAP and IBA1) 

were also measured in cortex, hippocampus and cerebellum of 12-month-old CTR LNA 

and miR22 LNA hTau mice. No changes were observed in the protein levels of either 

GFAP, IBA1 or caspase-3 in cortex and hippocampus among groups (Figure 31C, D). 

However, miR22 LNA hTau mice displayed significant increase in GFAP and reduction 

of procaspase 3 in the cerebellum compared to 12-month-old CTR LNA animals.  

Summary of main findings from LNA experiments: 

• miR-22-3p inhibition was restricted to cortex and hippocampus. 

• miR-22-3p inhibition was restricted to neuronal cells.  

• miR-22-3p inhibition improved synaptic plasticity. 

• miR-22-3p inhibition reduced phosphorylation and generation of the 

pathological conformation of tau as recognized by PHF1 and MC1 

antibodies in the hippocampus of 12-month-old hTau mice. 

Figure 31. Synaptic integrity and inflammation in 12-month old miR22 LNA treated 

hTau mice. (A) Representative Western blots of PSD95, SYP, Complexin1/2 and 

SNAP25 in cortex, hippocampus and cerebellum of 12-month old hTau mice after 2 

week-intraventricular infusion of CTR LNA or miR22 LNA (CTR LNA N = 5, MIR22 

LNA N =7). (B) Densitometric analyses of the immunoreactivities to the antibodies 

shown in the previous panel (*P < 0.05). Blots were normalized to GAPDH. Values 

represent mean ± SEM. (C) Representative Western blots of GFAP, Iba1 and caspase3 

in cortex, hippocampus and cerebellum of 12-month old hTau mice after 2 week-

intraventricular infusion of CTR LNA or miR22 LNA (CTR LNA N = 5, MIR22 LNA 

N =7). (D) Densitometric analyses of the immunoreactivities to the antibody shown in 

the previous panel (*P < 0.05). Blots were normalized to GAPDH. Values represent mean 

± SEM. 
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CHAPTER 5 

GENERAL DISCUSSION 

 

In this study we characterized the regional and temporal miRNAs pattern of expression and 

explored the association between miRNAs changes and the age-dependent development of 

tau neuropathology, memory and motor impairments in a relevant transgenic mouse model 

of tauopathy, the hTau mice. Collectively our data suggest that the passage from the pre-

symptomatic to symptomatic stage in tauopathy involves dysregulation of several miRNAs 

which could contribute to the disease pathogenesis by targeting crucial key signaling 

pathways.  

Tauopathies are very heterogeneous in terms of tau isoforms, distribution, and clinical 

manifestations. Some brain regions may display pathological changes earlier and more 

severely than others. Therefore, the uniqueness of our experimental protocol has enabled 

us to identify not only the earliest dysregulated miRNAs but also the specific brain area 

where the phenomenon is occurring. Moreover, considering that the majority of the 

tauopathy cases are sporadic, we believe the selection of the hTau mice expressing all six 

non-mutated human isoforms of tau as model of tauopathy makes our findings more 

relevant to the human condition, and provides additional physiological value to our 

observations. Finally, we provide mechanistic clues whereby the dysregulated miRNAs 

modulate the onset and development of the tau neuropathologic phenotype the hTau mice. 

Overall, we believe that this novel information could potentially open up new miRNA-

targeted therapeutic strategies for AD and related tauopathies.  
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Tau is a microtubule binding protein important for microtubule stability and 

polymerization, maintenance of neuronal structure, axonal transport and synaptic plasticity 

[Elie et al. 2015]. However, in disease conditions for mechanisms not understood, tau is 

subjected to aberrant post-translational modifications that negatively interfere with its 

normal function driving its aggregation and ultimately leading to neurodegeneration 

[Arendt T et al. 2016]. Since their discovery, miRNAs have been implicated in the 

regulation of molecular pathways responsible for neuronal function and neurodegenerative 

disorders including tauopathies [Zhao J et al 2017; Hebert et al. 2010; Wang W et al. 2012]. 

These findings have greatly attracted the interest of the scientific community and in recent 

years, a large number of studies have analyzed expression levels of miRNAs in brain, 

plasma and CSF of tauopathy patients where miRNAs have consistently found 

dysregulated [Wang M et al. 2019; Angelucci Fet al. 2019]. To better dissect the 

relationship between miRNAs and tau pathology, several in vitro and in vivo studies have 

examined the physiological and/or pathological role that these miRNAs could potentially 

play in the disease process, demonstrating that miRNAs can indeed modulate tau 

metabolism, neuroinflammation, synaptic plasticity, and neuronal survival [Zhao J et al 

2017; Hebert et al. 2010; Wang W et al. 2012; Hu Z et al. 2017; Karthikeyan A et al. 2016]. 

However, given that expression of miRNAs has typically been explored at the later stages 

of these diseases, the published studies so far have failed to establish the cause-

consequence relationship of miRNA dysregulation and abnormal tau metabolism. Thus, 

whether alterations of miRNAs contribute to the development of the pathology, or are only 

a secondary result of the disease per se remains to be established. 
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In this study, we decided to address this important scientific question with the ultimate goal 

to test miRNAs as potential novel therapeutic tools for the treatment of these pathologies. 

To this aim, we selected the hTau mouse model that best recapitulates the human tau 

pathology and investigated miRNAs expression profile at different stages of the pathology 

(3-, 6-, and 12-month age) focusing on three brain regions: cortex, hippocampus and 

cerebellum. Interestingly, we found that several miRNAs were altered as early as 6 months 

of age in the hippocampus (miR-132-3p, miR-146a-5p, miR-22-3p) and cerebellum (miR-

132-3p, miR-146a-5p) of hTau mice compared with wild type controls and that they were 

also conserved between human and mouse (miRBase). Previously, other studies have 

confirmed the association between miR-132-3p, miR-146a-5p and AD and related 

tauopathies. In fact, miR-146a-5p has been reported up-regulated in the hippocampus of 

AD patients and AD mouse models [Sierksma A et al. 2018], whereas miR-132-3p was 

consistently found down-regulated in AD and in PSP [Smith PY et al. 2011]. In particular, 

the latest has been extensively characterized in several animal models of AD. Strong 

evidence have shown that miR-132-3p directly targets tau mRNA and is involved in the 

regulation of its splicing with the exclusion of exon 10 in favor of the 3R isoforms of tau 

[Smith PY et al. 2011]. Although at first, this seems to be in contrast with our findings 

where miR-132-3p is up-regulated, considering that miR-132-3p favors the generation of 

the 3R tau, we believe that its differential expression in our mouse model is part of the 

mechanism responsible for the significantly higher expression of the human 3R isoforms 

of tau found in the hTau mice. In the other available animal models, in the human AD or 

PSP condition where instead, miR-132-3p levels seem to be reduced, there is either an 
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equal 3R/4R tau ratio (AD) or the predominant tau isoform is the 4R (PSP) [Espíndola SL 

et al. 2018]. On the other hand, there are no reports linking miR-22-3p to tauopathies.  

Several studies have highlighted that the expression of miRNAs normally changes with 

age in both humans and mice, implying a potential regulatory role for miRNAs in the aging 

process [Inukai S et al. 2012; Smith-Vikos T et al. 2012]. Moreover, although the etiology 

is still undefined, the greatest known risk factor for tauopathies is aging. Therefore, to 

determine whether the observed changes were transgenic-specific or age-induced, we 

analyzed the expression profile of the same miRNAs this time comparing young vs. old 

WT and young vs. old hTau. Our analysis showed that age produced similar miRNA 

changes only in the cerebellum, while in cortex and hippocampus there was a discrepancy 

in terms of miRNA expression between WT and hTau strengthening the relevance of the 

changes observed in the brain of our mouse model and their potential implication in the 

regulation of pathways important for the development of the tau pathologic phenotype.  

Next, to establish the relationship between the observed miRNAs dysregulation and the 

neurodegenerative disease pathomechanisms, we assessed age-dependent changes in motor 

skill, cognitive function, and tau pathology in the hTau mice. We implemented three 

behavioral paradigms: Y-maze, Morris water maze (MWM) and Rotarod. We found that 

hTau mice manifest significant learning and memory deficits in both Y-maze and MWM 

only when 12 months old, implying that miRNAs dysregulation precede the onset of 

cognitive decline. However, they displayed motor impairments starting at 6 months of age 

in association with the miRNA changes found in the cerebellum of these animals. In 

support to our observations, strong evidence indicates that miRNAs can regulate synaptic 

plasticity and function. The miR-132-3p is important for memory formation since it 
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modulates the expression of glutamate receptor subunits, BDNF and MeCP2, a 

transcription regulator found in high concentrations in neurons and important for synaptic 

contacts formation [Leinders M et al. 2016]. Therefore, both down-regulation and 

overexpression of miR-132-3p can significantly impact this function. Indeed, miR-132-3p 

upregulation in vivo has been associated with decrease in spine density, deficits in novel 

object recognition and contextual fear conditioning [Ryan B et al. 2015; Quian Y et al. 

2017]. The miR-146a-5p was found to attenuate group I mGluR-induced MAP1B protein 

synthesis and AMPAR endocytosis thus affecting long-term depression [Chen YL et al. 

2013]. Finally, miR-22-3p regulates MeCP2, BDNF [Muiños-Gimeno M et al. 2011] and 

the translational regulator cytoplasmic polyadenylating element binding protein CREB, a 

key mediator of the long-term maintenance phase of memories and synaptic plasticity 

[Fiumara F et al. 2015; Kandel ER et al. 2012].  

The assessment of brain pathology showed that while levels of soluble total tau were not 

changed throughout the different age considered, hTau mice display an age-dependent 

increase in phosphorylated tau and in total insoluble (FA-soluble) tau in both cortex and 

hippocampus, which reached statistical significance only at 12 months of age. Surprisingly, 

in the cerebellum we found increased expression of total tau and phosphorylated tau 

already at 6 months of age. However, in this brain region, aberrant phosphorylation of tau 

did not correlate with accumulation in its insoluble fraction. Additionally, we found an age-

dependent activation of the neuroinflammatory response in all brain regions examined 

already in the pre-symptomatic stage (i.e., 6-months of age).  
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Overall, our comprehensive analysis indicates that, in the hippocampus the aberrant 

expression of miRNAs precedes tau hyperphosphorylation, aggregation and consequent 

memory and learning deficits.  

To start unveiling the biological implication of miR-132-3p, miR-146a-5p and miR-22-3p 

dysregulation in the context of the neurodegenerative phenotype, we looked at their 

predicted and validate targets and we performed enrichment analysis using ingenuity 

pathway analysis (IPA). The statistical analysis revealed that the predicted target genes for 

these miRNAs are part of important biological processes like synaptogenesis, axonal 

guidance, neuroinflammation, nerve growth factor, and neuregulin signaling, all of which 

have been involved in AD and related tauopathies. Moreover, we found that miR-132-3p 

and miR-22-3p share several molecular targets (SIRT1, PTEN, MeCP2, and BDNF) 

implying a possible simultaneous action on specific signaling pathways involved in tau 

pathophysiology.  

Given the strong evidence from the animal study, next, we explored the direct impact of 

miR-132-3p, miR-146a-5p and miR-22-3p up-regulation on tau metabolism in vitro by 

using neuronal cells stably expressing non-mutated human tau protein. Despite previous 

reports linking tau expression and phosphorylation to miR-132-3p and miR-146a-5p 

[Heber SS et al. 2012; Wang G et al. 2016], we found that only miR-22-3p promoted 

increased levels of total soluble and insoluble tau and MC1-conformational change in our 

in vitro model of tauopathy. We believe that the inconsistency within the previous results 

may arise from the use of different cellular and animal models along with the expression 

of different isoforms of tau which are known to be subjected to diverse post-translational 

modifications. Furthermore, due to alternative polyadenylation, tau mRNA can present two 
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distinct 3’UTR versions, one long and one short. These two isoforms were found to be 

differentially regulated by miRNAs in human neuroblastoma cell lines M17D and SH-

SY5Y by luciferase assays and quantitative PCR (qPCR) [Dickson JR et al. 2013]. Since 

it is known that to explicate their function, miRNAs primarily bind to the 3’UTR of their 

target mRNA, the diversity of tau 3′ UTR sequences might be the reason of the observed 

discrepancy in the miRNA-mediated action on tau mRNAs.  

Considering that the increase in tau protein secondary to the miR-22-3p did not correlate 

with tau mRNA levels, we speculated that this miRNA could interfere with the clearance 

pathway of tau leading to progressive tau accumulation and self-aggregation. Consistent 

data have demonstrated that one of the principal mechanisms devoted to the removal of tau 

protein aggregates is autophagy [Chesser AS et al. 2013]. Abundant evidence show that 

the delicate balance between clearance and production of tau is compromised in the brain 

of tauopathy models and patients as demonstrated by the large presence of defective 

autophagosomes (AVs) in sharp contrast with almost lack of AVs in normal brains [Cataldo 

AM et al. 2004]. Moreover, several studies have proven that autophagy inhibition 

contributes to the development of AD-like tauopathy. Thus, by implementing multiple 

approaches including immunoblot analysis and fluorescence microscopy, we monitored 

the amount of p62 and LC3B as indicators of the autophagic flux and found that increased 

expression of miR-22-3p resulted in reduction of autophagy. Interestingly, among known 

miR-22-3p targets, SIRT1 and PTEN which we both found down-regulated under our 

experimental conditions, can alter the autophagy process via distinct mechanisms. PTEN 

is an important inhibitor of the AKT/mTOR pathway, while SIRT1 stimulates basal 

autophagy through deacetylation of crucial autophagy genes (ATG5, ATG7 and LC3B) 
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[Lee IH et al. 2008; Ueno T et al. 2008]. For these reasons, we decided to explore the 

hypothesis that miR-22-3p-dependent inhibition of the autophagy flux was mediated by the 

reduction of one of these two pathways. However, when we look into the AKT/mTOR 

signaling there was no sign of its activation, and on the other hand overexpression of SIRT1 

in presence of miR-22-3p was not able to rescue the impaired autophagic flux indicating 

that SIRT1 and PTEN were not the mediators of miR-22-3p biological effect.   

Additionally, previous studies have documented that under severe stress conditions, 

apoptosis may be induced by miR-22-3p-mediated repression of P21, an important cell 

cycle regulator and universal tumor suppressor [Ohkoshi S et al. 2015]. P21 exerts its anti-

apoptotic function mainly when is located in the cytoplasm while regulates cell cycle when 

in the nucleus. Therefore, we wondered how miR-22-3p delivery would affect P21 

expression and function in N2A-hTau cells. Interestingly, under our experimental condition 

we observed significant P21 down-regulation especially in the cytosolic compartment 

implying a reduction of its tumor suppressor activity. Indeed, cell viability was also 

significantly reduced in miR-22-3p over-expressing N2A-hTau cells.  

Evidence has linked aberrant neuronal cell cycle re-entry to cell death and tau pathology 

in the brain of both animal models and tauopathy patients. For instance, hTau mice display 

altered levels of several cell cycle regulators related to the G1/S phase of the cycle, 

including pRB (S807) and defective mitosis compared to WT [Andorfer C et al. 2005]. 

More importantly, in the hTau mice brain, many of the cells shown to re-enter the cell cycle 

also present morphological changes indicating the activation of cell death signaling 

pathways like apoptosis, necrosis and autophagy [Andorfer C et al. 2005]. Given the strong 

connection between neurodegeneration and loss of neuronal cell cycle control, we decided 
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to look deeper into the consequences of P21 reduction, which is known to promote the exit 

from G0 and transition to G1/S phase in differentiated N2A hTau cells [Jung YS et al 

2010]. Considering that our goal was the investigation of the mechanisms involved in 

aberrant cell cycle progression occurring in postmitotic neurons in vivo, differentiation of 

N2a murine neuroblastoma cells into mature neurons with dendrites and/or axons, in our 

opinion, represented a more suitable system. 

Indeed, in differentiated N2A hTau cells, miR-22-3p-induced P21 repression triggered a 

significant increase in pRB (S807), required for progression through the G1 restriction 

point and, and an elevation in phospho-CDK2 (Tyr15) which occurs when cells are arrested 

in G1/S phase. Moreover, the aberrant cell cycle activation resulted in induction of 

apoptosis together with accumulation of total tau and reduction of LC3B confirming the 

previously observed dysregulation of the autophagy pathway and tau metabolism in 

undifferentiated N2A hTau cells.  

LC3B levels are known to fluctuate depending on the cell cycle phase, thus, we believe 

that miR-22-3p via modulation of P21 activity simultaneously inhibits autophagy and 

trigger apoptosis thus contributing to the accumulation of pathological tau which in turn 

promotes even more neurodegeneration and cellular death (Figure 32). Thus, employing 

the gain of function approach, we present the first evidence that overexpression of miR-

22-3p negatively affect tau metabolism in an in vitro tauopathy model.  
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Figure 32: Proposed model for the effect of miR-22-3p upregulation in the 

pathogenesis of tauopathies. Upregulation of miR-22-3p leads to reduced expression 

of P21. Cell cycle progression is triggered by phosphorylation of retinoblastoma protein 

RB mediated by CDK2/cyclin which releases E2F transcriptional factor activity. Under 

normal conditions, P21 binds and inhibits CDK2/cyclin complexes and CDK2 

dependent RB phosphorylation, thus functioning as negative regulator of cell cycle 

progression at G1 and S phase. In postmitotic cells depletion of P21 promotes cell cycle 

re-entry. However, differentiated and quiescent cells like neurons are not capable of 

fully terminate the cycle and the consequence is cell cycle arrest and cell death. 

Additionally, upregulation of miR-22-3p is also associated with reduced LC3B. LC3B 

is a structural protein of the autophagosomal membrane and its levels are known to 

fluctuate depending on the different phase of the cell cycle. For instance, LC3B is at its 

lowest at the G1/S stage. Although autophagy is present in every stage of the cycle, 

increasing evidence suggests that CDKs are critical autophagy modulators. In 

particular, CDKs during G0/G1 to S transition have been implicated in the inhibition of 

autophagy. Accordingly, we speculate that overexpression of miR-22-3p induces cell 

cycle alteration via P21 downregulation and results in the reduction of LC3B and 

inhibition of the proper function of the autophagy machinery. Finally, inhibition of 

autophagy alters tau clearance and degradation which ultimately accelerates 

neurodegeneration and triggers even more apoptosis.  
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Next, we sought to explore the actions of endogenous miR-22-3p under physiological 

conditions in neuroblastoma overexpressing human tau compared to the corresponding 

wild type cell line. Indeed, N2A-hTau cells already display higher endogenous expression 

of miR-22-3p and induction of the p53-dependent apoptosis through the caspase 3 pathway 

when compared to WT N2A. Moreover, levels of pRB (S807) were significantly increased 

while levels of LC3BI were reduced further confirming the association between loss of cell 

cycle control and altered autophagy in presence of elevated miR-22-3p in N2A-hTau cells. 

However, direct miR-22-3p target genes were differently regulated by physiological levels 

of the same miRNA. We speculate that this discrepancy could be due to the presence of 

either compensatory mechanisms that do not occur during transient transfection, or to the 

different fold of overexpression necessary to efficiently suppress the target genes. 

Although miRNA gain of function studies should be interpreted always with caution, our 

data indicate that, in both differentiated and undifferentiated N2A hTau, miR-22-3p mimic 

exhibits similar behavior to the endogenous miR-22-3p further strengthening the 

association between miR-22-3p, P53 and LC3B signaling pathway.  

Given the lack of reports linking miR-22-3p to the human condition, we finally asked 

whether miR-22-3p levels were also dysregulated in tauopathy patients. Indeed, we found 

miR-22-3p up-regulated in the cortex of a small cohort of Pick’s disease patients while its 

target gene, SIRT1, was reduced compared to healthy age-matched controls.  

Because of the possible clinical relevance of our findings, we moved forward to explore 

the therapeutic potential of miR-22-3p inhibition in vivo, in the hTau mouse model. In 

order to inhibit our miRNA, we choose the miRCURY LNA technology. These stable 

LNA-enhanced antisenses by binding to the target miRNA, act as potent inhibitors of 
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miRNAs function. However, since LNA are large charged molecules, they are incapable 

of penetrating the blood brain barrier (BBB). Thus, to circumvent the BBB and to avoid 

repeated fluctuations of miR-22-3p levels, which would happen with single brain 

injections, CTR LNA and miR22 LNA were delivered by continuous intraventricular 

infusion via Alzet mini osmotic pumps. Following a 2-week treatment, miR-22-3p was 

successfully reduced in both cortex and hippocampus. Ideally, as the levels of miR-22-3p 

are diminished, its target genes SIRT1 and PTEN should be upregulated as functional 

readout of miRNA silencing. However, this was not the case in our mice.  

We believe that possible reasons explaining our results include compensatory mechanisms 

and cell/context or age specific miRNA activity. Consequently to miR-22-3p reduction, tau 

hyper-phosphorylation and pathologic conformational change was reduced exclusively in 

the hippocampus. Interestingly, this is the region originally showing the up-regulation of 

this specific miRNA, suggesting that in vivo alteration of miR-22-3p levels and functions 

are involved in the pathological regulation of tau processing in a brain region-specific 

manner. Finally, although we observed reduction of tau pathology lower levels of miR-22-

3p were not sufficient to influence inflammation, synaptic integrity and working memory 

in the same animals. Electrophysiology analysis revealed an increase in basal synaptic 

activity and short‐term plasticity in miR-22-3p LNA treated mice compared to CTR LNA, 

but the differences between the two groups did not reach statistical significance, Moreover, 

the miR-22-3p LNA group displayed also enhanced LTP responses compared to control 

animals suggesting that inhibition of miR-22-3p may exert a neuroprotective effect and 

improve synaptic function and plasticity integrity. Considering the short-term treatment 

and the advance stage of the disease, the lack of an effect on cognition is not totally 
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surprising to us and we believe that an earlier and longer intervention could significantly 

improve the beneficial effect of miR-22-3p inhibition in vivo.   

In conclusion, for the first time, we have elucidated the biological relationship between 

miRNAs dysregulation and tau pathology demonstrating that, in a mouse model 

recapitulating the human condition their alteration precedes the onset of the symptomatic 

stage. Therefore, our data provide support to the hypothesis that miRNAs, as regulators of 

many crucial signaling pathways can actively contribute to tau 

pathogenesis/pathophysiology. Moreover, in both mouse model and the human condition, 

we identified a novel dysregulated miRNAs, miR-22-3p and demonstrated that restoring 

its normal levels of expression rescues tau pathology in the hippocampus of hTau mice.  

miRNAs hold great potential as therapeutic targets for AD and related tauopathies. 

However, despite great advances in the field, currently there are no approved therapies or 

clinical trials. Overall, our results indicate a specific effect of miR-22-3p on tau metabolism 

and opens to new therapeutic opportunities. 

Limitation of the study and future directions 

Despite the novel and promising results, the described research presents some limitations.  

One limitation to our approach is the lack of cellular resolution. miRNAs regulatory 

functions are known to depend on specific conditions and cell type thus, the integration of 

single-cell RNAseq (scRNAseq) to our study could have added depth to the understanding 

of miR-22-3p role in tau pathology and enabled us to better dissect the specific signaling 

pathways involved.  In fact, although SIRT1 and PTEN are validated miR-22-3p targets, 

our in vivo study failed so far to confirm this association. When a disease-specific miRNA 
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dysregulation is identified, is crucial to determine the targets and the disease-related 

pathway affected by that specific miRNA. However, despite we provided strong evidence 

in support for miR-22-3p pathological role in tauopathy, no in vivo mechanisms were 

validated so far. 

Another limitation to our experimental approach is represented by the short-term duration 

of the LNA treatment in vivo. In fact, according to our data, although miR-22-3p inhibition 

showed great potential as tau-modifying therapy, it was not sufficient to reduce insoluble 

tau formation and ameliorate synaptic function and cognition in the hTau mice. Abnormal 

aggregation of tau is known to be the major contributor factor to synaptic damage which 

culminates in dementia. Therefore, we believe that by prolonging the time of the treatment 

we could overcome the partial beneficial effect of miR-22-3p inhibition on tau-associated 

phenotype. Given the reduction of misfolded and hyperphosphorylated PHF tau achieved 

after only 2-week-LNA regimen, we predict that sustained inhibition of miR-22-3p will 

promote clearance of neurofibrillary tangles and rescue memory and synaptic plasticity in 

these animals. For these reasons, further studies implementing the CRISPR-Cas9 gene-

editing technology should be considered to investigate the long-term effects of miR-22-3p 

knockout on tau metabolism, synaptic integrity and plasticity.  

For gain and loss of function assays, the selection of a cell culture system is the first crucial 

step to ensure the best conditions possible to characterize the physiological and 

pathological functions of a miRNA. Indeed, our study nicely depicts miR-22-3p 

mechanism of action on tau conformational change and aggregation in a proper cellular 

model of human tauopathy also expressing appropriate level of miR-22-3p and target genes 

so that effects of their manipulation could be clearly detected. Furthermore, we showed 
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similar behavior between endogenous and synthetic miR-22-3p, strengthening even more 

the validity of our findings. However, additional studies exploring the role of this miRNA 

in alternative cell lines including primary neuronal culture should be considered to rule out 

the hypothesis that they are a specific trait of an individual line. 

Finally, it would be very interesting to define the potential compensatory mechanisms and 

the complex miRNA-miRNA and miRNA-mRNA network interactions modulated by 

miR-22-3p inhibition in vivo performing RNAseq and proteomic analysis to accurately 

establish the specificity and the biological implications of this therapeutic approach.  
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