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ABSTRACT 

 

Neurodegenerative disorders occur when neurons, in the brain and spinal cord, 

begin to decline. Instabilities in these cells cause them to function irregularly and 

eventually result in death. A subset of these diseases is called tauopathies. Tauopathies are 

characterized by a filamentous accumulation of hyper-phosphorylated tau, in neurons and 

glial cells. Currently, it is unknown how tau becomes hyper-phosphorylated and/or it 

accumulates in the brain. Tau is a highly soluble natively unfolded protein, closely 

associated with the proper functioning of the cytoskeletal network. However, in 

tauopathies, tau becomes an insoluble protein that forms intracellular fibrillar deposits in 

neurons and glial cells. Studies have shown that there is a direct relationship between the 

abnormal increase in tau phosphorylation, the cell cycle, and MiRNA-22-3p. There have 

been several strategies and targets developed in order to treat tauopathies, but there are no 

known consistent, effective treatments. Recently, miRNAs have emerged as a potential 

target to manipulate the tau protein. MiRNAs are small noncoding RNAs, that control 

major cellular functions by binding to the 3’ untranslated region of messenger RNAs, 

causing inhibition of their translation or promoting their degradation. We have 

hypothesized that miRNA-22-3p halts abnormal tau phosphorylation levels, in brain 

endothelial cells.  

To test this hypothesis, we transfected a miRNA-22-3p mimic, into a brain 

endothelial cell line. Then, we ran a western blot experiment to look at the proteins, related 

to tau. We looked at total tau, tau phosphorylation at different epitopes, and P21, a cell 
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cycle marker. Our data demonstrated that miRNA-22-3p halts abnormal tau 

phosphorylation.  

In conclusion, we have shown a relationship between miRNA-22-3p and tau 

phosphorylation. We have highlighted a possible therapeutic benefit that, when 

investigated further, could serve as a potential treatment on tauopathies and accentuated 

favorable targets against abnormal tau phosphorylation. We hope to be able to provide 

others with the information needed to manipulate miRNA-22-3p and downregulate the 

expression of the tau protein. 
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CHAPTER 1   

NEURODEGENERATIVE DISORDERS 

 

Neurodegenerative disorders occur when neurons, in the brain and spinal cord, 

begin to decline [1]. Instabilities in these cells cause them to function irregularly and 

eventually result in death [1]. As neurons fail, an individual may first experience relatively 

mild symptoms [1]. However, as a collective number of neurons die, symptoms 

progressively worsen [1]. There are several stages and symptoms that describe the different 

levels, within some neurodegenerative disorders. The stages and symptoms differ, based 

on the type of neurodegenerative disorders. For example, in Alzheimer’s Disease (AD), 

there are seven stages to this progressive disease [a]. The first stage doesn’t have any 

symptoms, however, individuals experience normal outward behavior [a]. In the second 

stage, early symptoms start to arise, such as forgetfulness [a]. In the third stage, mild 

physical and mental impairments appear, such as reduced memory and concentration [a]. 

During the fourth stage, AD is often diagnosed, but it is still pronounced in a mild form 

[a]. Symptoms, such as memory loss and the inability to perform everyday tasks, becomes 

prominent [a]. In the fifth stage, moderate to severe symptoms surface and the need of 

assistance, from loved ones or caregivers is required [a]. In the sixth stage, an individual 

may need support in completing basic tasks, such as eating and putting on clothes [a]. In 

the seventh and final stage, this is the most severe form of AD [a]. Symptoms, related to 

this stage, may be a loss of speech and facial expressions [a]. Progressive supranuclear 

palsy, or PSP, although a progressive disease, only has four stages [b]. In the early stage, 
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individuals typically go through some symptoms including unsteadiness, fatigue, and 

problems with vision [b]. This stage, generally, spans for about a year [b]. In the mid stage, 

individuals commonly go through certain symptoms such as experiencing frequent falls, 

increasing muscular rigidity, swallowing problems, and communication difficulties [b]. 

This stage, ordinarily, extents for about two to three years [b]. During the advanced stage, 

individuals usually go through certain symptoms, such as immobility, weight loss, 

functional incontinence, and several problems with vision and eye movement [b]. This 

stage, typically, spans for about three to six years [b]. In the final stage, also categorized 

as the “end of life” stage, individuals typically experience any variety and severity of 

symptoms from the previous stages [b]. Individuals may also experience co-morbidities as 

well as significant pain [b]. This stage refers to the last six to eight weeks of a person’s life 

[b]. These disorders are extremely prevalent, affecting millions of people worldwide. 

According to the Harvard NeuroDiscovery Center, as of 2019, 5 million people have 

Alzheimer’s disease (AD), 1 million have Parkinson’s disease (PD), 400,000 have multiple 

sclerosis (MS), 30,000 have amyotrophic lateral sclerosis (ALS), 30,000 have Huntington's 

disease (HD), and 20,000 people have Progressive Supranuclear Palsy (PSP) [1]. There 

have been several treatments and therapies developed in order to relieve some of the 

symptoms related to these disorders, but no cures have been found. 

Current approved treatments against AD utilize two strategies: a symptomatic 

treatment and disease modifying treatment. A symptomatic treatment is defined as a type 

of therapy that eases the symptoms of the disease, without addressing the basic cause of 

the disease [2]. For patients with AD, memory loss is a prominent symptom of the disease. 

Several approved medications have been developed, in order to alleviate this debilitating 
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reaction. Cholinesterase inhibitors and memantine, which target molecular mechanisms 

associated with memory, learning, language, judgment, and the ability to perform simple 

tasks, are the foundation for these medications. Cholinesterase inhibitors are used to treat 

early to moderate stages of AD. Their function is to prevent the breakdown of 

acetylcholine, a chemical messenger important for learning and memory [3]. They support 

communication among nerve cells by keeping the levels of acetylcholine high [3]. They 

delay or slow worsening of symptoms, although the effectiveness varies from individual 

to individual [3]. Cholinesterase inhibitors are generally well-tolerated [3]. When in use, 

this class of drug, develops certain side effects including nausea, vomiting, loss of appetite, 

and increasing frequency of bowl movements [3]. It is especially important that a 

physician, who is experienced in using these medications, monitor patients who are taking 

them, taking into consideration the recommended guidelines [3]. Donepezil (Aricept), 

which is approved to treat all stages of AD; Galantamine (Razadyne), which is approved 

for mild-to-moderate stages of AD; and Rivastigmine (Exelon), which is approved for 

mild-to-moderate AD, are some of medications regulated by the Food and Drug 

Administration (FDA) [3]. Memantine (Namenda) in combination with donepezil, is used 

to treat moderate to severe stages of AD [3]. Memantine’s function is to regulate the 

activity of glutamate, a chemical involved in information processing, storage, and retrieval 

[3]. It improves mental function and the ability to perform daily activities for some 

individuals [3]. This type of drug does foster its own side effects, including headaches, 

constipation, confusion, and dizziness [3]. A disease modifying treatment is defined as a 

type of therapy that works by interfering in the underlying pathophysiological mechanisms, 

of the disease process, that lead to cell death [4]. Some of these treatments include 
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modulation of amyloid deposition, inflammation and oxidation damage, and tau deposition 

[5]. As of 2021, there is one disease-modifying drug called aducanumab, that is currently 

on the accelerated approval program, from the FDA, which allows for earlier approval of 

drugs that treat serious conditions [21]. Drug companies are still required to conduct 

studies to confirm the anticipated clinical benefit, known as phase 4 confirmatory trials. 

[21]. If the confirmatory trial shows that the drug actually provides a clinical benefit, the 

FDA grants traditional approval for the drug [21]. 

Currently, there is no cure for PSP or ways to slow it down or reverse it. However, 

experts have developed some promising treatments to help manage some of the symptoms 

and improve the quality of life. These treatments include antiparkinsonian and 

antidepressant medications, therapy, and surgery [6]. Antiparkinsonian medications, 

usually oral, are given to, temporarily, help with balance, stiff muscles, tremor, and slow 

movements [6]. However, the effectiveness of these medications changes from person to 

person. The most common medications are Levodopa (Rytary, Sinemet), Levodopa with 

anticholinergic agents, and Amantadine (Symmetrel) [6]. Antidepressant medications, also 

given orally, assist with depression [6]. Although, there is no formal diagnosis of 

depression, these medications can help with the general resilience and ability to cope. The 

most common medications include Fluoxetine (Prozac), Amitriptyline (Elavil), and 

Imipramine (Tofranil) [6]. There are four types of therapy, which can help with the effects 

of PSP. These include physical, occupational, mental health, and speech-language [6]. 

Physical therapy helps with keeping the joints flexible [6]. Occupational therapy helps to 

prevent falls by teaching the individuals to use weighted walking aids [6]. A mental health 

therapist can improve a person’s coping techniques [6]. A social worker can also help with 
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overall needs, including appropriate care settings [6]. A speech-language therapist can help 

improve an individual’s speaking and swallowing problems [6]. Surgery is available, for 

people who reach the point of losing the ability of swallowing, which will, ultimately, lead 

into losing the ability of eating or drinking. A healthcare provider may recommend a person 

to get a gastrostomy, which is a procedure in which a surgeon inserts a tube through the 

abdomen in the stomach. Food, medications, and liquids will then enter the body through 

the tube [6]. 

Tauopathies 

In 1975, Weingarten and colleagues identified a protein contaminant, that is co-

purified with microtubules [7]. Upon further investigation, this contaminant, tau, was 

found to be critical for microtubule stability [7]. Subsequent studies found that tau 

aggregates are the primary pathological feature of clinically heterogeneous 

neurodegenerative disorders [7]. These diseases have been defined as tauopathies. These 

are a class of neurodegenerative disorders characterized, by a filamentous accumulation, 

of hyper-phosphorylated tau, in neurons and glial cells [7]. This leads to paired helical 

filaments, in the soma and dendritic processes. Tauopathies have been classified into two 

classes, primary and secondary, depending on whether the tau pathology is considered the 

major contributing factor to neurodegeneration, known as primary, or associated with other 

pathologies, known as secondary, (Table 1) [8]. The current clinical diagnosis of distinct 

tauopathies relies upon clinical history, including symptom onset, progression, and the 

overall course [7]. A neuropsychological evaluation is instrumental, in detecting the 

earliest signs of tauopathies [7]. They evaluate aspects of cognition, behavior and 

movement, often utilizing demographically adjusted norms [7]. In conjunction with 
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neuropsychological findings, medical and neurological examinations further inform the 

diagnosis, as abnormalities, or the lack thereof, provide additional insight regarding the 

suspected pathology [7]. Neuroimaging is useful for identifying tau-mediated changes in 

brain structure and function [7]. Magnetic resonance imaging (MRI) captures structural 

changes of both gray and white matter, while positron emission tomography (PET) 

imaging utilizes a radioactive tracer, measuring brain function. Individuals with 

tauopathies, typically, develop a progressive loss of memory and cognitive function [7]. 

The most common primary tauopathies are Progressive supranuclear palsy (PSP), 

Corticobasal degeneration (CBD), Pick’s disease, and Frontotemporal dementias with 

parkinsonism-linked to chromosome 17 (FTDP-17) [8]. The most common secondary 

tauopathies are Alzheimer’s disease, Down’s syndrome, and prion disease [8]. Tauopathies 

are mainly sporadic, although there are some familial tauopathies. These include 

Richardson’s syndrome, Argyrophillic grain disease, and Frontotemporal dementias with 

parkinsonism-linked to chromosome 17 (FTDP-17) [20].  There are other risk factors, 

including sex, traumatic brain injury (TBI), cardiovascular disease, hypertension, and type 

2 diabetes that result in tauopathies [8]. Current treatments of tauopathies are limited and 

largely symptomatic [7]. There are two classes approved for cognition: cholinesterase 

inhibitors and the N-methyl-D-aspartate (NMDA) receptor antagonist, each demonstrating 

modest effects [7]. Speech, physical, and mental health therapies, with a pharmacological 

intervention, are also available [7]. 
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Table 1: Disorders associated with tau pathology (Tauopathies). 
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Tau Protein 

The tau protein is encoded by a single gene on chromosome 17, spanning 16 exons, 

but expressed in different isoforms, due to the alternative splicing of a pre-RNA [Figure 1] 

[8]. In the human brain, tau exons 2,3, and 10 are alternatively spliced, giving rise to six 

different isoforms [8]. Tau isoforms differ by the presence of three or four highly conserved 

repetitive domains in the C-terminal part, encoded by exons 9-12. They also differ by the 

combination, with the presence or absence of one or two 29 amino acid inserts (0N, 1N, 

2N) in the amino-terminal part, encoded by the exon 2 and 3 [8]. Expression of different 

tau isoforms is tissue specific and developmentally regulated. It is most likely related to its 

function, in cytoskeletal plasticity, during the neurite outgrowth and synaptogenesis [8]. 
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Figure 1: The human microtubule associated protein tau (MAPT). Overview 

on the genomic organization of the MAPT gene and isoform expression. (A) The 

MAPT gene is located on the long arm of chromosome 17 at position 17q21.31. (B) The 

tau gene comprises of 16 exons. The start and stop codon are located in the exons 1 and 

13, respectively. (C) In the central nervous system, the exons 2, 3, and 10 are 

alternatively spliced. Exon 3 is found only together with exon 2. Exon 10 encodes one of 

the four total microtubule binding repeats (dark blue boxes). Therefore, the presence of 

exons 2, 3, and 10 respectively, give rise to 6 isoforms characterized by the absence (0N), 

one (1N) or two (2N) amino-terminal inserts, in combination with three (3R) or four (4R) 

microtubule binding repeats. The major tau isoform(s) expressed, in the peripheral 

nervous system, contain either the addition of exon 4a alone or in combination with exon 

6. However, the alternative splicing of exons 2, 3 and 10, in the peripheral nervous 

system, is not analyzed so far. To date there is no evidence for a tau isoform, containing 

exon 8. 
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The tau protein is a highly soluble, natively unfolded protein with a small secondary 

structure [8]. Based on the amino-acid composition and functional interactions, roughly 

four structurally and functionally defined domains can be distinguished along the amino 

acid sequence; the N-terminal projection domain, the proline-rich region, the microtubule-

binding regions, and the C-terminal region [Figure 2][8]. Binding of tau to microtubules 

can induce some ordered structures, indicating that microtubules can generate 

conformational changes in tau [8]. When tau is bound to microtubules, the negatively 

charged projection domain, located at the N-terminus, branches away from the 

microtubule-surface, possibly due to the electrostatic repulsion [8]. It acts as a spacer to 

keep microtubules apart and provides a linker to the membrane components [8]. The 

proline-rich domain is involved in cell signaling [8]. The repeat regions of tau, together 

with sequences flanking the repeats, constitute the microtubule binding domain, regulating 

the rate of microtubule-polymerization [8]. The repetitive domains might subserve 

functions, additional to microtubule binding, as they also bind to actin, tubulin deacetylase, 

histone deacetylase 6, apolipoprotein E, presenilin 1, tau-phosphatases, RNA, and DNA 

[8]. These numerous binding partners indicate that tau very likely plays a role as a scaffold 

for signaling proteins, modulating their subcellular compartmentation [8]. The C-terminal 

region plays a role in regulating the ability of tau to induce microtubule polymerization 

and in its interactions, with the plasma membrane [8]. 



 

 11 

 

Figure 2: Structural and functional organization of the tau protein and 

interaction partners. The figure shows the longest tau isoform in the human CNS. Tau 

can be sub-divided, into two domains. The (N-terminal) projection domain protrudes 

from the surface of microtubules and may function as a spacer, between individual 

microtubules. The (C-terminal) microtubule assembly domain mediates binding to 

microtubules, promoting microtubule assembly and tau aggregation. The grey bars 

roughly denote the location of major interaction sites. They are located close to the N-

terminus, of the projection domain, in the proline-rich region and the microtubule 

binding repeat region. The corresponding binding partners are listed below. Proteins that 

interact with tau at a not otherwise specified region are listed at the bottom. 
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Functional interactions of tau are highly regulated at the post-translational level, by 

protein phosphorylation and a large variety of other modifications [8]. Tau is a 

phosphoprotein with 45 serine (Ser), 35 threonine (Thr), and 5 tyrosine (Tyr) phosphate 

acceptor residues, in the longest tau isoform [8]. Tau protein is known to undergo highly 

regulated phosphorylation, which negatively regulates its microtubule stabilizing activity, 

except, for the phosphorylation of Thr50, which facilitates microtubule binding [8]. 

Controlling the phosphorylation state of tau, thus, represents a rapid mechanism to 

modulate binding dynamics to microtubules, affecting microtubule assembly [8]. 

Phosphorylation of tau is developmentally regulated [8]. Tau phosphorylation is high, until 

the end of synaptogenesis, and then decreases [8]. 

The tau protein, in physiological conditions, tends to phosphorylate. It is involved 

in several functions and plays a role in keeping the body, in a state of homeostasis. One of 

the functions is microtubule binding. The phosphorylation of tau at specific sites is the 

predominant mechanism, which the tau function is regulated. The ability to bind and 

stabilize microtubules is a hallmark of tau, and the phosphorylation, of a few specific sites, 

plays a significant role in regulating tau-microtubule interactions [17]. Phosphorylation of 

the KXGS motifs, within the microtubule-binding repeats, of tau, strongly reduces the 

binding, of tau, to microtubules in vitro and in vivo [17]. In vitro studies have shown that 

phosphorylation, of Ser262, alone is significantly sufficient to attenuate the ability, of tau, 

to bind to microtubules [17]. However, in situ phosphorylation, of two or more KXGS 

motifs, Ser 262 and Ser356, is required to decrease microtubule binding and facilitate the 

formation of cell processes [17]. MARKs, PKA, and calcium/calmodulin-dependent 

protein kinase II might contribute to the phosphorylation, of these sites, in vivo [17]. 
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Phosphorylation of Thr231 also plays a significant role, in regulating tau-microtubule 

interactions [17]. Phosphorylation of Thr231 greatly diminishes the ability, of tau, to bind 

to microtubules, in situ [17]. When cell lysates are separated, into soluble cytosolic and 

insoluble cytoskeletal fractions, almost all the tau is phosphorylated at the Thr231 epitope, 

which is present, in the soluble fraction [17]. Phosphorylation of Thr231 inhibits the 

ability, of tau, to stabilize microtubules, in cells [17]. However, phosphorylation of tau at 

Ser396 and/or Ser404 does not significantly affect the ability of tau to bind to microtubules 

[17]. Therefore, phosphorylation of Thr231 plays a key role, in regulating tau function, in 

vivo [17].  

Another physiological function of tau phosphorylation is neurite outgrowth, which 

is involved, in the formation of axons and dendrites and providing the necessary 

components to develop a functional neuronal network [17]. Suppression of tau expression, 

in cultured cerebellar neurons, by using antisense oligonucleotides, significantly 

suppresses neurite outgrowth [17]. However, a tau-knockout mouse has no overt 

phenotype, except, for a decrease, in the number of microtubules, in small-caliber axons 

[17]. This lack of phenotype is probably due to a redundancy, of function and/or 

compensatory upregulation, of other microtubule-associated proteins [17]. Knocking out 

both, MAP-1B and tau, results, in severe dysgenesis of axonal tracts and delayed neuronal 

migration, leading to the disruption, of neuronal layer formation and disorganization, of 

microtubules, in growth cones [17]. Primary cultures of hippocampal neurons, lacking tau, 

exhibit decreased rates of neurite extension, inhibited neuronal polarization, and defects 

that are more pronounced, in the tau-MAP-1B-knockout model [17]. During axonogenesis, 

tau function appears to be locally regulated, by phosphorylation [17]. There is a proximal-
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distal gradient, in tau phosphorylation at Ser199/202 and Thr205, along the nascent axon; 

tau, in the cell body and proximal axon, is approximately 80% phosphorylated at these 

sites and tau, in the growth cone, is approximately 20% phosphorylated [17]. Neurite 

outgrowth seems to require tau phosphorylation, at KXGS motifs, in a specific spatial and 

temporal manner, probably by MARK [17]. There is also indirect evidence that GSK3β-

mediated tau phosphorylation might facilitate neurite retraction [17]. 

The tau protein also regulates axonal transport [17]. In mouse models, which tau is 

overexpressed, in the CNS, results in axonopathy, predominantly, in SC neurons [17]. In 

these tau-overexpression mouse models, there is invariably evidence, of axonal and myelin 

degeneration, with axonal swellings, that contain cytoskeletal elements [17]. 

Overexpression, of the shortest human tau isoform, significantly, inhibits fast axonal 

transport, in ventral root axons [17]. Tau can inhibit kinesin-dependent fast transport, in 

cell culture models, and this probably the case, in vivo, when tau is overexpressed [17]. 

The primary mechanism, which tau inhibits kinesin-dependent transport is, by reducing 

the attachment frequency, of the motors [17]. Tau has no effect, on the speed or run length, 

of kinesin, once it is attached to the microtubules [17]. Phosphorylation of tau modulates 

its affinity, for microtubules, and thus its ability to regulate motor activity [17]. 

Overexpression, of GSK3β, in mice transgenic, for human tau, significantly, increases the 

phosphorylation state, of tau, and reduces the axonopathy, compared, with mice that 

overexpress human tau only [17]. In the double-transgenic mice, there is also less motor 

impairment when compared, with the transgenics, overexpressing the human tau alone 

[17]. This is probably because the increase, in tau phosphorylation, due to the 

overexpression, of GSK3β, decreases the affinity, of tau, for microtubules [17]. This 
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should make the tau, in the GSK3β-human tau double-transgenic mice, less effective at 

competing, with kinesin, for binding sites, the net result being greater kinesin binding and 

a restoration of anterograde axonal transport [17]. In cell culture models, GSK3β-mediated 

tau phosphorylation, is associated, with proper anterograde organelle transport, providing 

further evidence that the control, of axonal transport, by tau is regulated, by GSK3β-

mediated phosphorylation [17]. 

Tau protein is a good substrate, for protein kinases, due to its high number of serine 

and threonine residues [Figure 3] [8]. Seventeen Ser/Thr residues are followed by a proline 

which makes them unsuitable for the vast majority of non-proline-directed Ser/Thr kinases 

and phosphatases [8]. Proline-directed kinases are more promiscuous and regulate a larger 

number of proteins than non-proline directed kinases, involved in physiological and 

abnormal tau phosphorylation [8]. Many protein kinases and phosphatases have thus been 

implicated in regulating tau phosphorylation, largely based on in vitro studies including 

proline-directed kinases (cdks), non-proline directed kinases, and tyrosine kinases [8]. 

Investigation of the physiological effects of tau phosphorylation of single or specific sites 

have been hampered, by the interconnection in the kinase network in vivo, resulting in a 

mixed output, mediated by a variety of kinases. The promiscuity of protein kinases, with 

regards to consensus sequences, by the high number and local clustering of 

phosphorylation sites and the phosphorylation yield, at any given site, is also difficult to 

assess and can be low [8]. 
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Figure 3: Tau phosphorylation sites. Based on the longest human CNS 

isoform, the distribution of tau phosphorylation sites is shown. Upper side: Tau 

phosphosites are marked according to the particular amino acid (serine, threonine or 

tyrosine). Lower side: For the vast majority of sites, a phosphorylation could be 

demonstrated, either in vivo or in vitro. Phosphosites, with no evidence for a 

phosphorylation, regardless of the respective condition, are denoted as putative. Proline-

directed phosphosites are labelled with a red arrow. 

 

 

 

 

 

Higher degrees of tau phosphorylation have been identified as a key molecular 

signature of neurofibrillary degeneration in AD and other tauopathies [8]. However, many 

phosphorylation sites, identified in paired helical filament (PHF) tau, have also been found 

to be phosphorylated, to some extent, in the normal human brain [8]. PHFs constitute the 

principal component of neurofibrillary tangles in AD [19]. Electron micrographs show 

each half of the PHFs to be composed of three protein densities, with overall dimensions 
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of, approximately, 8nm x 20nm, with a cross-over spacing of 80nm [19]. PHFs are 

generated by a double helical stack of morphological units, each with a C-shaped cross 

section displaying three domains [19]. PHFs possess a fuzzy coat, which contains the 

repeat region of the microtubule-associated protein tau [19]. Tau is hyper-phosphorylated 

at early stages of AD, prior to its aggregation [8]. At advanced stages of AD, most 

phosphorylation sites of tau are phosphorylated, and the pathological tau aggregates show 

a three times higher phosphate content than physiological tau [8]. Phosphorylation of PHF-

tau has been mapped to more than 39 sites, using mass spectrometry [8]. Straight filaments 

(SFs) are also closely related to PHFs. They are a minor variant of filament preparations 

from an AD brain [19]. SFs are 15nm wide and are found in neurofibrillary tangles [19]. 

SFs and PHFs are equally straight, but SFs lack the prominently scalloped edges 

characteristic of images of PHFs [19]. The study suggests that tau hyperphosphorylation, 

in diseased states, is defined by an increase in the proportion of tau molecules that are 

phosphorylated at given residue, rather than an increase in the number of phosphorylated 

residues, on each tau molecule [8]. Hyperphosphorylated tau, at least in the early stages of 

disease progression, may reflect exaggerated physiological modifications to tau proteins, 

rather than the occurrence of new “unphysiological’ modifications [8]. In addition to this 

excessive phosphorylation, the physiological phospho-epitopes are of a diagnostic value, 

for neurofibrillary degeneration [8]. It has been shown that dephosphorylation of tau, in 

the brain, rapidly commences post-mortem, in a site-specific manner [8]. Tau phospho-

epitopes, in the human brain, which remain after post-mortem time interval are, thus, 

thought to be protected from protein phosphatases, by being buried in protein aggregates 

[8]. Hyperphosphorylation of tau, most likely, results from an imbalance in the activity of 
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tau protein kinases and phosphatases and is assumed to be critical for the formation of 

fibrillary tau aggregates [8]. The conversion from physiological species of tau, bound to 

microtubules, to pathological tau aggregates, into neurofibrillary tangles (NFTs), is 

believed to be a multi-step process [8]. Detachment of tau, from microtubules, as an initial 

step, results in increased amounts of unbound tau, which can be facilitated by a few 

mechanisms, including tau-phosphorylation, amyloid-𝛽-mediated toxicity, and oxidative 

stress [8]. Sequestration of tau, into aggregates, is most likely associated with a loss-of-

function, with respect to its ability of microtubule-stabilization [8]. As a result, impaired 

cytoskeleton dynamics and impaired axonal transport leads to synaptic dysfunction and 

neurodegeneration [8]. Loss of microtubule integrity is a central feature, in the 

pathogenetic cascade, based on the assumption that tau hyperphosphorylation and filament 

formation leads to microtubule instability and impaired axonal transport [8]. 

The phosphorylation of tau might also regulate the subcellular sorting of tau [8]. 

Several recent studies have identified defined phospho-tau epitopes to be associated with 

restricted localizations of tau, a process likely involved in cell signaling [8]. Thus, 

hyperphosphorylated tau detaches from microtubules, allowing for translocation to the 

somatodendritric compartment and into spikes, where it might interfere with synaptic 

function [8]. 

The tau protein goes through several other posttranslational modifications, other 

then phosphorylation. One of these modifications is called glycosylation. This is defined 

when there is a covalent attachment of oligosaccharides to tau [15]. There are two types of 

glycosylation: N- and O-linked [15]. N-linked glycosylation refers to the attachment of 

oligosaccharides to a nitrogen atom, usually the N4 of asparagine residues [15]. It occurs 
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on secreted or membrane bound tau proteins [15]. It begins as a co-translational event in 

the endoplasmic reticulum, where pre-assembled blocks of 14 sugars (2 N-

acetylglucosamines, 9 mannoses, and 3 glucoses) are first added to the nascent polypeptide 

chain [15]. After cleavage of 3 glucose and 1 mannose residue, the tau protein is transferred 

to the Golgi apparatus where the glycans los a variable number of mannose residues and 

acquire a more complex structure during a process called ‘terminal glycosylation’ [15]. O-

linked glycosylation takes place in the cis-Golgi compartment, after N-glycosylation and 

folding of tau [15]. O-linked glycosylation refers to the attachment of glycans to serine and 

threonine, and to a lesser extent, to hydroxyproline and hydroxylysine [15]. Tau glycation, 

which is a non-enzymatic glycosylation of tau, frequently observed during tissue aging 

[15]. It refers to the reaction between a carbohydrate (such as glucose or fructose) and a 

lysine on tau [15]. Glycation reduces sugars to the nitrogen atoms of tau, both to the N-

terminus and to lysine and histidine side chains [15]. Glycated tau may not be degraded or 

released from the cell where they can accumulate [15]. Glycation is sensitive to oxidation 

and promote the production of free radicals. Tau truncation enhances the capacity of tau to 

aggregate and contribute to the execution of neuronal apoptosis [15]. Caspase-3 proteolytic 

cleavage of tau at Aspartic acid-421 leads to the formation of fragments with the molecular 

weight of 46 and 20 kDa, while calpain-mediated tau cleavage generates a product of 17 

kDa, which might arise from N-terminal cleavage at either residue 45 or 230 [15]. Tau 

nitration refers to the addition of nitrogen dioxide on tyrosine of tau [15]. It occurs at 4 

sites, both on soluble and insoluble tau, found in PHFs [15]. Tau oxidation occurs at 

Cysteine-322, which is localized in the R3 domain of Methyl-CpG binding (MBD) domain 
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(15). Tau can be oxidized, leading to PHF assembly, in vitro and in vivo [15]. Chronic 

oxidative stress also increases tau phosphorylation in vitro [15]. 

In the adult brain, tau is predominantly found, in the axon, where it binds to tubulin 

[8]. Tau promotes the polymerization of tubulin, regulates the stability of microtubules, 

and determines microtubule spacing [8]. Tau, mechanically, stabilizes and stiffens 

microtubules, to enable axonal microtubules to support the long, extended structure of the 

axon [8]. Through interactions with tubulin, which is a dynamic process, tau is involved in 

the regulation of morphogenesis and differentiation, neurite polarity, axon outgrowth and 

elongation, neuronal plasticity, and axonal transport, mediated by kinesin and dynein-

dynactin motor proteins [8]. Under physiological conditions, more than 80% of tau is 

bound to microtubules, at every time point [8]. Through interaction with both microtubules 

and motor proteins, such as kinesin and dynein, tau is involved in the regulation of axonal 

transport, specifically, in the cargo delivery to the presynaptic terminal [8]. 

Tau can bind to filamentous actin, a component of dendritic spines [8]. The 

modulation of actin stability is of crucial importance, for synaptic morphology and function 

[8]. Therefore, tau phosphorylation, through regulation of actin and dynamic regulation of 

microtubule stability within spines, might be indirectly involved in synaptic plasticity [8]. 

Tau-induced neurodegeneration, in transgenic drosophila and mouse models of tau 

overexpression, is associated with the accumulation of filamentous actin, the formation of 

actin-rich rods, and an actin-mediated disruption of mitochondrial dynamics [8]. The 

ability of tau to interact with actin has thus been linked to the neurodegeneration, in 

tauopathies [8]. 
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In addition to neurons, tau is also found expressed in astrocytes and 

oligodendrocytes, where it becomes particularly prominent, under pathological conditions 

[8]. Like neurons, the dynamic properties, organization, and stability of oligodendrocyte 

microtubules are regulated by microtubule associated proteins (MAPs) including tau, 

which is expressed at a lower level, compared to neurons [8]. Also, like in neurons, tau is 

developmentally regulated, and all six isoforms are expressed in mature oligodendrocytes 

[8]. Tau, in oligodendrocytes, appears to be involved in the regulation of microtubule 

stability, during process formation, early axonal contact establishment, and myelination 

[8]. In addition to the central nervous system (CNS), tau expression has been described in 

non-neuronal tissue, such as in the muscle, heart, testis, lung, kidney, stomach, liver, 

pancreas, adrenal gland, submandibular salvia gland, salvia, skin, oral and intestine 

epithelium, fibroblasts, and lymphocytes. It has also been seen in breast and prostate 

cancers, where it appears to be of a prognostic value [8]. 

Current Molecular Treatments 

There have been several molecular treatments developed, in order to treat 

tauopathies, through the manipulation of the tau protein. Activation of protein 

phosphatases may prove to be more of a practical approach, for developing a single 

therapeutic agent against multiple distinct protein kinases, implicated in tau 

hyperphosphorylation [9]. Phosphoprotein phosphatase 2A (PPA2A) is a key tau 

phosphatase, accounting for over 70% of tau dephosphorylation [9]. In AD brain, the 

activities of PP2A and protein phosphatase 5 (PP5), towards tau, are significantly 

decreased [9]. PP2A acts as a trimer, composed of a catalytic subunit (PP2A C𝛼 or C𝛽) 

and a scaffolding or structural subunit (PP2A A, PR65𝛼, PR65𝛽) that, together, form the 
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core enzyme and one of several regulatory subunits (PP2A B) [9]. The binding of selective 

‘B’ subunits and other regulators contributes to PP2A substrate specificity and subcellular 

localization, aimed at preventing unwanted promiscuous phosphatase activity [9]. Three 

potential strategies that could be highlighted would be the inhibition of an inhibitory 

interaction, modulation of post-translation modifications of PP2A, or allosteric activation 

[Figure 4] [9].  

Sodium selenate is a negatively charged anionic compound that activates PP2A in 

vitro and in vivo, by reversing the memory deficits and reducing tau phosphorylation, in 

the animal models of AD [9]. PP2A activation, by sodium selenate, appears to be selective 

towards phosphorylated tau in vivo [9]. Sodium selenate treatment, at doses up to 30 mg, 

per day, for 24 weeks, was safe and well-tolerated, in patients, with mild to moderate AD 

and showed some benefits, on diffusion MRI [9]. Later, the selenium concentrations, in 

serum and cerebrospinal fluid (CSF), were taken, from patients, participating in this Phase 

IIa trial. The concentrations were measured and showed that sodium selenate 

supplementation, at a high or supranutritional dose, induced an increase in selenium 

uptake, into the central nervous system (CNS) [9]. Apolipoprotein E mimetic also increases 

PP2A activity, by inhibiting its interaction with Su(Var)3-9, enhancer-of-zeste, trithorax 

(SET) phosphorylation [9]. In animal models of AD, Apolipoprotein E (ApoE)-mimetic 

peptides reduces tau phosphorylation, behavioral deficits, plaques, and tangles. 

Fingolimod, a sphingosine-1-phosphate receptor agonist, disrupts SET-PP2A interactions, 

resulting in increased cellular PP2A activity [9]. Fingolimod is an immunomodulatory 

drug, mostly used in treating MS [9]. In AD animal models, it exhibited anti-inflammatory 

and neuroprotective effect associated with improved spatial learning and memory [9]. In 
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the cell models of AD, genistein ameliorated tau hyperphosphorylation, through repressing 

the inhibitory effect of Cancerous Inhibitor of PP2A (CIP2A on PP2A) [9]. Metformin, a 

drug used to treat diabetes, can decrease tau phosphorylation, in a PP2A-dependent 

manner, by disrupting the interaction of PP2A C subunits, with specific regulatory 

subunits, which normally promotes PP2A degradation [9]. Resvertrol induces 

dephosphorylation of tau, by interfering with Midline 1-PP2A (MID1-PP2A) complex [9]. 

The increase in PP2A is caused by decreased expression of the MID1 ubiquitin ligase, 

which mediates ubiquitin-specific modification and degradation of the catalytic subunit of 

PP2A [9]. The activity of PP2A is regulated by several post-translational modifications, 

including phosphorylation and methylation [9]. Cornel iridoid glycoside, which mainly 

comprises of morroniside and loganin, elevates PP2A activity, via inhibiting PP2Ac 

demethylation, resulting in the inhibition of tau hyperphosphorylation [9]. Allosteric 

activators of PP2A include several distinct classes of molecules with ceramide analogue 

such as sphingosine, sphingosine phosphate, ceramide phosphate, and the 1-O-methyl-C6-

ceramide compound, are currently being studied [9]. 
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Figure 4: Phosphatase activators. 
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Protein kinases are a ubiquitous group of enzymes, catalyzing the transfer of 

phosphoryl group from a phosphate donor (usually ATP) to a receptor substrate, which are 

serine, threonine, tyrosine or histidine residues of proteins [9]. Several different kinases, 

which are involved in tau phosphorylation, can be largely divided into three classes; 

proline-directed kinase, non-proline-directed kinase, and tyrosine protein kinases [9]. 

These kinases including glycogen synthase kinase-3 (GSK3 𝛼 and 𝛽), cyclin-dependent 

kinase-5 (CDK5), microtubule-associated protein kinases (MAPKs), leucine-rich repeat 

kinase 2 (LRRK2), Akt (protein kinase B), c-Abelson (c-Abl), dual-specificity tyrosine 

phosphorylation-regulated kinases (DYRK1A) and Fyn, leading to phosphorylation of tau, 

which loses its ability to bind and stabilize the microtubules, leading to the formation of 

the dysfunction tau [Figure 5] [9]. 

  GSK3𝛽 inhibitors, Tideglusib and lithium, and one of the Fyn inhibitors, 

saracatinib, have been evaluated, in clinical studies [9]. Tideglusib is an orally available, 

small-molecule drug, of the thiadiazolidinone class [9]. In a Phase Iia trial, thirty mild to 

moderate AD patients, already on a cholinesterase inhibitor treatment for several months, 

generally tolerated Tideglusib (400-1000 mg/day), except for a transient increase, in serum 

transaminase levels. It produced positive trends, in a Mini-Mental Status Examination, 

Alzheimer’s Disease Assessment Scale- cognitive subscale, Geriatric Depression Scale, 

and Global Clinical Assessment, without statistical significance, in this small sample [9]. 

However, in a subsequent Phase IIb trial, 306 mild to moderate AD patients, on a 

cholinesterase inhibitor and/or memantine treatment for several months, Tideglusib 

produced no clinical benefit [9]. Lithium, also a GSK3𝛽 inhibitor, is primarily used for 

treatment of bi-polar disorder [9]. Multiple cohort and case-control studies suggest an 
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association, between lithium treatment and dementia severity [9]. A meta-analysis, of three 

randomized controlled Phase II studies, indicates that lithium treatment may have 

beneficial effects on cognitive performance, in patients, with mild cognitive impairment 

(MCI) and AD [9]. Recently, a new randomized clinical trial, in older adults, with amnestic 

MCI, suggested that long-term lithium treatment attenuated cognitive and functional 

decline, in amnestic MCI, and modified AD-related CSF biomarkers [9]. Another 

randomized controlled trial, with low-dose lithium treatment, as the intentions to assess the 

agitation, in AD patients at the first time [9]. If lithium demonstrates efficacy in this trial, 

a Phase III study will be conducted to warrant the lithium treatment, for AD [9]. The Fyn 

inhibitor, saracatinib, was reported to be safe and well tolerated, in a Phase Ib clinical trial, 

in patients, with mild-to-moderate AD, and could achieve substantial CNS penetration, 

with oral dosing at 100-125 mg [9]. Later, in a multicenter Phase IIa randomized clinical 

trial, with 159 mild AD patients, saracatinib treatment did not slow the decline, in the 

cerebral metabolic rate for glucose and had no effect on the total brain or ventricular 

volume, but did show trends for slowing the reduction, in the hippocampal volume and 

entorhinal thickness [9]. 

 

 

Figure 5: Kinase Inhibitors. 
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miRNAs 

The discovery of the first microRNA (miRNA), lin-4 was in 1993, by the Ambros 

and Ruvkun groups in Caenorhabditis. Elegans (C. elegans) [10]. It has since 

revolutionized the field of molecular biology [10]. Years before, lin-4, was characterized, 

by the Horvitz’s lab, as one of the genes that regulate temporal development of C. elegans 

larvae [10]. Later, in 1987, the same group found that a mutation in lin-4 had an opposite 

phenotype to a mutation in another gene, lin-14.  Yet, a lin-14 suppressor mutation, in a 

null-lin-4 line, was wildtype [10]. Both Ambros and Ruvkun continued to study lin-4 and 

lin-14, after leaving the Horvitz’s lab, only to discover later that lin-4 was not a protein-

coding RNA, but indeed a small non-coding RNA [10]. They also found that lin-14 was 

post-transcriptionally downregulated through its untranslated region (UTR) and that lin-4 

had a complementary sequence to that of the 3’ UTR of lin-14 [10]. Therefore, they 

proposed that lin-4 regulates lin-14, at the post-transcriptional level [10]. Since then, 

miRNAs have been detected in all animal model systems and some were shown to be 

highly conserved across species [10]. New miRNAs are still being discovered and their 

roles in gene regulation are well recognized [10]. miRNAs are small non-coding RNAs, 

with an average 22 nucleotides in length [10]. They are critical for normal animal 

development and are involved in a variety of biological processes [10]. Aberrant 

expression of miRNAs is associated with many human diseases [10]. In addition, miRNAs 

are secreted into extracellular fluids [10]. Extracellular miRNAs have been widely reported 

as potential biomarkers for a variety of diseases and they also serve as signaling molecules 

to mediate cell-to-cell communications [10]. 
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The canonical biogenesis pathway is the dominant pathway by which miRNAs are 

processed [Figure 6] [10]. In this pathway, primary miRNAs (pri-miRNAs) are transcribed, 

from their genes, and are processed into precursor miRNAs (pre-miRNAs), by the 

microprocessor complex, consisting of an RNA binding protein DiGeorge Syndrome 

Critical Region 8 (DGCR8) and a ribonuclease III enzyme, Drosha [10]. DGCR8 

recognizes an N6-methyladenylated GCAC and other motifs, within the pri-miRNA, while 

Drosha cleaves the pri-miRNA duplex at the base of the characteristic hairpin structure of 

the pri-miRNA [10]. This results in the formation of 2 nucleotide-3’ overhang, on the pre-

miRNA [10]. Once the pre-miRNAs are generated, they are exported to the cytoplasm by 

an exportin 5 (XPO5)/RanGTP complex and then processed, by the RNase III 

endonuclease, Dicer [10]. This processing involves the removal of the terminal loop, 

resulting in a mature miRNA duplex [10]. The directionality of the miRNA strand 

determines the name of the mature miRNA form [10]. The 5p strand arises, from the 5’ 

end of the pre-miRNA hairpin, while the 3p strand originates from the 3’ end [10]. Both 

strands are derived from the mature miRNA duplex and can be loaded into the Argonaute 

(AGO) family of proteins (AGO1-4 in humans), in an ATP-dependent manner [10]. For 

any given miRNA, the proportion of the AGO loaded 5p or 3p strand varies greatly 

depending on the cell type or cellular environment, ranging from near equal proportions to 

predominantly one or the other [10]. The selection of the 5p or 3p strand is based, in part, 

on the thermodynamic stability at the 5’ ends, of the miRNA duplex or the 5’ Uracil, at 

nucleotide position 1 [10]. Generally, the strand with lower 5’ stability or 5’ uracil, is 

preferentially loaded, into AGO, and is deemed the guide strand [10]. The unloaded strand 

is called the passenger strand, which will be unwound, from the guide strand, through 
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various mechanisms based on the degree of complementarity [10]. The passenger strands 

of miRNA that contain no mismatches are cleaved, by AGO2, and degraded by a cellular 

machinery, which can produce a strong strand bias [10]. Otherwise, miRNA duplexes with 

central mismatches or non-AGO2 loaded miRNA are passively unwound and degraded 

[10]. 

To date, multiple, non-canonical miRNA biogenesis pathways have been 

elucidated [Figure 6] [10]. These pathways make use of the different combinations of the 

proteins, involved in the canonical pathway, but mainly Drosha, Dicer, exportin 5, and 

AGO2 [10]. In general, the non-canonical miRNA biogenesis can be grouped into 

Drosha/DGCR8-independent and Dicer-independent pathways [10]. Pre-miRNAs 

produced, by the Drosha/DGCR8-independent pathways, resemble Dicer substrates [10]. 

An example of such pre-miRNAs is mirtrons, which are produced from the introns, of a 

mRNA, during splicing [10]. Another example is the 7-methylguanosine (m7G)-capped 

pre-miRNA [10]. These nascent RNAs are directly exported to the cytoplasm, through 

exportin 1, without the need for Drosha cleavage [10]. There is a strong 3p strand bias, 

most likely due to the (m7G)-cap preventing 5p strand loading, into the Argonaute [10]. 

On the other hand, Dicer-independent miRNAs are processed, by Drosha, from 

endogenous short hairpin RNA (shRNA) transcripts [10]. These pre-miRNAs require 

AGO2 to complete their maturation, within the cytoplasm because they are of insufficient 

length to be Dicer-substrates [10]. This, in turn, promotes loading of the entire pre-miRNA, 

into AGO2 and AGO2-dependent slicing of the 3p strand [10]. The 3’-5’trimming of the 

5p strand completes their maturation [10]. 
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Figure 6: MicroRNA biogenesis and mechanism of action. Canonical miRNA 

biogenesis begins with the generation, of the pri-miRNA transcript. The microprocessor 

complex, comprised of Drosha and DiGeorge Syndrome Critical Region 8 (DGCR8), 

cleaves the pri-miRNA to produce the precursor-miRNA (pre-miRNA). The pre-miRNA 

is exported to the cytoplasm, in an Exportin5/RanGTP-dependent manner and processed 

to produce the mature miRNA duplex. Finally, either the 5p or 3p strands, of the mature 

miRNA duplex, is loaded into the Argonaute (AGO) family of proteins to form a 

miRNA-induced silencing complex (miRISC). In the non-canonical pathways, small 

hairpin RNA (shRNA) is initially cleaved, by the microprocessor complex and exported 

to the cytoplasm, via the Exportin5/RanGTP. They are further processed, via the AGO2-

dependent, but Dicer-independent, cleavage. Mirtrons and 7-methylguanine capped 

(m7G)-pre-miRNA are dependent on Dicer to complete their cytoplasmic maturation, but 

they differ in their nucleocytoplasmic shuttling. Mirtrons are exported via 

Exportin5/RanGTP while m7G-pre-miRNA are exported via Exportin 1. All pathways, 

ultimately, lead to a functional miRISC complex. In most cases, miRISC binds to target 

mRNAs to induce translational inhibition, most likely by interfering with the eIF4F 

complex. Next, GW182 family proteins bound to Argonaute recruit the poly(A)-

deadenylases PAN2/3 and CCR4-NOT. PAN2/3 initiates deadenylation, while the CCR4-

NOT complex completes the process, leading to the removal of the m7G cap, on the 

target mRNA, by the decapping complex. Decapped mRNA may then undergo 5′−3′ 

degradation via the exoribonuclease XRN1. 
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miRNAs are abundantly present in the brain where they show region- and temporal-

specific expression [11]. For instance, a miRNA expression profiling analysis showed that 

a portion of miRNAs are expressed, specifically, in the hippocampus and cortex of adult 

mice [11]. Moreover, a deeper investigation revealed distinct miRNA expression profiles 

depending on the neuronal subtypes (glutamatergic vs GABAergic neurons) and the 

cellular compartment (distal axons vs. synaptic fraction) [11]. Examples of miRNAs 

enriched, in the synapse, include miR-200c, miR-339, miR-322, miR-318, miR-29a, miR-

7, and miR-137, while miRNAs enriched, in distal axons, are miR-15bm, miR204, and 

miR-221 [11]. Thus, it seems clear that miRNAs display a highly specific expression 

pattern, which strongly suggests involvement, in precise neuronal functions [11]. 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 [11]. Through studies 

of gain & loss of function, there have been several miRNAs identified, which are 

important, for cortical development including miR-124, the most abundant miRNA in the 

brain, which regulates neurogenesis and axonal growth, of retinal ganglion cells [11]. A 

neuronal-specific miRNA, miR-9 regulates neural progenitor cell fate and proliferation 

[11]. Moreover, the same has also been shown to control axonal development and neuronal 

migration [11]. Beside cells of the neuronal lineage, crucial regulators of astrocyte 

differentiation are Let-7b and miR-125, while miR-338 and miR-138 are involved, in the 

differentiation, of oligodendrocytes [11]. The direct proof of miRNAs regulation of 

memory and learning comes from neuronal-specific inducible deletion of Dicer, in mice 
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[11]. This mutation was surprisingly found to enhance behavioral performance in post-

tetanic potentiation (PTP), which is a form of synaptic plasticity, and change the 

morphology of dendritic spines and levels of synaptic proteins, brain derived neurotrophic 

factor (BDNF) and postsynaptic density protein 95 (PSD95) [11]. The miR-32 has been 

shown to regulate dendritic arborization and synaptogenesis [11]. Moreover, transgenic 

mice, overexpressing miR-132, display impaired novel object recognition [11]. Other 

miRNAs implicated, in regulation of memory, are miR-128b, which influences the 

formation of fear-extinction memory, miR-124, which is involved in sensory motor 

memory and serotonin-induced synaptic plasticity via cAMP-response element binding 

protein (CREB) signaling, and miR-134, which affects long term memory (LTM), 

targeting CREB mRNA and, thus, causing reduction of BDNF expression [11]. Finally, 

miRNAs have also been involved in neuroinflammation [11]. For example, the 

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

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

important genes of the innate and adaptive responses, including tumor-necrosis factor 

(TNF), receptor-associated factor 6 (TRAF6) and interleukin-1 receptor-associated kinase 

1 (IRAK1) [11]. By contrast, miR-155 exerts both pro- and anti- inflammatory properties, 

depending on the context [11]. It has been shown that pro-inflammatory microglia display 

increases miR-155 and decreases miR-124 and miR-146a and these variations of are 

required for the transition to a pro-inflammatory state [11]. 

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

molecular pathways responsible for neuronal function and survival [11]. Notably, miRNAs 

have been consistently found dysregulated in neurodegenerative disorders attracting the 
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interest of the scientific community and the opening of two main areas of research: 

miRNAs as biomarkers and as a therapeutic strategy [11]. As the most prevalent form of 

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

brain, plasma, and CSF, of AD patients, with consequent paucity of data, when it comes to 

more rare forms of primary tauopathies, like PSP and CBD [11]. As mentioned before, 

currently there are not reliable biomarkers that can be used to diagnose tauopathies [11]. 

miRNAs are present, in a relatively stable form, in plasma, serum, and CSF and their 

measurement is easy and non-invasive [11]. Thus, these small molecules could represent 

an ideal biomarker candidate [11]. According to the literature, the most promising AD-

related miRNAs to fulfill this purpose include, miR-455-3p, miR-34-5p and miR-146a 

[11]. The miR455-3p is consistently upregulated, in the brain, serum, and plasma, of AD 

patients, while miR-34-5p and miR-146a are upregulated, in the brain, but downregulated, 

in the plasma and CSF [11]. Expression of miR-132 was found downregulated, in the 

temporal, parietal, and prefrontal lobe, of PSP patients, compared to controls [11]. 

However, more recently, were not able to confirm these observations [11]. 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 [11]. 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 [11]. 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) [11]. Finally, 

in a very interesting study, serum levels of miR-9, miR-29b, miR-34a, miR-146a, and miR-
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125b were investigated for their association, with changes, in the cognition and cerebral 

cortex integrity [11]. These miRNAs were selected, based on their differential expression 

in either brain, blood samples, of CSF, of AD patients [11]. Data, from this paper, indicates 

that the 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, suggesting that changes, in AD-related 

miRNAs can identify different signs of brain aging even, in healthy individuals [11]. 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 [11]. 

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 [11]. 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 [11]. One of the first papers, 

tested the hypothesis that the cochaperone BAG2, under the physiological control of the 

miRNA-128a, would initiate tau degradation, in neurons, from Sprague-Dawley rats, and 

monkey kidney COS7 cells [12]. Initially, they saw that the overexpression of BAG2, 

preferentially decreased levels of insoluble tau and phosphorylated tau, in neurons, from 

Sprague Dawley rats, and monkey kidney COS-7 cells [Figure 7] [12]. Next, they wanted 

to see the regulation by which miRNA-128a influences BAG2 [12]. First, they predicted 

that miR-128a targets the BAG2 3’ UTR, with seven nucleotides complementarily, in the 
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seed region [Figure 8] [12]. Next, they treated the neurons, at DIV5 (in vitro day 5), with 

pre-miR-128a and BAG2 RNA [12]. They saw that BAG2 RNA levels fell four-fold, upon 

addition of miRNA-128A compared with a scrambled control [Figure 9] [12]. The 

addition, of pre-miR-128a, to COS-7 cells transfected, with FLAG-BAG2, also decreased 

the protein levels of the fusion protein [Figure 10] [12]. They also sought to see if the 

regulation of BAG2 by miR-128a was direct, so they fused a 60 base-pair (bp) sequence, 

of the BAG2 3’ UTR, containing the miR-128a site, downstream, of a luciferase gene [12]. 

They confirmed that miR-128 addition decreased the luciferase levels, of the reporter, by 

32% [Figure 11] [12]. 
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Figure 7: BAG2 reduced tau levels. (A) Neurons were transduced, with a 

lentivirus at in vitro day 1 (DIV 1) containing a BAG2 RNAi sequence or a lentivirus 

containing BAG2. After 8 days, the neurons were fractionated, into Sarkosyl soluble and 

insoluble pools and Tau was detected, with PHF-1 and TAU-5 antibodies. COS7 cells 

were transfected, with Tau and BAG2, and 24 hours later, Sarkosyl soluble and insoluble 

fractions were purified and detected, with PHF-1 and TAU5 antibodies. Blots were 

quantified by densitometry using ImageJ and the values were normalized to the density 

of the control experiment, in the absence of BAG2. 
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Figure 8: BAG2 is regulated by miR-128a. miR-128a’s predicted target site on 

BAG2 3’UTR. 

 

 

 

 

 

         

 

Figure 9: Reduction of BAG2 mRNA, in response to miR-128a, in neurons. 

Real-time PCR analysis of BAG2 mRNA showed a significant decrease, in BAG2 

transcript levels, in response to 75 nM pre- miR-128a addition compared with scrambled. 

Reduction of BAG2 protein levels, in response to miR-128a treatment of COS-7 cells. 
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Figure 10: Dual Luciferase reporter assay. Performed in HeLa cells, using 

Firefly luciferase constructs, fused to a 60 bp sequence, from the BAG2 3’UTR 

containing the miR-128a site (BAG2) or a mutant, with three altered bases, at the seed 

region. Constructs were transfected, in conjunction, with pre-miR-128a or pre-miR-

scrambled and luciferase activity was normalized to Renilla expression. 

 

 

In recent years, miRNAs have been linked to neuroinflammation, apoptosis, 

neurogenesis, and synaptic plasticity, but only a few have been shown to, specifically, 

interfere, with tau metabolism [11]. Among them, miRNA-125, which is upregulated in 

AD, promotes tau hyperphosphorylation, in neuronal cells, via activation of the cyclin 

dependent kinase 5 / protein 35 (CDK5/P35) and protein 44 / protein 42 (p44/42)-MAPK 

kinases, most likely through the downregulation of its target genes; the two phosphatases, 

DUSP6 and PPP1CA, and the anti-apoptotic factor, Bcl-W [11]. In support to these in vitro 

findings, direct hippocampal delivery of miR-125b mimic improved learning and memory, 
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inhibited the expression of B cell lymphoma 2 (Bcl-2)-like protein 2 (Bcl-W), Dual-

specificity phosphatase 6 (DUSP6), and Protein phosphatase 1 catalytic subunit alpha 

(PPP1CA), and significantly reduced aberrant tau phosphorylation in C57BL/6 wild-type 

mice [11].  

One study looked at the neuroprotective function of miR-132, the miRNA most 

significantly downregulated, in neurons, in Alzheimer’s disease, in primary cortical and 

hippocampal neurons, from WT and PS19 mice and human fetal cortical specimens [13]. 

First, they wanted to investigate the effects of miR-132 mimic, on tau metabolism [13]. 

Western blot analysis revealed that PS19 primary neurons transfected, with miR-132, 

exhibited slightly reduced levels, of total Tau, and a significant reduction, of tau 

phosphorylated at Ser396/Ser404, recognized, by the PHF1 epitope [Figure 11] [13]. 

Western blot analysis also demonstrated that miR-132 reduced tau fragmentation [Figure 

12] [13]. They also looked at the neuroprotective properties, of miR-132, in vivo, so they 

stereo-tactically injected PS19 mice, with a lentivirus, containing miR-132, a total of three 

times, before onset of pathology, and analyzed at a time point, when pathology was 

obvious, in untreated PS19 [Figure 13] [13]. They saw that early supplementation of miR-

132 prevented neuronal loss and tau pathology, via the PHF-Tau antibody [Figure 13] [13]. 
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Figure 11: miR-132 reduced the levels of total tau, its phosphorylated, and 

acetylated forms, tau cleavage and release of a C-terminal fragment. (B) Western 

blots analysis demonstrated that the effects of miR-132 mimic, on the levels of total Tau, 

and its phosphorylated and acetylated forms. Primary antibodies used are indicated, in 

the parentheses. (C) Quantification of the total Tau in neurons transfected, with miR-132, 

plotted relative to the levels, in neurons, transfected, with scrambled oligonucleotides. 

(D) Quantification of phosphorylated and acetylated Tau, in neurons, transfected, with 

miR-132. 
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Figure 12: miR-132 reduced tau fragmentation. (E) Western blots analysis 

demonstrated that miR-132 reduced Tau fragmentation. (F) Quantification of 

experiments in E. 

 

 

 

 

 

 

Figure 13: Early supplementation of miR-132 prevented neuronal loss and 

tau pathology in PS19 mice. (A) Timeline of LV-miR132 injections to young PS19 

mice and brain analysis. (B) Image J quantification, of cells positive, for PHF-Tau, in 

CA1 and adjacent cortical layers. 
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Lastly, a study looked at miRNA-22, a potentially neuroprotective miRNA, based 

on its predicted regulation of several targets implicated in Huntingtin’s disease and 

regulator of G-protein signaling and its diminished expression in Huntingtin’s and 

Alzheimer’s disease brains [23]. Jovicic and co-authors tested the hypothesis that 

increasing cellular levels of miR-22 would achieve neuroprotection in in vitro models of 

neurodegeneration [23]. Jovicic and co-authors employed an acute in vitro version of a 

previous model, where studies looked that the administration or accidental ingestion of 3-

NP, an irreversible inhibitor of succinate dehydrogenase, and saw that it produces 

neuropathologic and motor phenotypes similar to that of HD [23]. Jovicic and co-authors 

treated striatal neurons with 3-NP for 48 hours [23]. Jovicic and co-authors chose to test 

the beneficial effects of miR-22 against the stringent control comprising neuronal cells 

without miRNA overexpression so to avoid confounding toxicities of the lentiviral vectors 

or control miRNA expression [23]. Although the miR-22-expressing vector modestly 

decreased neuronal viability (NeuN-positive) compared to the non-treated control, miR-22 

overexpression increased the survival of neurons treated with 3-NP [Figure 14] [23]. The 

significant neuroprotection by miR-22, in this model indicated that the neuroprotective 

activities of miR-22 include mechanism beyond regulating mutant Huntingtin protein, or 

Htt accumulation or distribution [23].  
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Figure 14: miR-22 is protective against 3-NP toxicity. Cultured primary striatal 

neurons (2.5 weeks in vitro) were treated with the indicated concentrations of 3-NP for 

48 hours or left untreated (CTRL), and survival of neurons overexpressing miR-22 was 

compared to neurons not overexpressing miR-22 (uninfected). Cell viability was 

quantified after immunolabeling for the neuronal marker NeuN. 

 

Jovicic and co-authors asked whether miR-22 could prevent neurodegeneration in 

a non-HD-like condition [23]. They assessed the effects of miR-22 against 

neurodegeneration due to long-term culture stress [23]. This model relies on long-term 

culture of cortical neurons for, greater than 5 weeks, after which a significant decrease in 

the number of neuronal cells begins to be observed [23]. They observed that initially the 

exposure to miR-22-expressing lentiviral vector decreased neuronal number (reflecting 

cell loss due to nonspecific toxicity of the lentiviral vector) [23]. However, expression of 
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miR-22 increased neuronal long-tern neuronal survival, as measured by NueN-positive cell 

counts at 5 weeks in vitro [Figure 15] [23]. 

 

 

 

Figure 15: miR-22 is neuroprotective against long-term culture stress. 

Primary cortical neurons were infected with mir-22-expressing lentivirus on DIV10 and 

neuronal survival was compared to cultures not overexpressing miR-22 (CTRL) after 5 

weeks. 

 

 

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

controlling several aspects of tau-related diseases [11]. However, the selection of the 

specific miRNAs, that can be considered a good therapeutic candidate, for the treatment of 

these disorders, requires further and more in-depth analysis, as well as in more relevant 

models, of human tau pathology [11]. 
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CHAPTER 2 

PREVIOUS RESEARCH 

 

miRNA-22 and Tau Pathology 

The researchers wanted to look at the region-specific pattern, of expression, of 

different miRNAs, in the hTau mouse model of tauopathy [11]. To establish the region-

specific miRNA expression profile, in the brain, of hTau mice, in comparison, with the 

age-matched WT control, they employed miScript miRNA PCR Array Mouse 

Neurological Development and Disease, in the cortex, hippocampus, and cerebellum of 

12-month mice, an age when transgenic mice already showed clear signs of 

hyperphosphorylation and aggregation of tau protein, memory, and cognitive impairments 

[11]. They showed that, in transgenic mice, a specific miRNA, miRNA-22-3p, was 

dysregulated in all three regions and was significantly upregulated, only in the 

hippocampus, of hTau mice [Figure 16] [11]. Next, to detect the transfection efficiency of 

miRNA mimics, a real-time RT-PCR was performed, to measure whether, under the 

experimental conditions, the expression of miRNA 22-3p was significantly increased 

compared, with CTR cells [11]. They found that miRNA-22-3p was highly expressed in 

N2A-hTau-cells, 48h post-transfection [Figure 17] [11]. Next, they wanted to test the 

regulatory effect, of miRNA-22-3p, on tau expression and phosphorylation, so they 

performed a western blot analysis of total human tau (HT7), pathological conformations 

(MC1), and phosphorylated tau (p-Tau), AT180 and PHF13, levels [11]. They saw that the 

overexpression of miRNA-22-3p promoted a significant increase, in human soluble total 
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tau and MC1 conformation, independently from phosphorylation [Figure 18] [11]. Next, 

they wanted to investigate the potential functions of the differentially expressed miRNA-

22-3p, in terms of onset and progression, of tau pathology and memory impairment, so 

they performed several bioinformatical analyses and looked at their predicted and validated 

target genes, via the consulting databases, TargetScan and miRbase [11]. They determined 

that miR-22-3p’s targets were SIRT1, p21, MeCP2, BDNF, and PTEN [11]. Next, they 

wanted to investigate the activation, of the P53-P21 axis, which has been shown to sensitize 

cells to apoptosis, through the influence, of miRNA-22-3p [11]. They found that miR-22-

N2A-htau cells displayed higher levels of P53 transcription factor and a significant 

reduction of P21 [Figure 19] [11]. 
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Figure 16: 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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Figure 17: 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 a miR-22-3p mimic 

(100nM) and scramble (100nM). U6 was used as normalization control. 

 

 

Figure 18: miR-22-3p effect on tau metabolism in Neuro2AhTau cell line (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 a miR-22-3p mimic (100nM). In these experiments, a vehicle and 

scrambled miRNA were used as internal controls. (C) Densitometric analyses, of the 

immunoreactivities to the antibodies shown, in the previous panel. 
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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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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 19: miR-22-3p dependent regulation of P53-P21 activity (B) 

Representative western blot, of P53 and P21, in N2A-hTau cells, 48h after transfection 

with a vehicle, scramble control, and miR-22-3p (C) Densitometric analyses, of the 

immunoreactivities to the antibodies shown, in the previous panel. GAPDH was used as 

internal control. 

 

 

Cell cycle activation and tauopathies 

 

Throughout the past decade, a body of work, on AD, has reported that cell-cycle 

markers are abnormally expressed, in nerve cells, with filamentous tau deposits [14]. These 

markers include proteins involved, in the G0/G1 transition, such as cyclin D and 

CDK4/CDK6; some of their substrates, such as the retinoblastoma protein; and the cyclin-

dependent kinase inhibitors p15, p16, p18, and p19 [14]. Markers of the G1/S transition, 

such as cyclin E and Cdc25A, were also found to be abnormally expressed, in degenerating 

nerve cells [14]. Furthermore, regulators of the G2/M transition, such as cyclin B, Cdc2, 

Cdc25B, Polo kinase, Myt1/Wee1, and p27Kip1, and some mitotic epitopes, such as 

phosphorylated histone H3, phosphorylated RNA polymerase II, PCNA, Ki67, and MPM2, 

were found to co-localize with the hyperphosphorylated tau protein [14]. The expression 

of mitotic epitopes appeared to precede hyperphosphorylation and aggregation of tau 

71 

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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protein, suggesting a possible cause-and-effect relationship [14]. This was supported, by 

studies, showing AD-like phosphorylation, of tau protein, in mitotically active cells and 

the phosphorylation, of recombinant tau, by CDKs in vitro [14]. Importantly, experimental 

studies have established that an inappropriate re-entry, into the cell cycle, results in nerve 

cell death [14]. So, researchers looked at the expression and/or activation of proteins 

involved, in cell cycle progression, in the brain and spinal cord, of 5-month-old human 

P301S tau mice [14]. The mouse line used recapitulates the essential molecular and cellular 

features of the human tauopathies, including hyperphosphorylation and filament 

formation, of the tau protein [14]. They saw that the levels of a cyclin-dependent kinase 

(CDK) inhibitor, p21cip1 was increased, in the brain and the spinal cord, of transgenic 

mice [14]. In performing a immunoblot, of brain and spinal cord extracts, they showed that 

p21cip1 was expressed two-folds higher, in the brain and spinal cord, in 5-month-old 

human P301S tau-transgenic mice than controls [Figure 20] [14]. 
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Figure 20: Levels of p21Cip1, in spinal cord and brain of human P301S tau-

transgenic mice and age-matched controls. (A) Immunoblotting for p21Cip1 and 

p27Kip1 of spinal cord (Sc) from six control (Co) and six human P301S tau-transgenic 

(Tg) mice. Immunoblotting, with antibody AT8, was used to document the presence of 

hyperphosphorylated tau, and anti-𝛽-actin antibody was used to ensure equal loading. (B) 

Quantitative analysis of the immunoblots shown in A. (C) Immunoblotting for p21Cip1 

and p27Kip1 of brain (B) from six control (Co) and six human P301S tau-transgenic (Tg) 

mice. (D) Quantitative analysis of the immunoblots shown in C. 

 

Other researchers looked at the abnormal expression of other cell cycle regulators, 

specifically within the G1/S transition, and their relationship with Alzheimer’s Disease, an 

example of a tauopathy. They knew that the transition from the G1 phase of the cell cycle 

and commitment to S phase/DNA replication is mediated by the association of the G1 

cyclin/CDK complexes such as CDK2/cyclin E and CDK4/D-type cyclins [18]. Active 

CDK4 complexes are negatively regulated by the competitive binding of the tumor 

suppressor gene product p16, which disrupts the complex and indirectly inhibits E2F-

mediated gene expression [18]. In addition to driving cell proliferation, the expression of 

cyclin/CDKs have been implicated in the active process of programmed cell death in 

numerous ex vivo models, including neuronal cells [18]. Cyclin D1 has been reported to be 

selectively induced in dying neurons, and overexpression of p16 protects neuronal cells 

from apoptosis induced by the overexpression of cyclin-D-dependent kinase [18]. In 

contrast to neurons during fetal brain development, the neuronal cells of the adult brain are 

terminally differentiated and do not divide [18]. It is therefore significant that certain 

features of the pathology of AD resemble events related to the transition through the cell 

cycle lead to the suggestion that AD is a recapitulation of development [18]. They 

hypothesized that the degeneration of terminally differentiated neurons in AD might result 

from an inappropriate attempt to re-enter the cell cycle [18]. To address this issue, they 
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used antibodies, specific for CDK4 and p16, to determine whether neurons in AD showed 

abnormalities in the expression of cell cycle control elements [18]. Looking at the 

hippocampus of the brain, they observed that in both cases, NFT-containing neurons, 

identified morphologically by the presence of fibrils and immunocytochemically by co-

localized tau staining on adjacent tissue sections. Intraneuronal as well as extracellular 

NFTs were stained with p16 predominantly associated with the former and CDK4 with the 

latter [Figure 21] [18]. 

 

 

Figure 21: Abnormal expression of cell cycle regulators P16 and CDK4. Anti-p16 (A 

and B) and anti-CDK4 immunocytochemical labeling of Alzheimer (A and C) and age-

matched control (B and D) hippocampus. Anti-p16 recognizes neurofibrillary tangles 

(arrows) and neurons lacking NFTs but containing granulovacuolar degeneration (A, 

arrowheads). Anti-CDK4 was also found in neurofibrillary-tangle-containing neurons 

but was predominately found in extracellular NFTs (C, arrows). Control brain (B and D) 

by contrast shows only background p16 and CDK4 levels. 
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miRNA-22 and Endothelial Cells 

 

miRNAs have been implicated, in the control of a wide range of physiological 

pathways, such as development, differentiation, growth, and metabolism [16]. Moreover, 

tissue-specific patterns, of miRNAs, provide insights into their possible functions [16]. 

Many miRNAs exhibit striking organ specific expression patterns, or even expression 

restricted to single tissue layer, within an organ and different miRNAs have been 

specifically cloned, from the heart, brain, embryonic stem cells, and pancreatic islet cells 

[16]. 

  To dissect the significance of miRNAs, in mammalian biology, several groups have 

disrupted the Dicer gene, in mice, and the loss of Dicer resulted, in embryonic lethality, 

demonstrating that Dicer is necessary, for normal mouse development [16]. Other reports, 

using conditional knockout approaches, have demonstrated that Dicer plays essential roles, 

in the maintenance of hair follicles, lung epithelium morphogenesis, and T cell 

differentiation, whereas it is dispensable, for some T cell lineage-specific gene expression 

programs [16]. One report suggested the embryonic lethality observed, in Dicer mice, was 

because, of defective blood vessel formation and maintenance [16]. These anatomical 

defects were associated, with altered expression of the vascular endothelial growth factor 

(VEGF), its receptors KDR (VEGFR2) and FLT-1 (VEGFR1), and the angiopoietin 

receptor, Tie-1 [16]. This data suggests that Dicer exerts its function, in the processing, of 

miRNAs, during embryonic angiogenic regulators [16]. More recently, the expression, of 

miRNAs, in cultured human endothelial cells (EC) has recently been explored and the 
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miRNA, miR-221/2 is necessary for the expression of c-Kit and Stem Cell Factor induced 

migration of EC [16]. 

  Angiogenesis is the development of new blood vessels, from existing vascular 

structures, and is a highly coordinated, multistep process [16]. It is believed that EC 

migration, proliferation, differentiation, and structural rearrangement, of cells, into patent 

vessels, are crucial events for this process [16]. However, the role of miRNAs, in the 

biology and responses of ECs, during angiogenesis are incompletely understood, so Suarez 

and co-authors globally reduced miRNAs, in ECs, by, specifically, reducing Dicer levels, 

using siRNA and have examined several phenotype responses in vitro [16]. 

  Suarez and co-authors wanted to determine the miRNA expression profile, in both 

EC types, human umbilical vein endothelial cells (HUVECs) and EA.hy.926 cells 

(endothelial cell line) [16]. In running miRNA microarrays, they found 25 miRNAs giving 

the strongest hybridization signals in HUVECs compared with the same miRNAs in 

EA.hy.926 cells [Figure 22] [16]. 



 

 55 

 
 

 Figure 22: miRNAs detected with High Signal Intensity in miRNA 

Arrays of EA.hy.926 Cells and HUVECs.  The 25 miRNAs giving the highest average 

signal intensities in HUVECs along with the comparative intensities of EA.hy.926 cells. 

 

Tau Protein and Endothelial Cells 

Alzheimer’s disease pathology is characterized by amyloid beta plaques, tau-

containing neurofibrillary tangles, and neuronal cell death [22]. Mounting evidence 

indicates that, as assessed in life by MRI scans or at autopsy by neuropathology evaluation, 

“pure” AD is substantially less common than mixed dementias, in which tangles and 

plaques are accompanied by vascular changes [22]. Common conditions including 

atherosclerosis, hypertension, hypercholesterolemia, and diabetes contribute to cerebral 
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vasculature alterations and worsen disease [22]. An alternative possibility is that AD 

pathology directly promotes vascular structural or functional changes [22]. For example, 

measures of cerebral perfusion in the disease indicates that diminished blood flow 

correlates with the development of tau pathology [22]. 

To directly test the hypothesis that neurofibrillary lesions can impact vascular 

biology, Bennett and co-authors examined cortical vessels over time in the Tg4510 

tauopathy model [22]. These animals developed progressive cortical tangles and, 

ultimately, neuronal loss and atrophy with aging, approximating the kind of neuronal 

damage observed in AD [22]. Bennett and co-authors performed in vivo imaging to assess 

blood vessel changes in these tau-overexpressing mice and found marked morphological 

changes including apparent neovascularization that occurred in concert with neuronal loss 

[22]. Further studies demonstrated up-regulation of vascular remodeling genes detected, in 

isolated endothelial cells, and indicated a noncell autonomous effect of tau expression in 

neurons affecting endothelial cell neurovascular biology [22].  

Bennett and co-authors performed in vivo measurements of blood vessels from 

Tg4510 mice, which overexpress tau with the P301L familial frontotemporal dementia 

mutation [22]. These mice exhibited striking tau tangle pathology that is progressive in the 

cortex and hippocampus, initially, detectable at 4 months and subsequent gliosis and 

neuronal loss [22]. In the initial study, Bennett and co-authors injected I.V. fluorescein-

conjugated 70 kDa of dextran and imaged the vasculature from aged, 15-month-old Tg4510 

mice using two-photon microscopy [22]. Images from control mice were markedly 

different from those obtained from Tg4510 mice, where an increased number of blood 

vessels were observed including many that appeared to have tight turns and spiral paths 
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[Figure 23] [22]. Images from these mice were counted manually by a blinded and impartial 

observer who quantified the number of unique branches from each image and the widest 

point of each branch in each z-stack [22]. To account for cortical atrophy, which could be 

one explanation for the increased apparent density of blood vessels, Bennett and co-authors 

measured cortical thickness ex vivo from multiple sections per animal and normalized 

measurements to the value for the vasculature for each mouse [22]. This confirmed the 

observation that there were more blood vessels per cubic millimeter of cortex even when 

taking into account the reduced size of the cortex [22]. 

 

Figure 23: Altered blood vessel morphology, number, and density in aged 

Tg4510 mice: In vivo two-photon microscopy of 15-moth-old wild-type control (A) and 

Tg4510 mice (B) injected with i.v. fluorescein-dextran revealed abnormal spiral 

morphologies in Tg4510 mice (B, Inset, asterisks denote spirals). Images were captured 
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from multiple fields of view per animal, and the average number of blood vessels per 

cubic millimeters were calculated (C) in addition to the average diameter of vessels per 

mouse (D). (E) A histogram of average diameter measures in each genotype shows a shift 

toward small-diameter vessels in Tg4510 mice. (F) The percentage of blood vessels with 

red blood cell flow is indicated. (G) Representative images of small-diameter vessels 

with rhodamine-6G-labeled adherent leukocytes appearing red against green fluorescein-

dextran-labeled sera. 

 

To better understand when these changes occur in relation to neuronal loss, Bennett 

and co-authors examined separate groups of 2-, 9-, 12-, 15-, and 18-month-old Tg4510 

mice [Figure 24] [22]. Blood vessels were imaged as before, and a custom ImageJ script 

was used to quantify total blood vessel volume per total imaged volume and blood vessel 

length per volume normalized to cortical thickness. Blood vessel volume was unchanged 

at 2, 9, 12 months, but increased at 15 and 18 months [22]. Lengths was also increased at 

15 and 18 months of age, but not in younger mice [22]. Density and blood vessel length 

remained stable across ages in control mice [22]. Bennett and co-authors also measured 

blood vessel diameters in these mice, focusing on small microvessels, less than 10 

micrometers, in diameter [22]. This size cutoff corresponds with existing literature defining 

capillaries in the intact rodent brain [22]. In agreement with our initial cohort, diameters 

were significantly decreased in 15-month-old mice and continued to be reduced at 18 

months of age [22]. No change in diameter in Tg4510 mice compared with control mice 

was detected at younger ages [22]. Cortical thickness measurements were made using 

cresyl violet-stained sections [22]. By plotting cortical thickness versus blood vessel 

density in Tg4510 mice, it is apparent that blood vessel changes are closely related to cell 

loss [22]. Most young Tg4510 mice fall, within 2 standard deviations, for both 

measurements, but by 15 months, cortical thickness is reduced, while blood vessel density 
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is increased [22]. At 18 months, blood vessel density is less altered, with no additional 

change in cell loss [22]. Thus, cell loss in this model leads to an apparent increase in blood 

vessel density followed by a “dying hack” of blood vessel overgrowth [22]. 

 

Figure 24: Time course of cortical blood vessel changes. (A) Separate groups 

of wild-type control and Tg4510 mice were imaged at 2, 9, 12, 15, and 18 months of age. 

Blood vessel (B) density, (C) length, and (D) capillary diameters were compared at each 

age. (E) Cresyl violet-stained sections were used to measure cortical atrophy. (F) 

Nonnormalized blood vessel density plotted against cortical thickness highlights the 

relationship between these variables in Tg4510. The blood vessel density and cortical 

thickness (+/-) 2 SDs in control animals are indicated by the shaded regions for a 

reference. 
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Since small blood vessels, in particular, appear to increase in these mice and could 

indicate new blood vessel growth analogous to circumstances in which there is relative 

hypoxia or increased metabolic demand, Bennett and co-authors preformed a qPCR assay 

to measure 84 genes related to hypoxia and angiogenesis [Figure 25] [22]. From RNA 

isolates of whole cortex from 15 month-old mice, six genes were increased more than two-

fold: Lgal3, Lax, Plau, Hmox, Pgf, and Met [22]. Bennett and co-authors sought to identify 

which cell-type was driving these changes, by dissociating 15-month-old mouse brains and 

using magnetic bead separation to isolate specific cell types [22]. RNA was then prepared 

from astrocytes (ASCA-2-positive), microglia (CD11b-positive cells), or endothelial cells 

(CD31-positive cells) [22]. To validate cell enrichment of each population, cell-specific 

qPCR was performed and was compared with total cortical RNA from a control mouse 

[22]. Astrocytes from control and Tg4510 mice were 10-fold enriched for Aquaporin-4 

(Aq4) and were enriched slightly in Gfap in Tg4510 mice [22]. However, astrocyte 

preparations also contained contaminating microglia (Cx3xr1) and endothelial cells 

(Pecam1) [22]. Of the 84 genes, in the qPCR array, none were significantly altered in 

astrocytes [22]. Microglia enrichment yielded a three-fold increase in Cx3xr1 expression 

and had little contamination by other cell types [22]. Lgal3, Seprine1, and Lax were 

increased in Tg4510 microglia compared with controls [22]. Last, the endothelial cell 

population was enriched 100-fold compared with whole cortex based on Pecam1 

expression, with some contaminating microglial cells [22]. This population showed 

increased expression of Serpine1, Atr, Plau, Eif4ebp, Slc16a3, VegfA, Hif1alpha 

(inhibitor), and Mmp9 [22]. Transcripts of neuronal RNA (Mapt, Grin, Camk2a) were 

detected in total cortical RNA, but not in any of the enriched fractions [22]. For each assay, 
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q values – the adjusted P value taking into account the false discovery rate – were 

calculated [22]. CD31-positive cells, but not total RNA or CD11b cells, had significant q 

values for all genes that also had greater than two-fold changes in gene expression in the 

dataset [22].  

 

Figure 25: Altered hypoxia and angiogenesis genes in Tg4510 mice. The 

results of total cortex expression changes in Tg4510 mice are plotted (A), where 

significant P values appear above the dotted line and fold changes > 2 appear to the left 

or right of the dotted line. (B) In two separate cohorts of mice, whole hemispheres were 

dissociated into a cell suspension that was further separated into either microglia cells or 

astrocytes and then endothelial cells. The purity of each cell population was assessed by 

cell type-specific qPCR (C, E, and G) before running on the hypoxia and angiogenesis 

gene array (D, F, and H). 

 

To confirm increased expression of the gene Serpine1, which exhibited the greatest 

fold change in CD31 cells, Bennett and co-authors performed western blotting and 

immunofluorescence for its gene product, PAI-1 [Figure 26] [22]. By western blot, PAI-1 
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was detectable in Tg4510 cortical homogenates at 2 months and was significantly increased 

at 9 and 12 months, before overt blood-vessel overgrowth [22]. PAI-1 levels remained 

elevated at 15 months of age [22]. Immunofluorescent labeling indicated that PAI-1 was 

increased in a heterogeneous group of cells that included neurons with neurofibrillary 

tangles (MC1-positive labeling) and iba-1 positive microglia cells [22]. Additional labeling 

using tomato-lectin, a marker for both blood vessels and microglia, showed PAI-1 also 

overlapped with blood vessels [22]. PAI-1 labeling was observed in Tg4510 mice and not 

in littermate controls at the same age [22]. Another study has shown a link between tau 

oligomers and endothelial cell markers in AD and PSP patients [24]. Researchers saw that 

tau oligomers accumulated in cerebral microvasculature of human patients with AD and 

PSP, in association with vascular endothelial and smooth muscle cells [24].  
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Figure 26: PAI-1 expression in tau-overexpressing mice. (A) PAI-1, the 

protein product of Serpine1, was detected in 2-, 9-, 12-, and 15-months cortical 

homogenates of Tg4510 mice by western blotting. The 2- and 9- month samples were run 

on one blot and 12- and 15- month samples on a second. (B) PAI-1 densitometry and 

normalized to actin loading control. (C) Coronal sections from 15-month-old mice were 

probed for microglia (iba-1), tau (MC1), and PAI-1, in Tg4510 mice, colocalization of 

PAI-1 was most prominent in microglia cells and cells containing misfolded MC1-

positive tau aggregates. (D) Additional labeling for both microglia (m) and blood vesssels 

(b.v.) using tomato-lectin indicates PAI-1 is also localized to blood vessels in 15-month 

Tg4510 mice. DAPI was used to label nuclei. 
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CHAPTER 3 

EXPERIMENTAL HYPOTHESIS AND AIM 

 

Tauopathies are a class of neurodegenerative disorders including AD, Pick’s 

disease, CBD, and PSP, have been characterized, by a progressive loss of memory and 

cognitive functions [11]. 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 dendritic processes of neurons and glia cells [11]. 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 [11]. Recent studies, in animal models, have identified several 

miRNAs altered, in tauopathies [11]. However, all the studies are unable to figure out, in 

which, how miRNAs are being downregulated or upregulated, to alter the tau protein. 

Current research, in cells and animal models, in tauopathies, suggest that miRNAs are 

involved, in the regulation of tau metabolism and could potentially contribute to the 

pathogenesis of these neurodegenerative disorders [11]. 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 [11]. 

Moreover, miRNAs have not been evaluated yet as potential candidates for the treatment 

of the sporadic form, of primary tauopathies [11]. There has also been a correlation, in cell 

cycle activation and tauopathies [14]. Studies suggest that the overexpression of cell cycle 

makers is causing cell cycle dysfunction and abnormal tau phosphorylation [18]. Cells may 

be responding to inappropriate growth signals, due to an intracellular defect and 
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deregulated gene expression, an inappropriate expression of a growth factor in the local 

environment of the cell, or a growth-inhibitory molecule may be lost [18]. Cells also may 

be responding to oxidative stress, due to an imbalance in free radicals, which results in cell 

cycle abnormalities [18]. However, the effect of miRNAs on tauopathies, in association 

with cell cycle activation, has not been shown. 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 [11]. In the latest research work, it was shown that specific 

miRNAs, by acting as post-transcriptional regulators of gene expression, targeted specific 

tau kinases/phosphatases and/or alternative splicing factors and influenced tau metabolism 

and promoted abnormal phosphorylation and pathology [11]. Within this research, it was 

also shown that with specific miRNAs, the treatment of hTau mice, with these miRNA 

mimics, restored tau metabolism and rescued their memory function [11]. However, a 

stronger correlation of these findings needs to be explored in other cell lines, as well as, in 

other animal models to further strengthen these conclusions. 

We hypothesize that miRNA-22-3p halts abnormal tau phosphorylation levels, in 

brain endothelial cells. Given that this miRNA is also expressed, in brain endothelial cells, 

our goal is to explore miRNA-22-3p’s function, in brain endothelial cells, and see if it 

could alleviate the common pathological hallmark associated with tauopathies and, 

ultimately, identify a potential therapeutic target for the treatment of tauopathies. 
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Aim 1: Determine whether elevating miRNA-22-3p levels would influence tau 

metabolism, in brain endothelial cells. 

Sub-aim 1a: Evaluate whether the overexpression of miRNA-22-3p influences a 

specific cell cycle marker, P21, abnormally expressed in tauopathies, in brain endothelial 

cells. 

 

Sub-aim 1b: Assess whether overexpression of miRNA-22 3p changes tau 

expression and phosphorylation, in brain endothelial cells.  
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CHAPTER 4 

EXPERIMENTAL METHODS AND MATERIALS UTILIZED IN THE STUDY 

  

Cells 

The hCMEC/D3 cell line was received from Dr. Babette Weksler, of New York-

Presbyterian / Weill Cornell Medical Center. The hCMEC/D3 cell line was derived, from 

human temporal lobe micro-vessels isolated, from tissue excised during surgery for control 

of epilepsy. The primary isolate was enriched, in cerebral endothelial cells (CEC). In the 

first passage, cells were sequentially immortalized, by lentivirus vector transduction, with 

the catalytic subunit, of human telomerase and simian virus 40 (SV40) large T antigen, 

followed by which CEC were selectively isolated, by limited dilution cloning, and clones 

were extensively characterized, for brain endothelial phenotype. These cells were easily 

grown and amenable to cellular and molecular studies. The cells were grown in an 

incubator that is set, at 37oC, at 5% CO2. 

Media and Reagents 

 

The media used is called endothelial basal medium-2, (EBM-2), supplemented with 5% 

Fetal Bovine Serum (FBS) and growth factors. These growth factors include 

hydrocortisone, human Fibroblast Growth Factor-Beta (hFGF-β), Vascular Endothelial 

Growth Factor (VEGF), R3-Insulin-like Growth Factor-1 (R3-IGF-1), ascorbic acid, 

human Epidermal Growth Factor (hEGF), and Gentamicin sulfate/Amphotericin (GA-

1000). When treating the cells, 1% of FBS is added and no growth factors were added. The 

media was stored at 4oC. Optimem I reduced serum medium was used, purchased from 
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Gibco, USA, and stored at 4oC. Lipofectamine (lipo) reagent was used, purchased from 

Invitrogen, USA, and stored at 4oC. Scramble (SCR) negative control was used, purchased 

from Ambion, USA, and stored at -20oC. The miRNA-22-3p mimic was used, purchased 

from Ambion, USA, and stored at -20oC. All these reagents were warmed to 37oC, when 

in use. 

For harvesting cells, a 1X RIPA buffer, made in the lab, was used and stored 4oC. A 

protease inhibitor was used, purchased from ChemCruz, USA, and stored at 4oC. A 

phosphatase inhibitor was used, purchased from Thermoscientific, USA, and stored at 4oC. 

PBS solution was used, purchased from Gibco, USA, and stored at 37oC.  All these reagents 

were kept on ice, except for the PBS, during the procedure.  

Transfection 

 

The cells were grown, in the incubator, until they reached 50% - 60% confluency, which 

occurs, after 48 hours. Transfection of hCMEC/D3 cells was performed, in 6-well plates, 

in a sterile cell culture hood. The 6-well plate was divided into three conditions: Control 

(CTL), Scramble (SCR), miRNA-22-3p mimic (miRNA22), and performed in duplicates. 

The SCR-tagged miRNA and miRNA-22 mimic had a final concentration of 100nM. The 

plate was broken down as followed; CTL 1 & 2, SCR 1/2 & SCR/lipo, miRNA22-3p 1/2 

& miRNA22-3p/lipo. CTL 1 & 2 wells contained optimem I and lipofectamine.  The SCR 

1/2 well contained optimem I and SCR miRNA. The SCR/lipo well contained optimem I 

and lipofectamine. The miRNA22-3p 1/2 well contained optimem I and a miRNA-22-3p 

mimic. The miRNA-22-3p/lipo well contained optimem I and lipofectamine. The plate was 

incubated, for 4 hours, and treated, with EBM-2, %1 FBS, and no growth factors. 
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Harvesting Cells 

 

The cells were harvested, 48 hours after transfection. The plate was washed, with PBS, and 

treated with 50µL of RIPA buffer mixed, with a protease and phosphatase inhibitor. Once 

the cells were collected, they were centrifuged at 17.0 Relative Centrifugal Force (rcf), for 

20 minutes, at 4oC. The supernatant was removed and collected, in Eppendorf tubes, in 

storage, at -80oC. 

BCA / Western Blot 

 

The total protein concentration of the cell extracts was quantified, using a commercial kit 

(PierceTM BCA Protein Assay Kit, Thermoscientific, USA) as described, by the 

manufacturer. Western blot preparation consists of several parts. The sample buffer was 

comprised of deionized water, XT sample buffer (Bio-Rad, USA), and a reducing agent 

(Bio-Rad, USA). This was added to the samples, once the appropriate amount of protein 

was established, from the BCA. The running buffer contains deionized water and a 

electrophoresis purity reagent (Bio-Rad, USA). The samples were loaded onto a Criterion 

XT precast gel (Bio-Rad, USA), put into an apparatus (Bio-Rad, USA), and 

electrophoresed, at 170 V, for 60 minutes. After electrophoresis, the proteins were 

transferred, using a wet transfer buffer (glycine, tris-base, methanol, deionized water) a and 

Criterion Blotter (Bio-Rad, USA), at 110 V, for 70 minutes. After the wet transfer, the 

membranes were removed and cut, into different sections, to test different targets. The 

membranes were put in blocking buffer (LI-COR, USA), for 1 hour, and put in primary 

antibody, overnight, at -80oC. The membranes were washed, with TBS, and put in 

secondary antibody, for 1 hour, on a shaker. Then, were scanned, with the Odyssey® CLx 
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Imaging System (LI-COR, USA). The membranes were washed with TBS, and a loading 

control was added, stored overnight, at -80oC. The next day, the membranes were washed 

and the secondary antibody, for the loading control, was added, for 1 hour. Finally, the 

membranes were scanned again. The primary antibodies were purchased from LI-COR, 

USA and the dilutions were P21 (1:100), HT7 (1:100), AT8 (1:100), AT180 (1:100), 

AT270 (1:100), PHF13 (1:100), and PHF1 (1:100). The secondary antibodies were 

purchased from LI-COR, USA and the dilutions were goat (1:5000), rabbit (1:5000), and 

mouse (1:5000). The values were normalized to a loading control, GAPDH (dilution 

1:5000). 

 

Table 2. Antibodies used in this study 

 

 

 

 

 

 

 

Antibody Catalog number Company Species 

HT7 MN1000 Thermo Mouse 

AT8 
(Threonine202/Serine205) MN1020 Thermo Mouse 

AT180 
(Threonine231/Serine235) P10636 Thermo Mouse 

AT270 (Threonine 181) MN1050 Thermo Mouse 

PHF1 (Serine 396/404)  Kindly provided by Peter Davis Mouse 

PHF13 (Serine396) 9632 Cell Signaling Mouse 

P21  AF1047  R&D System  Goat  
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CHAPTER 5 

EXPERIMENTAL FINDINGS 

 

 

First, we wanted to see if we were able to introduce miRNA-22-3p, into the brain 

endothelial cells, so we performed the transfection procedure. In this experiment, we used 

a 3-condition experimental method, in duplicates. The control and negative control were 

used to, essentially, show that the miRNA-22-3p mimic was able to penetrate the cell. The 

last condition, miRNA-22-3p, was used to show that the miRNA 22-3p mimic was able to 

be introduced, into the cells. Transfection efficiency was shown through an 

immunofluorescence tag, linked to the negative control [Figure 27]. This experiment was 

done, as per the protocol, with a final concentration of 100 nM. 

 

 

 

Figure 27: Transfection Efficiency. Transfection efficiency was shown through 

an immunofluorescence tag, shown through the Scramble control (SCR) well. SCR well 

was tagged with a red fluorescence protein tag. Two different experiments were done to 

show significance. 
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Next, we wanted to obtain the protein extracts, from the transfected cells, so we 

used the harvesting method with Radio-Immune Precipitation Assay, or RIPA. RIPA is 

normally used because of its rapid, efficient cell lysis and solubilization of proteins. The 

RIPA contained a protease inhibitor, used to preserve cell lysates and protein samples, 

from imminent natural degradation, and a phosphatase inhibitor, used to preserve the 

phosphorylation state of proteins during and after cell lysis. The harvesting method was 

performed, exactly, 48 hours, after the transfection.  

Then, we wanted to look at the protein concentrations, between each condition. To 

do this, we performed a bicinchoninic acid (BCA) assay. The assay combines the reduction 

of Cu2+ to Cu1+ by protein, in an alkaline medium, with the highly sensitive and selective 

colorimetric detection of the cuprous cation (Cu1+) by bicinchoninic acid. The experiment 

is performed, as per the protocol. 

Afterwards, we evaluated the level of tau protein associated, with each condition. 

To do this, we performed a western blot experiment. We followed this experiment, as per 

protocol. We then analyzed the membranes, using the Odyssey® CLx Imaging System. 

miRNA-22-3p overexpression alters cell cycle re-activation 

We, first, wanted to see how the p21 gene was influenced in the presence of 

miRNA-22-3p. This gene is a cell cycle protein, involved in blocking the progression of 

cells, through the cyclin-CDK complexes, in the nucleus. We looked at this gene because, 

previous research had shown that p21, a cell cycle marker, was abnormally expressed, in 

tauopathies, and has a direct relationship with abnormal increase in tau phosphorylation. 

We saw, through western blot analysis, that the expression of p21 was significantly 

downregulated [Figure 28]. 
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Figure 28: P21 expression is downregulated. Western Blot analysis (N=3) 

showing the cell cycle marker, p21, was significantly downregulated as a result of 

miRNA-22-3p transfection. 

 

 

 

miRNA-22 3p overexpression prevents abnormal tau phosphorylation 

 

We looked at different phosphorylated tau epitopes; AT8 (Serine 202 / Threonine 

205) [Figure 29], AT180 (Threonine 231 / Serine 235) [Figure 30], AT270 (Threonine 

181) [Figure 31], PHF1 (Serine 396 / 404) [Figure 32], and PHF13 (Serine 396) [Figure 

33]. We looked at these epitopes because they described different markers on tau, 

consistent with the different residues associated with each epitope. We saw that each tau 

epitope was significantly downregulated as a result of the introduction of miRNA-22-3p.  

 

 

 

CTR SCR miR22 

P21 

GAPDH P
2
1

(%
 o

f 
C

T
R

L
)

C
TR

SCR

M
iR

N
A22

0

50

100

150

**



 

 74 

           

                    

     

A
T

8

(%
 o

f 
C

T
R

L
)

C
TR

S
C
R

M
iR

N
A
22

0

50

100

150

**

 
 

 

 

Figure 29: Small downregulation in AT8 expression. Western blot analysis 

(N=3) showing the phospho-tau epitope, AT8, was significantly downregulated as a 

result of miRNA-22-3p transfection. Significance was determined based on at least a 5% 

difference between conditions. 
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Figure 30: Small downregulation in AT180 expression. Western blot analysis 

(N=3) showing the phospho-tau epitope, AT180, was significantly downregulated as a 

result of miRNA-22-3p transfection. Significance was determined based on at least a 5% 

difference between conditions. 
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Figure 31: Small downregulation in AT270 expression. Western blot analysis 

(N=3) showing the phospho-tau epitope, AT270, was significantly downregulated as a 

result of miRNA-22-3p transfection. Significance was determined based on at least a 5% 

difference between conditions. 
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Figure 32: Small downregulation in PHF1 expression. Western blot analysis 

(N=3) showing the phospho-tau epitope, PHF1, was significantly downregulated as a 

result of miRNA-22-3p transfection. Significance was determined based on at least a 5% 

difference between conditions. 
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Figure 33: Small downregulation in PHF13 expression. Western blot analysis 

(N=3) showing the phospho-tau epitope, PHF13, is significantly downregulated as a 

result of miRNA-22-3p transfection. Significance was determined based on at least a 5% 

difference between conditions. 
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We also looked the marker for HT7, which represents total tau. We saw that HT7 was 

significantly upregulated, per analysis [Figure 34].  
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Figure 34: Small upregulation in HT7 expression. Western blot analysis (N=3) 

showing the total tau marker, HT7, was significantly upregulated as a result of miRNA-

22 3p transfection. Significance was determined based on at least a 5% difference 

between conditions. 
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CHAPTER 6 

GENERAL DISCUSSION 

 

 

In this study, based on the previous research, we showed that miRNA-22-3p, which 

is significantly dysregulated, in tauopathies, halts abnormal tau phosphorylation levels. In 

terms of the relationship between cell cycle activation and tauopathies, miRNA-22-3p was 

able to downregulate a cell cycle marker, shown to be abnormally expressed, in 

tauopathies. We showed that miRNA-22-3p produced a small downregulation in the 

specific phosphorylated tau epitopes, associated with abnormal tau phosphorylation. We 

also showed that miRNA-22-3p produced a small upregulation of the human total soluble 

tau, denoted by HT7. 

Tau is a microtubule binding protein important for microtubule stability and 

polymerization, maintenance of neuronal structure, axonal transport, and synaptic 

plasticity [11]. 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 [11]. 

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

pathways, responsible for neuronal function and neurodegenerative disorders, including 

tauopathies [11]. These findings have greatly attracted the interest of the scientific 

community and in recent years, many studies have analyzed the expression of miRNAs in 

brain, plasma, and CSF, of tauopathy patients where miRNAs have been consistently found 

dysregulated [11]. To better dissect the relationship between miRNAs and tau pathology, 

several in vitro and in vivo studies have examined the physiological and/or pathological 
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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 [11]. It has been shown that specific miRNAs, by acting as post-

transcriptional regulators of gene expression, targeted specific tau kinases/phosphatases 

and/or alternative splicing factors and influenced tau metabolism and promoted abnormal 

phosphorylation and pathology [11]. Within this research, it was also shown that with 

specific miRNAs, the treatment of hTau mice, with these miRNA mimics, restored tau 

metabolism and rescued their memory function [11]. However, a stronger correlation of 

these findings needs to be explored in other cell lines, as well as, in other animal models 

to further strengthen these conclusions. 

In this study, we addressed the important scientific question with the ultimate goal 

to test if miRNA-22-3p could serve as a potential novel therapeutic tool for the treatment 

of these pathologies. To test this, we used the brain endothelial cell line to show miRNA-

22 3p’s effect on tau phosphorylation. A previous study showed that abnormal tau 

phosphorylation has an effect on brain endothelial cells [22]. Intriguingly, we saw that the 

overexpression of miRNA-22-3p was produced a small downregulation of the phospho-

tau epitopes’ expression; AT8, AT180, AT270, PHF1, and PHF13. However, the marker 

for total tau, HT7, exhibited a small upregulation, suggesting that miRNA-22-3p is only 

affecting the pathological tau, leaving the non-pathological tau intact.  

Previous research has also suggested that during tauopathies, abnormal cell cycle 

activation occurs, which leads to certain markers being abnormally expressed [14, 18]. We 

wanted to test this, by looking at a specific cell cycle marker, P21, which has been shown 

to be abnormally expressed, in tauopathies. Fascinatingly, we saw that miRNA-22 3p was 
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able to significantly downregulate the expression of P21, in the presence of the 

overexpression of miRNA-22 3p. 

In conclusion, we have provided evidence for the biological relationship between 

miRNA overexpression and tau pathology demonstrating that, in brain endothelial cells, 

the alteration of miRNA-22-3p was able to have an influence on abnormal tau 

phosphorylation. Therefore, our data provide support to the hypothesis that miRNA-22-

3p, serves as a regulator of tau pathogenesis/pathophysiology. We have demonstrated that 

miRNA-22-3p has the potential to change tau physiology, in brain endothelial cells. In 

general, miRNA-22-3p holds a great potential as a therapeutic target, for AD, and other 

related tauopathies. However, despite great advances in the field, currently only one 

disease-modifying drug, that has been approved [21]. Overall, our developments signify a 

precise effect of miRNA-22-3p on tau metabolism and unlocks innovative therapeutic 

prospects.  

Limitations and Future Directions 

 

Despite the novel and promising results, the described research presents some 

limitations. 

One limitation to our approach was that the in vitro results were not able to be produced in 

in vivo studies. It is important for any research, to be duplicated in cell culture as well as 

animal models, to further validate the research and show that the conclusions can be further 

translated into human models, so they can be used as a baseline, for potential medications 

or therapies. 

Another limitation to our experimental approach is the unknown of how miRNA 

22-3p is directly or indirectly influencing the tau protein and the level of this miRNA. This 
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is important because of potential medications and/or therapeutics that could be developed, 

as a result of these findings.  

Another limitation would be the small change in protein content. Further 

experiments will need to be performed to understand if these minimal changes are 

biologically relevant. In addition, other pathways related to tauopathies could also be 

affected by miRNA-22-3p. An example of a pathway affected could be the Ephrin 

Receptor Signaling Pathway, which is involved in the development processes and adult 

tissue homeostasis [11]. Another pathway could be the p53 signaling pathway, which is 

involved in the induction of apoptosis [11. Another pathway could be the 

neuroinflammation signaling pathway, which is involved in the elimination of pathogens 

[11]. These pathways are affected during the dysregulation of miRNA-22-3p, so during 

overexpression, these pathways may still be nonfunctional, leading to a small inhibition of 

miRNA-22-3p’s ability to target the different phosphorylated tau epitopes [11]. More 

experiments need to be conducted to determine the level of miRNA-22-3p’s expression 

needed to not induce an inappropriate response of any pathways associated with 

tauopathies and miRNA-22-3p. 

Another limitation would be the cell line used for the experiments. The cell line 

used is described as an immortalized endothelial cell line, which is restrictive because of 

its lack of relevance to human physiology. A primary cell line would be an ideal method 

to replicate these results, further supporting the data and conclusions formulated by this 

research.    

It would be very fascinating to perform experiments looking at the relationship 

between CDKs, their inhibitors, miRNA-22-3p, and abnormal tau phosphorylation. 
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Previous research has shown a relationship between tauopathies, cyclin-dependent kinases, 

and inhibitors. If a relationship is shown, then further treatments could look at stopping the 

re-entry of the cell cycle to further prevent abnormal tau phosphorylation.  

Finally, it would be very attractive to outline the possible compensatory 

mechanisms and the intricate miRNA-miRNA and miRNA-mRNA network connections 

controlled by miRNA-22-3p inhibition in vivo executing RNAseq and proteomic analysis 

to precisely institute the specificity and the biological implications of this therapeutic 

approach. 
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