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Abstract 

The glycosylation of nucleocytoplasmic proteins by O-linked N-

acetylglucosamine (O-GlcNAc) is important for regulation of protein function and 

cellular signaling. Addition of GlcNAc monosaccharide unit to target proteins 

requires the enzyme O-GlcNAc transferase (OGT), and removal of O-GlcNAc 

depends on the enzyme O-GlcNAcase (OGA). Previous works have shown that 

OGA inhibitors and enhancers of autophagy both reduced cognitive impairment 

as well as Aβ and tau aggregation in Alzheimer's disease (AD) mouse models. 

Here, it was shown that OGA inhibition enhanced autophagy in neuro-2a cells 

and AD mouse brain through an mTOR independent pathway. These data 

suggest that OGA inhibition provides neuroprotection by promoting autophagy 

dependent clearance of protein oligomers. To investigate this relationship, we 

established inducible cellular models of tauopathy to show that OGA inhibition 

decreased levels of pathological tau species. These results suggest OGA 

inhibition is a possible therapeutic strategy against AD that may involve the 

enhancement of autophagy. 

Keywords: Alzheimer's disease; autophagy; O-GlcNAcylation; tau protein; 

neurodegeneration; tauopathy models 
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Chapter 1.  
Introduction 

1.1. Alzheimer's disease 

1.1.1. Overview 

Alzheimer's disease (AD) is the most common form of dementia, in which 

progressive degeneration of brain neurons leads to deterioration of cognitive abilities 

and memory. In most cases, AD patients display early clinical symptoms such as 

difficulty in remembering names, recalling recent events and conversations. Mood 

swings and depression are also signs of early stage disease development. As the 

disease progresses, patients experience progressive speech difficulties, disorientation, 

confusion, and immobility(1). 

There are approximately 564,000 Canadians living with dementia, and this 

number is estimated to grow to 937,000 by 2030(2). AD affects the lives beyond that of 

just the patients. Approximately sixty to seventy percent of AD patients live with their 

family, and the informal care-giving costs represent seventy percent of total cost of 

care(3). In Canada, 1.1 million people are directly or indirectly affected by AD, and the 

annual cost to Canadians to care for dementia patients is $10.4 billion(2). Drugs such as 

galantamine and donepzil may improve patient's cognitive abilities and delay disease 

progression, but a cure or preventive agent is still unavailable. AD is a growing 

socioeconomic challenge that must be addressed by agencies worldwide.  
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1.1.2. History of Alzheimer's disease 

In 1906,  Alois Alzheimer discovered the disease while treating a 51-year-old 

woman named Auguste D. The patient demonstrated changes in personality and 

behaviour, difficulties with memory, speaking, and comprehension. Autopsy showed 

dramatic shrinkage of the cerebral cortex, fatty deposits in blood vessels, and atrophied 

brain cells(4). He was also the first person to document the presence of neurofibrillary 

tangles and senile plaques in brain tissues, both of which are now recognized as the two 

pathological hallmarks of AD. 

1.1.3. Symptoms during each stages of disease development 

Although there is insufficient data to understand what exactly leads to 

Alzheimer's disease, there are a number of symptoms that are commonly recognized. In 

the early stages of AD, patients start to exhibit deficiencies in cognitive ability, difficulty 

retaining information, problem solving, decision making, personality changes, misplacing 

things and losing direction. The mid stage is the longest developmental phase, and is 

characterized with increasing poor judgement and confusion, requiring assistance for 

daily activities, problem recognizing family members, losing perception of time, in spatial 

recognition, and significant memory loss. In late stage AD, patients develop serious 

inhibitory symptoms including impacted physical abilities, require long term care 

facilities, can no longer communicate, muscles are also observed to be rigid. Gradual 

disease progression suggests that there is potential for therapeutic targets to intervene 

years before late stage AD. 
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1.1.4. Cause and risk factors 

There are two forms of the disease - familial and sporadic. Familial forms 

accounts for two to three percent of AD cases, where genetic heredity of mutated β-

amyloid precursor protein (APP) and presenilin genes on chromosome 12, 14, and 1 

affect the proteolytic processing of APP(5). Down syndrome(6) and Apo-E ε4 allele are 

two other genetic risk factors for AD, while the ApoE ε2 allele decreases AD risk(7).  

The majority of AD cases do not have a genetic basis, and may be influenced by 

sociodemographic factors. Aging is the greatest risk factor for AD. Most patients develop 

symptoms after the age of 65, while risk for AD increases exponentially until the age of 

90(8, 9). Women are more likely diagnosed with AD at an older age, although it has 

been criticized that this is due to the longer life expectancy of female patients(8). Higher 

education and intelligence level have also been connected to lower AD incident rates. It 

is believed that individuals with rich neurological reserves compensate for cognitive 

decline, and are therefore often diagnosed much later on in life(10). There have also 

been multiple studies examining the role of dietary habits on AD progression, where fish 

consumption and low caloric diet decreases AD incident rates(11, 12). 

1.1.5. Molecular changes in the brain 

Amyloid plaques are detected in the early stages of AD 

The earliest sign of a developing AD brain is the presence of β-amyloid (Aβ) in 

the cerebral spinal fluid. Studies show that aggregation of the β-amyloid peptide is the 

primary source of senile plaques in AD patients. Beta amyloid comes from the proteolytic 

processing of the transmembrane amyloid precursor protein (APP) that exists as three 

alternatively spliced isoforms. The 695 amino acid peptide is found in the brain, and the 
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751 and 770 amino acid forms are expressed in other tissues(13). All three isoforms are 

capable of producing the Aβ peptide fragment. 

 APP is processed by three proteases that form multi-protein unit assemblies 

called the α(14), β(15, 16), and γ(17) secretase complex. Figure one shows the two 

pathways that result from the combination of cleavage activity between the 3 secretases. 

The α-secretase cuts the APP at the extracellular domain to generate soluble sAPPα 

and CTFα. sAPPα is solely responsible for the physiological function of APP in 

contributing to neuronal plasticity and survival against excitotoxicity(18). The processing 

by β-secretase kicks off the amyloidogenic pathway, in which a soluble sAPPβ fragment 

and a membrane bound portion called CTFβ are produced(19). γ-secretase cleaves the 

CTFβ at the transmembrane region to generate amyloid beta peptides having various 

sizes(19), which are influenced by mutations in the PSEN1 gene that encodes the 

catalytic subunit of γ-secretase(20). The majority of these products are Aβ40, while Aβ42 

are the more amyloidogenic species. These products do not have physiological functions 

within the cell, but the amyloidogenic Aβ42 are capable of aggregating into oligomers 

and plaques, inducing a neurodegenerative cascade resulting in synaptic dysfunctions 

and neuronal loss(21). Aβ can be secreted out and internalized by neighboring cells, 

which may explain disease pathogenesis (22).  
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Figure 1. Non-amyloidogenic and amyloidogenic pathways in the proteolytic 
processing of the amyloid precursor protein (APP). α,β,and γ-secretase 
activity determine the fate of APP processing. In the non-amyloidogenic 
pathway, cleavage by α-secretase generates CTFα and sAPPα. CTFα is cut 
by γ-secretase to produce a non-polymerizing p3 product. Alternatively, β-
secretase cleavage releases CTFβ, which is cleaved by γ-secretase to yield 
the amyloidogenic Aβ. These toxic oligomers form fibrils which eventually 
become amyloid plaques. 

 

Glucose usage decreases in AD brain 

Another one of the early signs of changes in the brain from AD is the reduction of 

glucose uptake and usage in the brain(23). Based on data gathered by scientists and 

clinicians of the AD neuroimaging initiative (ADNI), impaired glucose metabolism follows 
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the appearance of amyloid-β peptide in the cerebrospinal fluid(CSF), and is followed by 

tau pathology(24). In fact, two major neuronal glucose transporters in the brain GLUT1 

and GLUT3 are decreased in the AD brain(25). Insulin and its receptors regulate glucose 

metabolism, and they play a possible compensatory effect against decreased glucose 

metabolism by increasing insulin receptor levels in AD patients in comparison to healthy 

same-aged controls(26).  

Neurofibrillary tangles result from toxic aggregating tau 

The next hallmarks observed in AD are the neurofibrillary tangles from the 

aggregation of the microtubule associated protein tau. Tau is encoded by the MAPT 

gene on chromosome 17(27) and localize at neuronal axons(28). While amyloid beta 

accumulation is thought to initiate AD, tau oligomers are highly toxic and more closely 

correlate with disease progression. Tau oligomers may act as templates that seed 

aggregation by promoting misfolding.(29).  

The tau protein is usually a highly soluble protein, with six different isoforms(30) 

each containing an acidic/projection domain and a microtubule binding domain. The 

acidic domain near the N-terminal is responsible for the interaction with cytoskeletal 

elements to determine spacing between microtubules in axons (31), while the C-

terminus repeat domain is positively charged and interacts with the negatively charged 

surfaces of microtubules(32). Alternative splicing in exon 2,3, and 10 results in six 

different isoforms of tau (figure 2). Exon 2 and 3 are in the acidic region, and exon10 is 

one of the 4 microtubule binding repeats.  

Mutations in tau proteins increases its potential to aggregate and such mutations 

are  observed in many forms of tauopathy. In healthy individuals, tau is soluble due to a 

large number of hydrophilic amino acids such as lysine, serine, and threonine(33), and 
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behaves like a random coil(34). However, its four repeat regions are also know to 

assemble into beta-sheets and form insoluble fibers (paired helical filaments or "PHF") 

(35). It was recently observed that tau can also adopt a more compact globular 

conformation, or a paperclip like formation that is precursor to tau aggregation(36).  

 

Figure 2. Six isoforms of tau from alternative splicing of exon 2, 3, and 10. 2N4R is 
the longest isoform of tau, while 0N3R is the shortest isoform. N refers to 
exons 2 and 3 in the acidic region, and R refers to the 4 repeat regions 
near the C-terminus.  

Tau is increasingly hyperphosphorylated during the course of AD development. 

Hyperphosphorylation of tau releases tau from microtubules into the cytoplasm, where 

they self-assemble into soluble oligomers, SDS-soluble PHF, and finally insoluble 

neurofibrillary tangles (NFT). Even though  NFT are closely correlated with clinical 

severity of AD(37), insoluble NFT aggregates are not toxic to cells in comparison to 

soluble oligomeric tau(38, 39). In a transgenic mouse model where tau aggregation and 

NFT formation could be induced with doxycycline, insoluble NFT continued to grow,  but 

memory deficits were reversed and cell proliferation improved when doxycycline was 
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removed (40). In contrast, soluble low molecular weight tau oligomers were secreted and 

spread to healthy cells, and led to the fibrilization of intracellular full-length tau(41). 

These reports showed that soluble oligomeric tau may be the toxic species, while large 

insoluble PHF and NFT are likely long-term consequences of such oligomerization. As a 

result, targeting soluble oligomeric tau may be the key to stopping tau toxicity.  

1.1.6. Tau mutation, truncation, and aging accelerates tauopathy 

Soluble oligomerization and aggregation of tau filaments are observed in a family 

of neurodegenerative diseases called tauopathy including AD. Although mutations in 

MAPT are not observed in AD, they are associated with familial frontotemporal dementia 

and parkinsonism linked to chromosome 17 in which tau aggregation is also 

observed( FTDP-17). AD targets higher functional regions of the brain including the 

hippocampus, hypothalamus, amygdala and the thalamus, while FTDP-17 leads to 

atrophy in the frontal lobe(42). MAPT mutation in FTDP-17 accelerates tau dissociation 

from microtubule and its subsequent aggregation into soluble oligomers and NFT. As a 

result, the use of transgenic MAPT mutant mouse models serve as a convenient 

functional method to study tau aggregation and clearance implicated in AD. 

The P301L mutation in exon 10 is commonly observed in individuals with 

FTDP(43). Because of alternative splicing, this mutation is only found in 4R isoforms of 

tau as shown in figure 2. Additional missense mutations in MAPT including G272V, 

V337M, and R406W also contributes to increased tau hyperphosphorylation, 

oligomerization, and aggregation in vitro(44).  
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1.1.7. Tauopathy mouse models using the P301L mutation 

Given the ability of MAPT mutations to accelerate tau toxicity and oligomerization, 

two popular transgenic mouse models are commonly used in the field to study tauopathy 

and AD. 

JNPL3 tauopathy mouse model 

JNPL3 mice express the human tau 0N4R isoform with the P301L mutation 

under the control of the prion promoter. These mice display tau hyperphosphorylation 

and NFT formation in the hindbrain, brainstem, and spinal cord(45). JNPL3 mice were 

used in the Vocadlo lab to show that tau pathology and neuronal loss in tauopathy can 

be prevented by increasing protein O-GlcNAcylation(46). 

Tg4510 tauopathy mouse model 

In Tg4510 model mice, the 0N4R isoform of tau with the P301L mutation is 

controlled by a tetracycline-sensitive operator, in which tau pathology affects the 

neocortex and hippocampus(40). Mutant tau expression can be suppressed by the 

addition of doxycycline. Increasing protein O-GlcNAcylation in Tg4510 mice showed 

similar effects as observed in JNPL3 mice(47). 

1.1.8. Pathologic tau levels correlate with AD severity 

While amyloid plaques and NFT are both commonly observed in AD patients, 

NFT levels best correlate with the progression of the disease(48, 49), suggesting that tau 

instead of beta-amyloid may be the key driver of the AD progression and that beta-

amyloid may be the early trigger. In recent years, drugs in development such as 

solanezumab that target beta-amyloid production have failed in clinical trials and this 
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support the idea that amyloid may not be a viable target once disease has been 

diagnosed. 

Approaches to combat tau toxicity include stabilizing tau against misfolding, or 

promoting the clearance of oligomeric tau and fibrils (PHF) through natural cellular 

degradation processes such as autophagy. To do this, tau aggregation is studied in vitro 

using recombinant proteins generated in Escherichia. coli, and in vivo using tauopathy 

cellular models and transgenic animal models expressing mutant isoforms of tau.  

Many publications to date have focused on manipulating the 

hyperphosphorylation of tau, which is necessary to drive oligomeric tau and PHF 

formation(50). It is believed that charged phosphate groups decreases the isoelectric 

point of tau, therefore decreasing the positive charge of the protein at physiological pH, 

allowing self-assembly into oligomeric tau and NFT(51). This is likely the rationale for the 

induction of tau aggregation in vitro by the addition of heparin(52) , fatty acids(53) and 

anionic dyes such as Congo red(54).  

In addition to phosphorylation, tau is found to be post-translationally glycosylated 

by O-GlcNAc, with a stoichiometry of 4 moles GlcNAc per mole of tau(55). This 

modification is similar to phosphorylation in that it can be added and removed 

dynamically by different enzymes, and it modifies serine or threonine residues. Almost all 

O-GlcNAcylated proteins are also found to be phosphorylated (56), hinting at possible 

reciprocity between the two PTMs. It has been argued that phosphorylation of certain 

sites prevents O-GlcNAc modification of nearby sites and vice versa. Liu and colleagues 

showed that O-GlcNAcylation negatively regulates tau phosphorylation in PC12 cells and 

in rat brain sections(57). Recently, using motif data gathered from 26 O-GlcNAcylated 

substrates, Leney and coworkers concluded that phosphorylation of the 
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(T/S)P(V/T/A)(S/T) motif (where bold represents phosphorylation site, and italicized bold 

represents O-GlcNAcylation site)  inhibits O-GlcNAcylation of subsequent nearby 

sites(58). They also observed that Ser/Thr residues in the Pro-directed kinase motif 

PX(S/T)P is resistant to O-GlcNAc modification(58). 

Currently four O-GlcNAc modification sites have been mapped on the tau protein 

by using a bacterial co-expression system, including Thr-123, Ser-208, Ser-400, and 

Ser-409, Ser-412, or Ser-413(59). O-GlcNAc at Ser-400 has been shown to inhibit 

phosphorylation at the nearby site Ser-396(60). Additional information about O-GlcNAc 

modification and how it impacts tau will be discussed in the following sections. 

1.2. Protein glycosylation O-GlcNAc 

1.2.1. Overview of O-GlcNAc 

 O-GlcNAcylation is a form of post-translational modification of cytoplasmic and 

nuclear proteins conserved in metazoans. It is a dynamic process where an uncharged 

O-GlcNAc sugar moiety is added or stripped off a target protein's serine or threonine 

residues. This is a dynamic process that resembles phosphorylation, except that O-

GlcNAcylation is regulated only by two enzymes that recognize a wide range of proteins. 

There has been some indication of shared modification sites between phosphorylation 

and O-GlcNAcylation, although increased O-GlcNAc in model mice has not been 

observed to affect the level of hyperphosphorylation of tau protein(46).  

 The molecular mechanism of how O-GlcNAc moieties affect target proteins is 

unknown, but O-GlcNAcylated proteins show different patterns of stability(61), 

localization(62), degradation(63), and enzyme activity(64). O-GlcNAcylation is been 

observed on over hundreds of proteins, and its mis-regulation has been linked to various 
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diseases. Figure 3 suggests some of the functions of  O-GlcNAcylated proteins, the 

majority of which are involved in protein transcription and translation(65). It has been 

connected to nutrient sensing, diabetes, cancers, and neurodegeneration. Despite its 

presence on a large number of proteins, O-GlcNAc remained fairly un-noticed for many 

years due to its lability during mass spectrometry. In addition, O-GlcNAc modification 

generally does not affect migration of proteins on SDS-PAGE gels, unless the 

modification is highly clustered and the protein is extensively modified(65).  

1.2.2. History of O-GlcNAc 

 O-GlcNAc modification first came into the scene over thirty years ago when 

Torres and Hart studied a GlcNAc binding lectin and its affinity to lymphocyte cell-

surface proteins(66). This novel protein-saccharide linkage was soon also found to be 

ubiquitously abundant in the ER, Golgi, cytosol, nuclear envelope, and nucleoplasm (67, 

68). O-GlcNAcylation is unique from all other types of protein glycosylation in three 

ways. Firstly, O-GlcNAc is the only form of intracellular protein glycosylation found within 

both of the nuclear and cytoplasmic compartments of cells((66). Secondly, the β-O-

linked GlcNAc moiety is not elongated or modified into longer chains, but as individual 

monosaccharide residues on target polypeptides(69). Lastly, O-GlcNAc is installed and 

removed repeatedly during the life of target polypeptides in a highly dynamic process, 

where recycling of the sugar moiety can happen at various rates. 

 O-GlcNAcylation is found in metazoans, but O-GlcNAc and the two enzymes that 

regulate this post translational modification are absent in yeast and prokaryotes(70). This 

is an indication that O-GlcNAc plays vital roles in multicellular organisms. A number of 

proteins in the cytoplasm, nucleus, and the mitochondria have been identified as O-

GlcNAc modified, and are involved in a number of important cellular processes as listed 
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in figure 3. For example, O-GlcNAcylation on RNA polymerase II is directly linked to 

transcription and RNA processing (71), while O-GlcNAc modification of nuclear pore 

protein p62 is likely to affect nuclear pore assembly(72). Over the years, many 

publications outlined additional involvement of O-GlcNAc in cell cycle control, cell 

structure maintenance, nutrient sensing, signal transduction, and stress response(73).  

  

Figure 3. O-GlcNAc modification affects a number of cellular processes. A large 
percent of proteins that are modified by O-GlcNAc are involved in 
transcription and translation, while many others are thought to be involved 
in metabolism and maintaining cellular structure. (Redrawn from Love 
D.C. and Hanover J.A. 2005. Science STKE 312: re13.)  

1.2.3. OGT and OGA are two O-GlcNAc processing enzymes 

 Figure 4 illustrates the two O-GlcNAc processing enzymes at work. O-GlcNAc 

addition to protein substrates is carried out by the enzyme, uridine diphosphate-N-acetyl-

D-glucosamine: polypeptidyl transferase (OGT). This enzyme transfers the GlcNAc 

moiety from the donor sugar, uridine 5'-diphospho-N-acetylglucosamine (UDP-GlcNAc) 

to the hydroxyl group of serine and threonine residues on target proteins(74, 75). The 

reverse process where O-GlcNAc is hydrolyzed from modified protein is dependent on a 

glycoside hydrolase enzyme called O-GlcNAcase (OGA)(69, 76). 

Transcription
/ Translation 

26% 

Structural 
14% 

Metabolism 
13% 

Stress 
11% 

Signaling 
8% 

Protein 
Processing 

7% 

Nuclear Pore 
7% 

Cell cycle 
2% 

Others 
7% 

Unknown 
5% 



14 

 

 

 

Figure 4. The O-GlcNAc modification by OGT and OGA is a dynamic process.  
 The O-GlcNAc post-translational modification occurs on the serine or 

threonine residues of the target protein. The assembly and removal of the 
modification is governed by two carbohydrate processing enzymes – OGT and 
OGA. 

1.2.4. O-GlcNAc transferase (OGT) 

The OGT is encoded by a highly conserved gene in eukaryotes that is located on 

the X-chromosome in mammals(77). The OGT enzyme has a catalytic domain at the C-

terminus, and several 34-amino acid tetratricopeptide repeat (TPR) domains at the N-

terminus(74). TPRs are paired α-helices that pack together to form a right handed super-

helix with large groove that facilitates protein-protein interactions(78), and may explain 

OGT's ability to recognize a wide array of substrate proteins. It is believed that the TPR 

regions interact with the acceptor protein, while the catalytic region accommodates the 

substrate UDP-GlcNAc(79). The exactly mechanism of protein substrate recognition is 

unknown, but crystal structures of OGT has helped with identifying possible models. 

Peptide substrates have been shown to bind within the groove formed from the TPR 

domain. 

OGT enzyme has three major isoforms(80) due to alternative splicing and 

specific proteolysis, some of which are tissue-specific(74). The major 110kDa isoform of 

OGT (p110OGT) is found in the cytosol and the nucleus, has an N-terminal mitochondrial 
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targeting sequence, nuclear localization motif, and 13.5 tetratricopeptide repeats 

(TPRs)(81, 82). The second major isoform contains the nuclear localization motif and  9 

TPRs, and the third form is a smaller variant containing only 2.5 TPRs(80). The function 

of the two small isoforms is not well understood. However, expression of p110OGT in all 

tissue types suggests that O-GlcNAc plays fundamental roles. This is further proven 

when deletion of ogt in mouse embryos is determined lethal (77). 

1.2.5. O-GlcNAcase (OGA) 

OGA, the enzyme that removes O-GlcNAc from modified proteins, is a neutral β-

glucosaminidase or hexosaminidase C found on chromosome 10(69). Like OGT, OGA is 

highly conserved in eukaryotes and absent in yeast and prokaryotes(69). There are two 

isoforms of mammalian OGA, the larger isoform with 916 amino acids is the most 

common and is found in both of the nucleus and cytoplasm. The smaller isoform 

resulting from alternative splicing has 662 amino acids, and is found exclusively in the 

nucleus(83). The full length enzyme has a N-terminus catalytic domain, and a histone 

acetyltransferase (HAT)-like domain at the C-terminus, connected by a linker(84). Both 

isoforms of OGA have the β-N-acetylglucosaminidase domain, but the inactive HAT 

domain is missing in the shorter nuclear isoform(83). While both isoforms of OGA 

hydrolyzes O-GlcNAc, the shorter isoform has significantly reduced activity(85). 

1.2.6. Biosynthesis pathway of O-GlcNAc and UDP-GlcNAc 

UDP-GlcNAc is the sugar substrate used for the installation of O-GlcNAc onto 

target proteins by the enzyme OGT. The production of UDP-GlcNAc starts with the 

conversion of glucose into fructose-6-phosphate by the enzyme hexokinase and 

phosphoglucose isomerase during glycolysis. A portion of fructose-6-phosphate enters 

into the hexosamine biosynthesis pathway(HBP) and is ultimately converted to UDP-
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GlcNAc in four steps. The first step where fructose-6-phosphate is converted to 

glucosamine-6-phosphate by glutamine-fructose-6-phosphate amidotransferase (GFAT) 

is the rate limiting step, (86) where glucosamine-6-phosphate also functions as feedback 

inhibition of GFAT(87). An acetyl group is installed onto glucosamine-6-phosphate by the 

enzyme glucosamine-phosphate-N-acetyltransferase (GNA1) (88) to form GlcNAc-6-

phosphate. This product is then isomerized by N-acetylglucosamine-phosphate mutase 

(AGM) to form GlcNAc-1-phosphate(89). In the final step, GlcNAc-1-phosphate receives 

the UDP from UTP by a disproportionation catalyzed by UDP-N-

acetylglucosamine pyrophosphorylase (AGX) to form UDP-GlcNAc(90). 

Using the salvage pathways, glucosamine and recycled GlcNAc can enter the 

pathway by conversion to glucosamine-6-phosphate and GlcNAc-6-phosphate, 

respectively, by the enzymes glucosamine kinase and GNK (Figure 5). Up to three 

percent of total cellular glucose is channeled into the HBP. Flux through the HBP due to 

over-abundance of glucose is controlled tightly by feedback from UDP-GlcNAc on GFAT. 

While glucose fluctuation does not affect UDP-GlcNAc levels, the addition of 

glucosamine and GlcNAc downstream of the pathway can elevate UDP-GlcNAc and O-

GlcNAc levels significantly(91, 92).  

1.2.7. O-GlcNAc's connection to disease  

O-GlcNAcylation has been identified on hundreds of proteins responsible for 

almost every area of cellular physiology such as transcription, protein trafficking, cell 

cycle control, nutrient sensing, signal transduction, and stress response(71-73). It has 

been shown that improper regulation of O-GlcNAcylation or UDP-GlcNAc levels can 

have various detrimental effects on a cell. For example, O-GlcNAc is found on 

oncoprotein c-Myc, tumor suppressor protein p53,  and microtubule-associated protein 
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tau, which are each responsible for controlling cell cycle, and stabilization of 

microtubules. These enzymes are implicated in diseases such as cancer and 

neurodegeneration(93).  

HBP, the process that generates the precursor for O-GlcNAcylation is dependent 

on the availability of glucose, glucosamine(94),  lipids and uridine(95). It is therefore 

proposed that O-GlcNAcylation may serve as a nutrient sensor. Data shows that 

excessive glucose and O-GlcNAc induce insulin resistance in Type II diabetes. For 

example, it was observed that increases in HBP flux leads to insulin resistance of 

adipocytes(92), and that increased O-GlcNAc by OGA inhibitors induced insulin 

resistance in insulin sensitive skeletal muscles in rat(96). However, there are debates 

regarding this point of view. Research groups have found that increased O-

GlcNAcylation using inhibitor Thiamet-G, and other inhibitors, against OGA did not 

induce insulin resistance in adipose cells(97, 98). An explanation for this paradox is that 

insulin resistance in response to increased HBP may likely be due to another unknown 

pathway independent of O-GlcNAcylation. Additional studies in this field are required in 

order to understand O-GlcNAc's role in regulating insulin and insulin sensitive tissues. 

O-GlcNAc modification has also been observed to play important roles in cardiac 

tissues. O-GlcNAc modification has been found on important enzymes such as the 

sarcoplasmic reticulum calcium ATPase, protein kinase C, PI3K, angiotensin, and 

myofilament(99-101), all of which are enzymes implicated in heart failures. O-GlcNAc 

levels have also been shown to increase in response to stress injuries in cardiac tissues, 

such as oxidative stress, ER stress, ischemia, and hypoxia (102-104). Given its 

pleiotropic  involvement in multiple diseases, O-GlcNAcylation is becoming an 

increasingly popular field of study because it opens up new opportunities for new 

disease modifying therapeutics. 
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1.2.8. O-GlcNAcylation is deficient in the AD brain 

One of the defining features of AD is the impairment of glucose metabolism in the 

brain(23) following Aβ and amyloid plaque formation. Impairment in glucose metabolism 

is often followed by the hyperphosphorylation of tau that drives tau aggregation and 

toxicity. These data suggest that glucose availability may have protective roles against 

neurodegeneration.  

It is generally believed that glucose hypometabolism within AD brain is caused by 

the synaptic dysfunction driven by Aβ toxicity(105). This is suggested based on the 

positive correlation between high amyloid deposition and areas of glucose 

hypometabolism in human brains (106), and by the ability of Aβ to drive glucose 

metabolism impairment in transgenic mouse over-expressing Aβ (105). Type 2 diabetes 

mellitus (T2DM) also leads to glucose metabolism defects (107) and is a risk factor for 

AD. Similar to T2DM, insulin resistance is observed in AD, accompanied also by 

elevated insulin receptor levels and decreased glucose transporter levels in the brain(25). 

Furthermore, evidence shows that insulin resistance induces tau and Aβ 

pathologies(108), and aggravates AD pathology in transgenic mouse models(109).  

The molecular process by which impaired glucose metabolism drives AD 

pathology is still unclear. One hypothesis is that impaired glucose metabolism resulting 

from Aβ and T2DM decreases O-GlcNAc, and compromise its neuroprotective function 

against tau toxicity and neurodegeneration. This hypothesis is appealing because O-

GlcNAc is sensitive to the availability of glucose, and decreased glucose levels induced 

by fasting decreased O-GlcNAcylation in the brain(110). 

The literature also suggests that O-GlcNAc plays neuroprotective roles against 

AD. First, O-GlcNAc is known to protect cells from premature protein degradation as well 
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as thermal, starvation, osmotic, ethanolic, and oxidative stress (111), and O-GlcNAc 

could potentially extend this protective function by blocking protein misfolding and 

aggregation. Secondly, O-GlcNAc and O-GlcNAc processing proteins are especially 

abundant in neurons(74), suggesting that O-GlcNAc plays important roles in maintaining 

neuronal well-being. Thirdly, tau (55) and APP protein have all been detected as targets 

of O-GlcNAc modification. Finally, OGA inhibition in JNPL3 and Tg4510 mice over a 

period of months decreased motor neuron loss, decreased insoluble tau and NFT(46).  

1.2.9. Chemical tools to study O-GlcNAcylation 

Given the protective role O-GlcNAc may play against neurodegeneration, we are 

interested in manipulating O-GlcNAc levels by targeting OGT and OGA. This section 

discusses the current techniques available to manipulate OGT and OGA levels to 

influence O-GlcNAc levels. 

Strategies to Target OGT 

Manipulation of OGT to study the role of O-GlcNAcylation is a known challenge 

because knocking out OGT in embryos is lethal at the level of single cells(112). SiRNA 

and shRNA techniques have also been used to target OGT(113), but are limited by their 

high cost, demand for transfection, incompleteness of knockdown, and non-specificity. 

Some alternative techniques to study O-GlcNAc modification and its effect on cellular 

function is to introduce modified OGT donor substrate analogues such as UDP-5S-

GlcNAc to inhibit OGT. UDP-5S-GlcNAc is introduced in its cell-penetrating form Ac4-

5S-GlcNAc that is converted to UDP-5S-GlcNAc through the salvage pathway. 5S-

GlcNAc is similar to GlcNAc but its endocyclic ring oxygen in GlcNAc is replaced by a 

sulfur atom. When used as a substrate, 5S-GlcNAc works as an inhibitor by reducing the 

OGT transferring activity down to 0.2 to 5%(114). Because UDP-5SGlcNAc is an 
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isostere of UDP-GlcNAc, it may inhibit other UDP-GlcNAc dependent enzymes(114). In 

addition, UDP-5S-GlcNAc can epimerize to UDP-5SGalNAc, which may affect enzymes 

involved in the production of glycoproteins(115). 

Other small molecule OGT inhibitors including UDP, alloxan, compound 4, BZX 

and OSMI-1 show off-target toxicity or affect glycan synthesis (115-117). While all of 

these inhibitors have been important in allowing advances in cancer, diabetes and 

neurodegeneration studies, there remain questions about the interpretation of data due 

to these limitations. 

Manipulating global O-GlcNAc level using OGA inhibitors 

An alternative method to study O-GlcNAc is to target OGA using inhibitors. A 

number of OGA inhibitors have been developed including PUGNAc(118) and its 

analogues(119, 120). PUGNAc is not specific for OGA(121), and is unable to cross the 

blood-brain barrier and thus limits its ability to act as a disease modifying compound 

(122). On the other hand, NAG-thiazoline and NButGT are effective inhibitors that mimic 

the transition state, but lack great chemical stability in solution over a long period(123). 

Hence, a more potent, stable, and easily synthesized inhibitor was demanded. 

Thiamet-G is a highly selective and extremely potent inhibitor of OGA. This 

potency comes from the basic aminothiazoline moiety that is protonated at physiological 

pH and thus forms a strong ionic interaction with a catalytically important aspartate 

residue on OGA(123). This allows researchers to quickly raise cellular O-GlcNAc levels 

in a dose and time dependent manner (as early as 4 hours upon treatment) (123). As 

mentioned previously, Thiamet-G has been used in the treatment of AD model mouse to 

reduce phosphorylation of key sites in short term treatment, and reduces the level of 
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aggregation and neuronal loss in long term treated mice(123). As result, Thiamet-G is 

used through this thesis as a suitable tool compound. 

1.2.10. O-GlcNAc's effect on pathologic proteins in AD 

O-GlcNAc on APP processing and toxicity 

In our lab, we have previously observed that O-GlcNAc levels influences β-

amyloid pathology. In the TAPP mouse model transgenic for mutant tau and amyloid 

precursor protein (APP), OGA inhibition by Thiamet-G prevented cognitive decline, 

decreased β-amyloid peptide levels and amyloid plaques(124). Similar effects have been 

observed using less specific OGA inhibitors, in which treatment with PUGNAc decreased 

the most common Aβ40 isoform in cultured SH-SY5Y cells(125). NButGT treatment of 

an AD mouse model with Aβ deposition significantly decreased the number of amyloid 

plaques, amyloidogenic Aβ peptides, and prevented cognitive impairment(126). Antibody 

labeling suggested that APP is O-GlcNAc modified(127), although no specific data have 

been published on exact modified sites on APP or APP processing proteins. 

Pharmacological effects of OGA inhibition on tau toxicity 

Our lab previously observed that increased cellular O-GlcNAc using the inhibitor 

Thiamet-G decreased neuronal loss, tau aggregate, NFT, and other tauopathy related 

symptoms in JNPL3 AD model mice. Interestingly, although O-GlcNAcylation appeared 

to play a neuroprotective role in tauopathy neurons, it prevents tau aggregation 

independent of phosphorylation(46) and  conformational change(128).  

In a separate study using Tg4510 tauopathy model mouse, 24 hour Thiamet-G 

treatment increased O-GlcNAcylation and decreased phosphorylation of soluble tau in 

brain lysate. Long term 14+ days treatment of Thiamet-G increased O-GlcNAc on non-

pathologic, but not on pathologic high molecular weight tau. Similar to our observation in 
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JNPL3 mice, chronic OGA inhibition  also did not affect phosphorylation of soluble tau, 

but it dramatically decreased the level of pathological hyperphosphorylated tau and NFT 

formation(47). It is unclear how O-GlcNAc reduces tau and Aβ toxicity, but since tau is 

known to be O-GlcNAc modified(55), O-GlcNAc may directly stabilize tau against 

misfolding and aggregation.  

1.2.11. O-GlcNAc stabilizes protein against degradation and 
aggregation 

It has long been observed that decreasing global protein O-GlcNAcylation 

decreases the cellular level of a number of proteins. Sp1, an ubiquitously expressed 

transcription factor that regulates TATA-less housekeeping genes, is rapidly degraded 

under reduced O-GlcNAc conditions(129). Snail1, the transcriptional repressor of E-

cadherin, is also stabilized by O-GlcNAcylation against proteasome degradation(130).  

Previously in our lab, we found that decrease in O-GlcNAc on nucleoporins 

affects the stability of these protein. This resulted in compromise of the selectivity filter of 

the nuclear pore, but did not significantly affect the active transport of proteins across the 

nuclear membrane(131). Another finding from our lab shows that small molecule 

inhibition of OGA increases O-GlcNAc in JNPL3 AD model mice and stabilized tau 

against oligomerization and aggregation(46). Similar results were also observed on the 

TAK-1 binding protein TAB-1, which aggregates slower at higher temperatures when O-

GlcNAcylated(46). 

1.2.12. Summary of O-GlcNAcylation and neuroprotection 

A number of groups over the years have independently shown that OGA 

inhibition decreases Aβ, plaques(124, 126), and pathologic tau(46, 47, 132, 133). This 

indicates that targeting OGA is a potential strategy to prevent Alzheimer's disease 
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progression, although the mechanism is still unclear. There is recent evidence showing 

that O-GlcNAc modification of tau may stabilize tau against aggregation in vitro(46). 

Although our lab has previously mapped four sites of O-GlcNAc modification on the tau 

protein(59), the level of modification and whether or not its modification alone is sufficient 

to prevent aggregation continues to be debated(132, 134).   

Instead of directly modifying tau, O-GlcNAc may play its neuroprotective role by 

modifying and regulating key proteins in important cellular processes such as autophagy. 

Autophagy is the physiological process that degrades protein and cellular organelles for 

nutrient recycling. Loss of autophagy related genes results in progressive deficits in 

motor functions and accumulation of inclusions bodies in mouse neurons(135). Many 

groups have shown that enhancing autophagy using rapamycin(136, 137), trehalose(138, 

139), and other agents reduces neurofibrillary tangles in tauopathy mouse models. 

Unfortunately, these strategies are limited in treatment usage. Rapamycin targets 

autophagy by inhibiting the mTOR pathway, which leads to deregulation of mRNA 

biogenesis, protein, lipid and nucleotide synthesis, and energy metabolism(140). 

Trehalose enhances autophagy independent of the mTOR pathway(141), but dosing at 

impractically high levels is required (138). 

Because O-GlcNAc modifies hundreds of proteins involved in almost every 

cellular process(142), and it is abundant in the brain(143), it is possible for O-GlcNAc to 

regulate the clearance of protein aggregates by multiple pathways including autophagy. 

In the next chapters we will discuss OGA's potential as a potential therapeutic target for 

treatment of AD. 
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1.3. Autophagy in neurodegeneration 

1.3.1. Models of tau degradation and proteolysis 

Misfolded proteins are common occurrences that can be spontaneous or due to 

cellular stress. Normally, abnormal and misfolded proteins can be effectively removed by 

the ubiquitin-proteasome system (UPS), Chaperon-mediated autophagy (CMA), or by 

the macroautophagy process. However, the clearance of tau is a complicated and 

ambiguous processes due to its pathologic ability to quickly aggregate.  For example, a 

number of proteases such as aminopeptidases(144), thrombin(145), HTRA1(146), 

calpain(147), and caspases(148) can cleave tau at specific locations to generate tau 

fragments. Many of these cleavages generate toxic fragments of tau that are prone to 

oligomerization and aggregation(149).  

Tau protein can be degraded by the ubiquitin-proteosome system or the 

lysosome-autophagy system. The ubiquitin-proteosome system often targets short-lived 

and misfolded proteins, while lysosomal-autophagy is an evolutionarily conserved 

system targeting long-lived macromolecule complexes, misfolded and aggregating 

proteins. In the proteasome system (UPS), unfolded tau is degraded bi-directionally by 

the 20S proteasome without ubiquitylation(150).  When tau is K63 polyubiquitinated, it is 

degraded by the 26S proteasome (151). This polyubiquitination process is carried out by 

E3 ligase CHIP(152) and TRAF6 with the help of chaperone proteins Hsp70 and 90, and 

the ubiquitinated product requires a p62 adaptor protein for trafficking to the 

proteasome(151). UPS  clearance of tau is dependent on the availability of Hsp70 that 

binds misfolded proteins(152). 

Research suggests that autophagy may be the more efficient mechanism for 

degradation. This is shown when autophagy prevented the accumulation of tau when 



25 

proteasomal activity is inhibited by MG-132(153). Other research showed that knock-out 

of E3 ligase CHIP did not induce tau aggregation in mouse models(154), possibly due to 

the compensatory action of autophagy. When autophagy is inhibited by the treatment of 

3-methylampheamine(3-MA) or chloroquine, tau clearance decreased and the protein 

began to aggregate(155). This shows that while autophagy can rescue a deficient UPS 

system, the UPS system is not able to compensate for autophagy.  

1.3.2. Modification of autophagy is key to targeting AD 

Autophagy is the degradation process responsible for the disposal of damaged or 

redundant cellular components by the lysosome. This process is important for cellular 

differentiation and growth(156) where it eliminates damaged organelles and protein 

aggregates to maintain homeostasis(135), and is also involved in removing infectious 

agents(157, 158). Compromised autophagy is linked to cancer, neurodegeneration, 

diabetes, microbial infection, and ageing(135, 159, 160). 

Extensive research backs up the claim that autophagy is the key degradation 

pathway for Aβ and tau, and that impairment of autophagy is recognized as a feature of 

AD and other neurodegenerative diseases. Autophagy enhancers decrease protein 

aggregation of both protein species and protects against neurodegeneration(138, 161, 

162). With the observation that Aβ and tau levels are affected by both autophagy 

enhancers and OGA inhibitors, and that O-GlcNAc regulates autophagy, we 

hypothesized that O-GlcNAc may play a neuroprotective role by influencing the process 

of autophagy.  
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1.3.3. Forms of autophagy 

Macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) 

are three main forms of autophagy visualized in figure 6. Each process delivers different 

cargos to the lysosome using distinct mechanisms. Macroautophagy and CMA are 

responsive to starvation in mammals, but macroautophagy is the dominant response to 

most cellular triggers. All three forms of autophagy build a complex system where the 

down regulation of one form leads to the up regulation of another(163); although this 

compensatory process is not understood. Other two forms of selective autophagy not 

included in the figure are xenophagy and mitophagy, which are the degradation of 

intracellular bacteria and mitochondria.  

Chaperone-mediated autophagy 

In chaperone-mediated autophagy (CMA), unfolded or mis-folded soluble 

cytoplasmic proteins are selectively transported directly across the lysosomal membrane 

through the help of HSPA8/HSC70 heat shock protein and the lysosome membrane 

protein LAMP2A(164). CMA targets cytosolic proteins with exposed CMA-targeting 

motives and is important for maintaining quality control of specific proteins. It has been 

shown that reducing CMA by 20 percent can affect the cell's homeostasis and stress 

response(165).  

There has been some evidence for the association of CMA dysfunction in the 

pathology of neurodegeneration, where the aggregating protein α-synuclein, tau and 

huntingtin (Htt) are potential CMA substrates(166). Tau contains two CMA-targeting 

motifs 336QVEVK340 and 347KDRVQ351 in the C-terminal region(167), and Htt have three 

KFERQ-like motifs despite the full length sequence not being CMA degradable (168). 

Evidence shows that although CMA can potentially target these proteins in their soluble 



27 

form, it is not their primary way of degradation. In fact, CMA acts as a limited 

compensatory degradation pathway for compromised macroautophagy, as it is only able 

to target soluble forms of the toxic protein species. Attempting to clear protein aggregate 

using CMA can potentially clog the lysosomal membrane and inhibit autophagy(169).  

There is currently insufficient evidence showing that CMA dysfunction leads to the 

accumulation of these insoluble inclusions, but it may contribute to the increasing level of 

soluble mis-folded protein concentration in the cytoplasm. 

Microautophagy 

Microautophagy involves the direct engulfment and digestion of cytoplasmic 

cargo that are triggered by nitrogen starvation or autophagy inducers such as rapamycin. 

This is generally a non-selective type of autophagy where cargo is recruited by random 

lysosome membrane invagination instead of the formation of a separate membrane 

structures such as the autophagosome. Specific microautophagy can also specifically 

target damaged peroxisomes, as well as some non-essential parts of the nucleus and 

mitochondria in yeast(170). 

The main function of microautophagy is to maintain membrane homeostasis and 

protect the cell during nitrogen starvation (171). Microautophagy is believed to work 

cooperatively with macroautophagy by maintaining the size of the lysosomal membrane 

through invagination and budding(172). Microautophagy may also function as a 

compensatory method to macroautophagy(171). The relationship between 

microautophagy and disease is poorly understood. In recent years, there has been 

evidence showing microautophagy as the mechanism for the up-take of glycogen into 

skeletal muscle lysosome(173). There is no evidence showing any link between 

microautophagy and neurodegeneration.  
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Macroautophagy is the primary degradation mechanism in the cell 

Macroautophagy is the most prevalent pathway of organelle and misfolded 

protein degradation, therefore the term autophagy is often used to describe 

macroautophagy. Macroautophagy is the process where the cytoplasm is sequestered 

inside a double-membrane cytosolic vesicle called an autophagosome. Autophagosome 

fusion with lysosomes leads to the degradation of the inner autophagosome membrane 

and the sequestered cargo. The resulting molecules are released into the cytosol via 

permeases in the membrane to enable nutrients to be recycled(174).  

Macroautophagy is a complex system where a network of 35 autophagy specific 

proteins are responsible for carrying out the induction, vesicle formation, and breakdown 

of cargo(175) in yeast. ATG 1-10, 12-14, 16-18, and 31 are essential for these 

processes, and form the important complexes Atg1 kinase and its regulators, PI3K 

complex, Atg9, Atg2-Atg8 complex, and two ubiquitin-like conjugation systems(176). 

Most of these ATG proteins have homologues in eukaryotes, while other ATG protein 

functions are replaced by more advanced proteins in eukaryotes. 

1.3.4. Mechanisms of protein clearance for macroautophagy 

Macroautophagy, referred simply as autophagy hereafter, is the predominant 

pathway for protein aggregate clearance in disease models. The formation of 

autophagosomes and the recruitment of cargo is specific to this pathway and is a 

complicated process involving multiple complexes and networks of enzymes. Any 

blockade of one of the many steps in autophagy will prevent the proper degradation of 

cargo. This section will discuss the autophagy related (ATG) proteins in yeast and their 

eukaryotic homologues in how they are involved in the autophagy process as visualized 

in figure 7.  
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Figure 5. Steps involved in macroautophagy. Macroautophagy starts with the 

formation of the phagophore, continuous recruitment of cargo and growth 
of the membrane at the phagophore edge allows the structure to mature 
and close into an autophagosome. Fusion of the autophagosome with the 
lysosome creates an autolysosome that is responsible for the final 
breakdown of cargo with lysosomal hydrolases. Small green circles on the 
membranes represent lipidated LC3. (Redrawn from Jin K. and Lim K. 
Exp. Mol. Med. 2012. 44(2):69-72) 

 

Nucleation 

Nucleation involves the de novo expansion of a cup-shaped precursor membrane 

from unknown origins called the phagophore or the isolation membrane nucleating from 

the surface of existing organelles. The site of nucleation is called the omegasome. 

These cytoplasmic organelles likely include the ER(177), the Golgi, and the 

mitochondria(178). The plasma membrane(179) and recycled endosomes have all been 

implicated as nucleating membrane sources for the phagophore (180).  

The nucleation stage is dependent on a rich network of Atg proteins and their 

mammalian homologs. Atg1 in yeast, or the mammalian ULK1/2 and associate complex 

partners (ATG13, FIP200, ATG101) are first recruited to a target membrane for the 

nucleation of the phagophore(181). This process is mostly regulated by the cell growth 

regulator mammalian target of rapamycin complex 1 (mTORC1)(182) , but can also be 
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regulated by other pathways involving the energy sensor AMP-activated protein kinase 

(AMPK)(183), and cAMP-dependent protein kinase A(184).  

Assembly of the ULK complex at the ER or other organelle membrane is 

responsible for the recruitment of a number of protein complexes. Atg16L1 is known to 

associate with the ULK subunit FIP200(185) and is responsible for the recruitment of the 

Atg12-Atg5 complex for LC3 lipidation and cargo capture. ULK assembly also allows the 

recruitment of the class III phosphatidylinositol 3 kinase (PI3KC3) hVps34 complex. The 

phosphorylation of Beclin1/Atg6, and its recruitment in addition to Atg14L and hVps15 to 

hVps34 (186) enhances phosphatidylinositol 3-phosphate (PtdIns3P) production.  

PtdIns3P, a cone shaped phospholipid saturated in the inner face of the 

phagophore, is important for the induction of curvature of the membrane and allows 

subsequent recruitment of autophagy proteins to the membrane for maturation (187). 

PtdIns3P is recognized by early autophagic effector proteins such as Atg21 and 

WIPI/Atg 18 with the FYVE domains for downstream steps(188). Research shows that 

WIPI2 may functions to recruit Atg16L to the phagophore, which is important for the 

lipidation of LC3 (Atg8 in yeast) to the membrane for cargo recruitment(189). 

LC3 lipidation 

In yeast, Atg12 and Atg8 are the two membrane associated ubiquitin-like proteins 

important for cargo recruitment. The C-terminal glycine residue of Atg8 is conjugated to 

the amino group of phosphatidylethanolamine (PE), and is recruited to both faces of the 

maturing phagophore membrane. In mammals, microtubule associated protein light 

chain 1 (MAP-LC3) and gama-aminobutryric acid receptor-associated protein 

(GABARAP) make up two subfamilies of Atg8 including LC3A, B, B2, C, and GABARAP, 

GABARAPL1, GABARAPL2/GATE-16.(190) 
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Figure 6. LC3 lipidation process in autophagosome formation. Lipidation of LC3 to 
autophagosome PE involves a network of Atg proteins working in sequence. 
In the first step, C-terminus arginine from full Length LC3 is cleaved off by 
Atg4. LC3 is then transferred onto Atg7 by the formation of a covalent bond in 
an ATP dependent step, and subsequently transferred onto Atg3 before 
forming a covalent amide bond with the PE head group. This last step is 
facilitated by the Atg12-Atg5 complex recruited by Atg16L1. 

 

More than twenty five percent of Atg proteins are involved in the lipidation of LC3 

and its recruitment to the phagophore(191). The important LC3 processing enzymes are 

shown in figure 8, and the lipidated LC3 protein is represented by green circles in figure 

7. The initial step involves the proteolytic cleavage of the full length LC3 protein by 

Atg4/autophagins to expose a C-terminal glycine that allows it to be activate by a 

cascade of Atg proteins (192). The C-terminal glycine of LC3 forms a thioester bond with 

the cysteine residue of an ubiquitin-activating E1 homologue protein Atg7 in an ATP 

dependent step, and is subsequently passed onto the ubiquitin-conjugating (E2) 

analogues Atg3 and Atg10 through the formation of a thioester bond (193). In the final 

step, the activated LC3 intermediate is covalently attached to PE through an amide bond. 

This step is assisted by the ATG5-ATG12 complex, which is recruited by the Atg16L1 

protein at the nucleating membrane.   

In autophagy, the non lipidated form of LC3 is termed LC3-I, and the lipidated 

form is known as LC3-II. Because LC3/Atg8 is the only autophagy protein that remains in 

the autophagosome and the autolysosome, it is used as a marker to monitor the level 
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and activity of autophagy. Loss of LC3 lipidation machinery such as Atg7 in the nervous 

system is linked to neurodegeneration in mice(194), displaying the important role 

autophagy plays in fighting neurodegeneration. 

Autophagy receptors bring cargo to LC3 

Working collaboratively with the membrane associated protein LC3 are a number 

of cargo receptors such as p62, NBR1, and NDP52. These proteins are responsible for 

the assembly and inclusion of ubiquitinated cargo by binding directly to lipidated LC3 on 

both faces of the growing phagophore membrane. The p62 protein associates with 

misfolded and ubiquitinated protein aggregates such as Lewy bodies in Parkinson's 

disease, neurofibrillary tangles in Alzheimer's disease, and Huntingtin aggregates in 

Huntington disease(151, 195, 196). In AD, p62 is associated with hyperphosphorylated 

tau and ubiquitin, and this association reduces the accessibility of p62 to regulate and 

degrade other ubiquitinated targets. This is reflected in the observation that cytosolic p62 

levels are decreased in the human AD brain(197). Knock-out of p62 in mice induces 

hyperphosphorylated tau, neurofibrillary tangles, memory loss, and neuronal 

atrophy(198).  

It is observed that in the AD brain, p62 transcription level is significantly 

decreased, possibly by DNA oxidative damage at the promoter region. Such effects are 

observed in other forms of neurodegeneration including Huntington's disease, 

Parkinson's disease, and Pick's disease(197). This is significant due to p62's dual role in 

recruiting pathological proteins for degradation to the autophagosome-lysosome 

pathway as well as the ubiquitin-protease pathway. In the ubiquitin-proteasome 

pathways, p62 brings K63-ubiquitinated tau to the proteasome for degradation. In the 

autophagy pathways, p62 can also bring ubiquitinated tau to the autophagosome 

through association with LC3 as seen in figure 9(199).  
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Figure 7. Model of protein and aggregate recruitment by cargo receptor protein. 
Receptor protein p62 and NBR1 can recruit ubiquitinated cargo to the growing 
phagophore by binding to membrane associated lipidated LC3 (LC3-II). 

 

NBR1 is another ubiquitin and LC3 binding cargo receptor protein responsible for 

the selective degradation of ubiquitinated targets (199). NDP52 also binds to lipidated 

LC3, but is important for the recruitment of pathogens(200).  

Although sufficient levels of p62 and NBR1 are important for the proper 

functioning of autophagy, an over accumulation of these adaptor proteins could be 

detrimental to cells. For example, both p62 and NBR1 will continue to recruit aggregate-

prone proteins and accumulate aggregates during autophagy inhibition, which may 

possibly lead to the aggregation of ubiquitinated protein(201).  

The protein deacetylase HDAC6 is another potentially important protein 

aggregate recruiter for the autolysosome. HDAC proteins are generally known for their 

role in chromatin remodeling, but HDAC6 has an ubiquitin-binding domain that may allow 

it to transport protein aggregates using dynein motors to the microtubule organizing 

centre and form aggresomes(202). It is likely that HDAC6 works downstream of p62 to 
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recruit p62 concentrated aggregates and transport them to aggresome using dynein 

motors(203). The aggresome is eventually degraded by the autolysosomes. 

Elongation and enclosure of the autophagosome 

Although steps in autophagosome biogenesis remain largely unknown, the Atg 

proteins are likely important players in the elongation process. Atg9 is the only 

transmembrane autophagy protein that is found at the omegasome, and is saturated in 

Golgi-derived vesicles upon induction of autophagy in yeast. These vesicles travel to the 

site of phagophore formation where Atg1 phosphorylation of Atg9 facilitates Atg9-rich 

vesicles tethering to the phagophore during expansion(204). In mammals, Atg9 can be 

trafficked into the phagophore by Bif-1(205) and UVRAG(206) proteins binding to 

PtdIns3P, or through the recycling of Atg9 Atg16L1 rich endosome by fusion to 

phagophore as a form of membrane elongation(207). Atg9 likely participates in the 

formation of phagophore curvature, and may function as a lipid transfer protein.  

The Atg8 family of protein has also been shown to mediate the maturation of the 

autophagosome and inducing membrane fusion between phagophore during elongation 

(208). The LC3 protein is important for the elongation of the membrane, while GABARAP 

is likely involved in the closure of the autophagosome membrane (209). LC3 and 

GABARAP can also act as scaffolding proteins that bind autophagy proteins and 

complexes(208). ULK1/Atg1 may interact with the GABARAP family of proteins in the 

recruitment of additional phagophore membrane during elongation(210). 

Before phagophore membrane closure and autophagosome formation, a number 

of steps must first take place. PtdIns3P turnover regulates the dissociation of early Atg 

core proteins from the phagophore(211), and Atg4 cleaves off the LC3 lipidation on the 

outer phagophore membrane(212). It is likely that the endosomal sorting complex 
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required for transport (ESCRT) is involved in the membrane closure step due to its 

association with PtdIns3P. ESCRT is better known for its involvement in the formation of 

multivescicular bodies (MVB) from invagination of the early endosome membrane(213). 

Tight regulation of PtdIns3P at the closing phagophore may facilitate ESCRT's role in 

membrane closure. 

Autophagosome lysosome fusion and degradation 

A number of proteins are required for the fusion of autophagosome and lysosome 

and the subsequent degradation step, and the Rab super family of GTPases that are 

known for their active role in autophagy. Rab5 is a component of the complex containing 

Beclin1 and Vps34 that is important for autophagosome formation(214), while Rab7, 8B, 

and 24 play key roles in the transport and fusion of the autophagosome and 

lysosome(215). The SNARE protein (soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor) syntaxin17 (STX17) is also important for the fusion of 

autophagosome and lysosome(216) and works collaboratively with SNAP-29, lysosomal 

SNARE VAMP8(216), and HOPs tethering complex(217).  

The acidification and degradation of cargo in the acidic compartment of 

lysosomes depends on the activities of vacuolar-type H (+)-ATPases. V-ATPase pumps 

H+ to generate an acidic pH that activates lysosomal enzymes for executing degradation. 

Chemical inhibitors such as Bafilomycin A1 (BAF) arrests the activity of V-ATPase to 

prevent the acidification and activity of lysosomal enzymes, and is also reported to inhibit 

autophagosome-lysosome fusion(218).  Chloroquine (CQ) is a lysosomal lumen alkalizer 

used to block lysosomal acidification and is also used as autophagosome-lysosome 

fusion inhibitor. CQ can cross the lysosomal membrane and become protonated, 

allowing it to accumulate in the lysosome and increase lysosomal pH(219). CQ and BAF 

inhibit lysosomal degradation and increase the accumulation of autophagosomes. 
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1.3.5. General regulation of autophagy 

Autophagy is regulated by either mammalian target of rapamycin (mTOR) 

dependent, or mTOR independent pathways. The mTOR pathway is the most classic 

form of negative autophagy regulation. The mTORC1 (mTOR complex 1) is a master 

regulator of cell growth and metabolism controlling mRNA biogenesis, protein, lipid and 

nucleotide synthesis, energy metabolism and autophagy(140). In the mTOR dependent 

pathways, mTORC1 inhibits autophagy by phosphorylation-dependent inactivation of 

Atg13 and ULK1. Starvation inhibits mTORC1 phosphorylation inactivation of Atg13 and 

ULK1, triggering autophagy. Rapamycin can also induce autophagy by targeting the 

mTOR pathway. It forms a ternary complex with immunophilin FKBP12 and this complex 

binds to the rapamycin binding domain (FRB) on mTOR. This complex inhibits mTORC1 

kinase activity and triggers autophagy(220). However, rapamycin is limited in its 

therapeutic application due to off-target effects on cell metabolism regulated by mTOR.  

Due to the off-target effect of mTOR dependent autophagy modifiers, enhancing 

mTOR independent autophagy may be a better alternative to treat diseases that can 

benefit from induction of autophagy. Existing mTOR-independent autophagy regulatory 

pathways involve inositol signalling, Ca2+/calpain, cAMP, and Beclin-1/PI3KC3 pathways. 

Small molecules such as trehalose, fluspirilene, trifluoperazine have all been found to 

enhance autophagy through mTOR independent pathways, although their mechanisms 

remain unclear(186). 

1.3.6. O-GlcNAc in autophagy regulation 

Growing evidence suggests that O-GlcNAc plays important neuroprotective roles 

against neurodegeneration. It has been first observed that impaired glucose utilization in 

AD brain decreases O-GlcNAc and enables formation of toxic protein species, 
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suggesting that O-GlcNAc may be required to prevent tau and Aβ pathology. Indeed, a 

number of groups over the years have independently supported this claim, where OGA 

inhibition increases O-GlcNAc, decreases Aβ plaques(124, 126) and pathological tau(46, 

47, 132, 133).  

It is still an ongoing debate as to how O-GlcNAc may decrease tau and Aβ 

toxicity.  Interestingly, both tau(55, 59) and APP(127) protein have been shown to be O-

GlcNAc modified, and modified tau has decreased propensity to aggregate(46). This 

suggests that direct modification of these two proteins may stabilize them against mis-

folding and aggregation. This is however, still an area of debate since some research 

groups have argued that O-GlcNAc modification of tau is either too low(134), or non-

existent(132). 

An alternative mechanism is that OGA may indirectly exert its neuroprotective 

function in AD by enhancing autophagy. The initial evidence for this proposal is based 

on the fact that tau and Aβ are both targets of autophagy, and that disruption of 

autophagy is one of the main features of AD (221, 222). A another supporting clue is that 

because O-GlcNAcylation targets over 1000 proteins in the cell, it is likely that it may 

modify one or more of the 35 Atg proteins and their mammalian orthologue and 

associated co-factors to regulate complexes in autophagy. To date, the early initiator for 

autophagy Beclin1, or otherwise known as the mammalian orthologue of yeast Atg6, and 

the anti-apoptotic BCL2 protein are all known to be modified by O-GlcNAc(223). It is 

possible for O-GlcNAc modification to influence autophagy by changing how proteins 

may interact with each other and with co-factors to form autophagy initiating complexes. 

Additional work is required to identify additional proteins, their sites of modification and 

how these modifications may affect their interactions with associated complexes. With 
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the above evidence, we hypothesize that O-GlcNAc may play a neuroprotective role by 

influencing the process of autophagy. 

1.4. Thesis Overview 

The literature suggests, when reviewed collectively, that O-GlcNAc modification 

of nucleocytoplasmic proteins may be neuroprotective by enhancing autophagy in the 

AD brain. This thesis investigates this potential by first showing that O-GlcNAc enhances 

autophagic flux using standard autophagy assays and markers in the second chapter. 

The third and final chapter focus on developing cellular models of tauopathy, and using 

these models to probe for O-GlcNAc's ability to reduce pathologic tau.  
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Chapter 2.  
Thiamet-G induces Autophagy in Immortalized 
Neuronal Cell Models and Primary Neurons 

For completeness and coherence of reporting, this chapter contains various 

experiments performed by collaborators from the Vocadlo, Silverman, and Gorski 

laboratories. The individuals who contributed to each experiment are noted at the start of 

each section to which they contributed experiments. 

2.1. Molecular indicators of autophagy  

2.1.1. Techniques to study autophagic flux in cell culture 

To investigate the effect of O-GlcNAc on autophagy, several assay methods are 

adopted to observe fluctuations in autophagy activity. Autophagic flux can be measured 

by assessing autophagosome formation, protein levels of lipidated LC3 and p62 adapter 

proteins, as well as changes in autolysosome degradation. Accurate evaluation of these 

marker proteins often involves the co-addition of lysosome acidification inhibitors and 

autophagosome-lysosome fusion inhibitors Bafilomycin (BAF) or chloroquine (CQ) due 

to the rapid degradation of autolysosomes.  

Western blot analysis and fluorescent imaging are two common methods to 

monitor autophagic flux. Western blot analysis detects changes in the levels of key 

autophagy indicator protein markers in cell lysate, while fluorescent imaging quantifies 

autophagosome and autolysosome (fluorescent puncta structure) to provide a more 

direct way to measure changes in autophagic flux.  
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2.1.2. LC3 is an important autophagy marker 

LC3 is the most common autophagy marker due to its association with 

phagophore and completed autophagosomes, and its importance in cargo recruitment 

and membrane biogenesis. Because lipidated LC3 is degraded with cargo in the 

autolysosome, LC3-II turnover is used as a autophagic degradation/flux indicator 

detectable by western-blot, immunocytochemistry or direct fluorescent 

imaging/microscopy. 

The PE-conjugated form of LC3 (LC3-II) migrates faster in the SDS-PAGE gel, 

making it separating from its non-lipidated form LC3-I. Expression level of LC3 in each 

cell type is variable, but neuronal cell lines display a higher ratio of LC3-I to LC3-II(224). 

LC3-II accumulation can be better visualized by using BAF to inhibit V-ATPase and 

autophagosome-lysosome fusion, or by using CQ to de-acidify the lysosome.  

Transfection of N-terminus GFP tagged LC3B (GFP-LC3）allows researchers to 

monitor autophagy induction using fluorescent microscopy. pH sensitive GFP puncta 

representing autophagosomes are scored per cell either manually or by automated 

systems. In order to deduce whether or not cells are experiencing increased autophagic 

flux also requires the addition of BAF or CQ to prevent GFP-LC3 degradation upon 

autophagosome-lysosome fusion.  

The N-terminus of LC3 can also be tandemly tagged by monomeric RFP (mRFP) 

and GFP for fluorescent microscopy assays. The GFP signal is sensitive to acidic pH 

and proteolytic degradation of the lysosome, while the mRFP is resistant to degradation. 

At the beginning stages of autophagy, both GFP and RFP are detected and appear as 

yellow puncta at the autophagosome. After autophagosome-lysosome fusion, GFP is 

quenched, while only RFP is visible. This difference in sensitivity allows flux to be 
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calculated as the proportion of autolysosomes relative to autophagosomes (red/yellow 

puncta). Co-localization of GFP and mRFP indicates autophagosome, while mRFP 

signal alone represent autolysosomes. This fluorescent pattern allows the visualization 

of the entire autophagic process where changes in the proportion of red/yellow puncta 

indicates altered autophagic flux.  

2.1.3. Application of p62/SQSTM1 adapter protein in autophagy  

SQSTM1/ p62 is another commonly used autophagy marker that binds to LC3 in 

mammalian cells. SQSTM1 levels can be quantified using anti-SQSTM1 antibodies in 

western blot analysis, or puncta can be quantified with fluorescent antibodies in 

fluorescent microscopy. SQSTM1 is responsible for the recruitment of ubiquitinated 

proteins and aggregates to the phagophore, and it is degraded along with LC3 and 

cargo during the degradation step. Inhibition of autophagy leads to increased levels of 

SQSTM1, and induction of autophagy leads to decreased SQSTM1. 

There are some limitations in using SQSTM1 as a protein autophagy marker. 

SQSTM1 expression level varies between cell types, and protein level changes in 

response to induction or inhibition of autophagy may not be detectable in certain cell 

lines. In addition, transcription of SQSTM1 may be upregulated during enhanced 

autophagy flux, such as in the case of retinoic acid treatment of differentiating AML 

cells(225). There are also cases where SQSTM1 level may increase independent of 

autophagy induction or inhibition. Prolonged starvation(226) and physical exercise(227) 

are both factors that increase SQSTM1 but not autophagy. 
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2.1.4. Chemical tools used to study autophaghic flux 

In order to evaluate O-GlcNAc's ability to induce autophagy in cellular models, 

we used a number of chemical tools in this chapter. Rapamycin is an inducer of 

autophagy and is often used as a positive control for autophagy assays. Rapamycin 

complexes with 12kDa FK506-binding protein (FKBP12), and acts as an allosteric 

inhibitor of mammalian TOR complex 1(mTORC1). mTORC1 is a master regulator of cell 

growth and metabolism, including mRNA biogenesis, protein, lipid and nucleotide 

synthesis, energy metabolism and autophagy(140). 

Bafilomycin (BAF) as describe previously, is a lysosome vacuolar-ATPase 

inhibitor that disrupts lysosome acidification and enzymatic activity. BAF is also used as 

a autophagosome-lysosome fusion inhibitor(218). It is often used in assays assessing 

LC3 level to evaluate autophagic flux by preventing downstream degradation of lipidated 

LC3. Chloroquine (CQ) is a lysosomal lumen alkalizer also used as a lysosomal 

acidification and autophagosome-lysosome fusion inhibitor. CQ is a weak base that 

travels down the pH gradient across the membrane into the lysosome acidic 

compartment. Across the membrane, CQ becomes protonated and is trapped inside the 

lysosome and increases lysosomal pH(219). 

In addition to inhibitors BAF and CQ, there are other chemical modulators of 

autophagy that were not used in this study. One effective strategy to block autophagy is 

to inhibit PI3K using wortmannin or 3-methyl adenin (3-MA). Unfortunately, these 

inhibitors have clear side effects on cell viability through unclear mechanisms, and will 

not be used extensively in this following section. 
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2.2. OGA inhibition by Thiamet-G enhances autophagy in Neuro-2a 
cells 

One of the first goals in this project was to verify that autophagy is enhanced by 

OGA inhibition in model neuronal cell lines. Neuro-2a (N2a) cells are commonly used as 

neuronal models for in vitro culture systems. They are easy and quick to culture, have a 

neuronal origin, and are robust enough to be transfected with reporter LC3 proteins for 

autophagy assays.  

In order to show that OGA inhibition using Thiamet-G enhances autophagy, here 

at the Vocadlo lab we used a combination of western blot and fluorescence imaging 

techniques to examine LC3 and SQSTM1 in multiple cell lines. The following section 

summarizes our finding of Thiamet-G enhanced autophagy in N2a cells.   

2.2.1. Thiamet-G induces autophagy in N2a cells by western blot 

N2a cells were treated with 100μM OGA inhibitor Thiamet-G (Thiamet-G) for two 

days and cell lysate was used to analyze autophagy level. As shown in figure 10, no 

significant changes in LC3-II and SQSTM1 levels was observed between 2-days of short 

term Thiamet-G, rapamycin (Rapa) and vehicle treatment when autophagosomes were 

allowed to fuse with lysosomes. When Bafilomycin A1 (BAF) is added to the assay to 

prevent autophagosome-lysosome fusion, increases in LC3-II and SQSTM1 levels are 

significantly noticeable in N2a cells. Thiamet-G treatment significantly raised the level of 

LC3-II similar to rapamycin positive control when compared to control vehicle using BAF. 

SQSTM1 level did not show a significant change with short term Thiamet-G treatment. 

To explore if Thiamet-G can sustain a positive influence on autophagy continuously, N2a 

cells were treated with 100μM Thiamet-G for 15 days followed by Bafilomycin treatment 

4 hours before cell lysis. Long-term (15 days) Thiamet-G treatment with Bafilomycin 
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significantly increased autophagy flux as shown by elevated LC3-II and SQSTM1 as 

compared to BAF treatment alone.  

 

Figure 8. Short term and long term Thiamet-G enhances autophagy in N2a 
neuroblastoma cells. A) immunoblot of LC3 and SQSTM1 using whole cell 
lysate from control and Thiamet-G treated N2a cells showing short term and 
long term treatment of Thiamet-G increases autophagic flux. Rapa: 2.5μM 
treatment for 4 hours; Thiamet-G-S: 2 days short term treatment at 100μM; 
Thiamet-G-L: 15 days long term treatment at 100μM; BAF: Bafilomycin 
treatment at 100nM for 4 hours. B) and C) densitometry of immunoblot 
signals in A) was quantified using Odyssey software (Li-Cor). Values were 
normalized to corresponding beta-actin immunoblot signals, then normalized 
to control (arbitrarily set as 1). Error bars represent ± standard deviation. p-
values were derived from a one-way analysis of variance (ANOVA) 
comparing immunoblot signals from each treatment to control, respectively. 
n= 3; * p< 0.05, ** p< 0.01, *** p< 0.001.  
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2.2.2. OGA inhibition by Thiamet-G induced autophagy in N2a cells 
using commercial dye 

 

Figure 9. Assays using commercial dye CYTO-ID show that 2-days and 15-days 
Thiamet-G treatment induces autophagic flux in N2a cells. Green 
fluorescence represents autophagosome structures stained with CYTO-ID. 
Chloroquine addition shows that short term and long term TMG treatment 
increases autophagic flux in the same way as rapamycin. Con: vehicle 
control; Rapa: Rapamycin, 2.5 μM for 4 h; TMG-S: TMG, 100 μM for 2 days; 
TMG-L: TMG, 100 μM for 15 days; CQ: Chloroquine, 25 μM for 4 h. 
Fluorescent signal of CYTOID within cell was automatically quantified using 
MetaXpress software (Molecular Devices). Error bars represent ± standard 
deviation in total intensity per cell. p-values are calculated using one-way 
analysis of variance (ANOVA) comparing fluorescent intensity of CYTOID 
staining across treatments to control. 5000 cells were plated in each well of a 
96-well plate 2 days before imaging, and nine non-overlapping fields of views 
were imaged and analyzed for each condition; n=3 *p<0.05; **p<0.01, 
***p<0.001. 

 

To confirm that Thiamet-G treatment sustains autophagy induction in N2a cells, 

high content live cell imaging was used to visualize and quantify autophagy level using 

CYTO-ID autophagy detection kit 2.0 (Enzo). The CYTO-ID kit fluorescently stains pre-

autophagosomes, autophagosomes, and autolysosomes to enable their quantification by 

fluorescent imaging. In this experiment, we used the lysosome lumen alkalizer 

chloroquine(CQ) instead of Bafilomycin to stop lysosomal degradation. High CYTO-ID 

level indicated that similar to Rapa, 15-days long-term and 2-days short-term treatment 
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with Thiamet-G enhanced autophagy over vehicle control. This is visualized by the 

increase in CYTO-ID staining of autophagy vesicles in Thiamet-G and Rapa treated cells 

when autophagic degradation by the lysosome is inhibited by CQ. Consistent with 

western blot analysis, long term Thiamet-G dosing induced higher autophagy flux than 

short term treatment although the data is not statistically significant (figure11). 

2.2.3. Analysis of Thiamet-G induced autophagy using tandem LC3 
reporter in N2a cells 

To further show that Thiamet-G induces autophagy in N2a cells, we used an 

established N2a cell line stably expressing a tandem reporter where the LC3 marker 

protein is fused with two fluorescent proteins pHluorin-mKate2-LC3 (228). This reporter 

system functions as a better autophagy flux indicator due to its higher quenching 

efficiency at lower pH than GFP. 100μM Thiamet-G was added to the N2a cell line for 2 

or 15 days, and red/green/yellow puncta were quantified to calculate changes in 

autophagy flux. Red fluorescent puncta represent LC3-II in both acidic autolysosomes 

and non-acidic autophagosomes, while yellow (red and green correlated) puncta 

represent LC3-II in neutral pH autophagosomes. In other words, red puncta that do not 

overlay with green puncta represent acidic autolysosomes. Autophagic flux is calculated 

by the ratio of red/yellow puncta. A higher ratio of red represents enhanced autophagic 

flux/degradation. 

Results show that long term Thiamet-G treatment enhanced autophagy 

significantly in comparison to the control (figure 12). The red to yellow ratio is 

significantly higher in Thiamet-G treated N2a cells. This effect is similar to cells being 

induced with rapamycin as a positive control. Interestingly, autophagy flux is even more 

elevated when cells are co-treated with Thiamet-G and rapamycin, as seen by significant 

increase in red-only puncta. This suggests that Thiamet-G works under a separate 
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mTOR-independent mechanism as opposed to rapamycin, and that Thiamet-G and 

rapamycin may work together to enhance autophagy and modify disease progression. 

 

Figure 10. Evaluation of autophagic flux in live N2a cells stably expressing tandem 
reporter pHluorin-mKate2-LC3. Red puncta representing autolysosomes 
and autophagosomes, green puncta representing non-acidic autophagosome 
membranes, and yellow puncta (overlay) representing autophagosomes are 
quantified using ImageXpress Micro XLS (Molecular Devices).  Con: vehicle; 
Rap: rapamycin at 2.5 μM for 4 hours; TMG: 100 μM for 15 days. Autophagic 
flux is calculated by Red/yellow puncta ratio. Error bars represent ± standard 
deviation. p-values are calculated using one-way analysis of variance 
(ANOVA) comparing red/yellow ration across treatments to control. 5000 
cells were plated in each well of a 96-well plate 2 days before imaging, and 
nine non-overlapping fields of views were imaged and analyzed for each 
condition; n=3; *p<0.05; **p<0.01, ***p<0.001. 
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2.3. Additional work by collaborators showing OGA inhibition 
induces autophagy in primary neurons and mouse brain 

From co-workers and our collaborator's work, additional evidence showed that 

TMG enhances autophagy in primary rat neurons and animal models. This section briefly 

describes supporting data from collaborators. Specifically, I would like to acknowledge 

scientists at the Silverman lab, and the Gorski lab, and co-workers from the Vocadlo lab. 

2.3.1. Thiamet-G induces autophagy in primary rat neurons 

Thiamet-G-induced autophagy was confirmed in rat primary neurons by works 

done in the Silverman laboratory. In the absence of bafilomycin, Thiamet-G did not 

trigger significant difference in LC3II and SQSTM1 level as measured by immunoblotting 

cell lysate.  When bafilomycin is added to block autophagosome-lysosome fusion and 

degradation, LC3II levels significantly increased after 72 hours incubation with 100μM of 

Thiamet-G as compared to vehicle control. This effect is similar to 72 hours of 0.2μM 

rapamycin positive control treatment. 

2.3.2. Thiamet-G induces autophagy in primary hippocampal neurons 

In the subsequent study by the Silverman lab, primary hippocampal neurons 

were transiently transfected with the tandem fluorescent reporter system pHluorin-

mKate2-LC3 to analyze Thiamet-G induced autophagy. Red puncta representing 

autolysosomes and yellow puncta representing non-acidic autophagosome structures 

were quantified by fluorescence microscopy, and autophagic flux is calculated using 

red/yellow puncta ratio. Once again, 100μM of Thiamet-G for 72 hours enhanced 

autophagic flux as shown by a higher ratio of red/yellow puncta. This data confirms that 

increasing O-GlcNAcylation by OGA inhibitors enhance autophagy in primary neurons.  
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2.3.3. Thiamet-G enhances autophagy in mouse brain 

To investigate whether Thiamet-G enhances autophagy in mouse brain in vivo,  

the transgenic mouse strain CAG-RFP-EGFP-LC3 expressing tandem reporter RFP-

EGFP- LC3 (229) was subjected to Thiamet-G treatment (Appendix A). Results showed 

that Thiamet-G treated mice displayed higher autophagic flux in the cortex region 

represented by higher red/yellow puncta ratio in comparison to control mice. O-GlcNAc 

and LC3-II levels increased in Thiamet-G treated mice while SQSTM1 level decreased in 

cortex lysate as analyzed by western-blot (Appendix A-2).  

2.3.4. Thiamet-G enhances autophagy in JNPL3 AD mice model 

Animal studies involving the P301L mouse model were carried out by Dr. 

XiaoYang Shan, and Dr. Yanping Zhu, and data analysis was conducted by Dr. Yanping 

Zhu at the Vocadlo lab. JNPL3 mice were treated with 500mg/kg/day of Thiamet-G in 

drinking water for 36 weeks. Autophagy was assessed in the brain using antibodies 

against LC3 , phosphorylated tau at S202 and T205 (AT8) (230), SQSTM1, and O-

GlcNAc (CTD110). Fluorescent secondary antibodies of different wavelengths were used 

to visualize target proteins (Appendix B). Results showed that Thiamet-G treatment of 

JNPL3 mice increased O-GlcNAc and LC3-II levels, and decreased SQSTM1 

immunoreactivity in the cortex compared to control mice (Appendix C). Pathological tau 

as detected by AT8 antibody also significantly decreased with Thiamet-G treatment. 

Similar enhancement in autophagy and reduction of AT8 positive pathologic tau also 

decreased in other regions of the brain including brain stem and hippocampus in 

Thiamet-G treated mice.  
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2.4. O-GlcNAc enhances autophagy independent of the mTOR 
pathway 

2.4.1. mTOR is a major regulator of autophagy 

The cell growth regulator mammalian target of rapamycin complex 1 (mTORC1) 

is a master regulator of cell growth and metabolism, including mRNA biogenesis, protein, 

lipid and nucleotide synthesis, energy metabolism and autophagy(140). mTORC1 is a 

serine/threonine protein kinase that is inhibited under nutrient starvation. When nutrient 

is available, mTORC1 phosphorylates ULK1 and Atg13 to inhibit autophagosome 

nucleation(181). During starvation or rapamycin treatment, mTORC1 inhibition of ULK 

complex is suppressed, therefore allowing the ULK complex to target membrane and 

initiate autophagosome nucleation.   

2.4.2. Thiamet-G enhances autophagy independent of the mTOR 
pathway 

In the N2a cells stably expressing tandem LC3 reporter protein, it was found that 

rapamycin and Thiamet-G co-treatment induced higher autophagy than rapamycin or 

Thiamet-G alone. Given that rapamycin induces autophagy by directly targeting mTOR, 

it served as the first clue that Thiamet-G may induce autophagy in a mTOR independent 

pathway. 

To investigate this hypothesis, we analyzed changes in mTOR related 

phosphorylation levels in cortex lysate samples from Thiamet-G treated and control 

JNPL3 mice by immunoblot. Ser2448 phosphorylation of mTOR is used as an indicator 

of mTOR inactivation because rapamycin inhibits phosphorylation of mTOR at this site. 

In addition, phosphorylation of protein p70S6K and 4E-BP1 are downstream indicators 

for mTOR activity.  
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Results show that Thiamet-G treatment of JNPL3 mice did not affect the 

percentage of S2448 phosphorylated mTOR in proportion to total mTOR. 

Phosphorylated p70S6K level in proportion to total p70S6K also did not change with 36 

weeks of Thiamet-G treatment (Figure 13A). Thiamet-G enhanced autophagy in rat 

primary cortical neurons and N2a cells were also analyzed for mTOR dependency. 

Similar results were shown where 72 hours incubation of 100μM Thiamet-G did not 

induce changes in mTOR phosphorylation at S2448 or T37/46 phosphorylation of 

another mTOR downstream target 4EBP1(Figure 13B).  

In N2a cells, neither short term or long term treatment of Thiamet-G induced 

changes in 4EBP1 and p70S6K phosphorylation(Figure 13C). In comparison, rapamycin 

treatment in cortical neurons and N2a cells significantly inhibited phosphorylation of 

mTOR, 4EBP1, and p70S6k. This data is consistent with the hypothesis that Thiamet-G 

enhances autophagy through an mTOR independent pathway.   
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Figure 11. Thiamet-G enhances autophagy independently from the mTOR pathway. 
A) JNPL3 mice were treated for 36 weeks for Thiamet-G in drinking water. Western blot 
analysis shows total and phosphorylated levels of mTOR and p70S6K in cortex lysate 
samples of Thiamet-G and control treated JNPL3 mice. Signals were quantified using 
Odyssey software (Li-Cor) and normalized to actin, and ratio between phosphorylated 
and non-phosphorylated mTOR and p70S6K were calculated. Error bars represent ± s. d. 
where *p<0.05; **p<0.01, ***p<0.001 by unpaired Student's test (n=7). B) western blot 
analysis of total and phosphorylated mTOR and 4EBP1 in rat primary cortical neurons 
treated with 100μM Thiamet-G for 72hours or 0.2uM Rapamycin for 72 hours. 
Phosphorylated mTOR and 4EBP1 is calculated as a percentage of total mTOR and 
4EBP1. Error bars represent ± s. d. p values were determined from one-way analysis of 
variance (ANOVA), where *p<0.05; **p<0.01, ***p<0.001. C) western blot analysis of 
total and phosphorylated 4EBP1 and p70S6K in N2a cells treated with 100μM Thiamet-
G for 2 or 15 days, or 2.5μM of rapamycin for 4 hours. Phosphorylated 4EBP1 and 
p70S6K is calculated as a percentage of total 4EBP1 and p70S6K. Error bars represent 
± s. d. p-values were determined from one-way analysis of variance (ANOVA), where 
*p<0.05; **p<0.01, ***p<0.001 (primary cells were cultured and treated with Thiamet-G 
by Silverman lab) 
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2.5. Conclusion and Discussion 

2.5.1. OGA inhibition by Thiamet-G enhances autophagy 

Over the years, many groups have shown that autophagy enhancers such as 

rapamycin decreases neurofibrillary tangle in tauopathy mouse models(136, 137, 140). 

We now see a widespread standardized usage of rapamycin and its analogues as 

mTOR dependent autophagy inducers in research. Unfortunately, mTOR-dependent 

autophagy induction has its limits in therapeutic application due to off target effects in 

mTOR regulated cellular processes including mRNA biogenesis, protein, lipid and 

nucleotide synthesis, and energy metabolism(140).  

Increasing evidence showing that OGA inhibition prevents the build up of Aβ, 

plaque(124, 126), and pathologic tau(46, 47, 132) peaked our interest in investigating it 

as a therapeutics for AD. Here, our group and collaborators showed that OGA inhibition 

using Thiamet-G enhances autophagy in neuroblastoma, primary neurons, and brains of 

AD mouse models without obvious signs of toxicity. Immunoblots, fluorescent and high 

content imaging using LC3 and SQSTM1 protein as autophagic flux markers allowed us 

to demonstrate Thiamet-G induced autophagy at a comparable level to rapamycin. We 

also used cell and animal models to conclude that Thiamet-G enhanced autophagy is 

mTOR-independent, which allows for possible co-treatment with rapamycin for better 

autophagy induction. We have also shown that up to 500 mg/kg/day of Thiamet-G 

dosage for 36 weeks did not result in neurotoxicity or behavioral deficits within our 

animal studies. This suggests that OGA inhibitors such as Thiamet-G can permeate 

through the blood/brain barrier and act as a potential disease modifying compounds 

without the undesirable side effects of rapamycin. 
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2.5.2. Regulation of autophagy by O-GlcNAc is a complex process 

Although our data support that increasing O-GlcNAc by OGA inhibition enhances 

autophagy and offers neuroprotection against AD and tauopathy, there are contrasting 

views in the field. For example, Marsh and colleagues observed that treatment of 

cardiomyocytes with the non-selective OGA inhibitor PugNAc or addition of glucosamine 

increased overall O-GlcNAc level but blunted autophagy. In the same cells, decreasing 

O-GlcNAc by inhibiting the hexosamine biosynthesis pathway using a GFAT inhibitor to 

prevent UDP-GlcNAc production increased LC3 and Beclin-1 levels(231). Guo and 

colleagues found that OGT knockdown in HeLa cells, or deletion of ogt-1 in 

Caenorhabditis elegans enhanced autophagy(63). In addition, over-expression of OGT 

in Drosophila blunted autophagy(232). In contrast, increasing O-GlcNAcylation by OGA 

knockout(223) or using non-selective inhibitor PugNAc(233) has also been shown to 

enhance autophagy in Drosophila and neuroblastoma SH-SY5Y cells respectively. 

It is likely that differences in these observations are due to the complexity of 

autophagy regulation, and the pleiotropic effects of O-GlcNAc modifying hundreds of 

proteins. In addition to over 35 core Atg proteins responsible for the step-wise 

progression of autophagy(175), there are more than 200 different proteins involved in 

the regulation of autophagy. Many of these proteins are likely O-GlcNAcylated, e.g. 

Beclin-1(231). Alteration in global O-GlcNAc level by targeting OGT or OGA may change 

the function of these O-GlcNAc-modified proteins and produces counteracting effects on 

autophagy simultaneously. It is also important to note that basal autophagy and O-

GlcNAc levels are different across cell types, and none of the above studies involve 

studies of N2a cells, primary neurons, and mouse brain. The effect of altered O-GlcNAc 

on autophagy may depend on model, treatment and experimental design. In fact, we 

observed contrasting results for the influence of autophagic flux by Thiamet-G in cultured 
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breast cancer cell lines MDA-MB-231 and SK-BR-3 stably expressing tandem LC3 

reporters. The complex and inconsistent regulation of autophagy by O-GlcNAc among 

different cultured cell lines emphasizes the importance of choosing the appropriate 

model for AD, and the need to replicate assays across cellular and animal models.   

2.5.3. Challenges of working with LC3 

There are some possible difficulties in quantifying LC3 for analyzing autophagy 

flux. LC3 levels can vary depending on cell type, and LC3-II can be difficult to quantify 

due to quick downstream degradation of autophagy structures (234). To prevent this, we 

used lysosome inhibitor BAF and CQ to prevent downstream fusion and degradation to 

allow visualization of LC3-II accumulation/ influx in autophagy. We also normalized LC3 

signals to β-actin signals for each sample for western blot loading. 

Another difficulty in working with LC3 is its sensitivity to stress. Mechanical stress 

from lysis, temperature and oxygen level change, oxidative stress on microscope 

slides(235) can all contribute to variability in samples. LC3-I is also more susceptible to 

freeze-thawing and SDS storage, creating challenges for long-term storage and pro-

longed antibody staining during fluorescent microscopy. In non-transfected N2a cells, we 

used CYTO-ID for the live fluorescent staining of autophagosomes instead of  staining 

fixing cells with anti-LC3 antibodies. 

Western blotting and fluorescent imaging using LC3 is also a stringent process. 

PVDF is more sensitive for LC3-II detection than nitrocellulose due to its higher retention 

of hydrophobic proteins. It has also been shown that boiling lysate samples in 1% SDS 

or analyzing membrane fractions can increase LC3-II detection. In conclusion, it is 

always ideal to combine both methods to determine changes in autophagic flux.  
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2.6. Experimental Methods 

2.6.1. Cell culture 

The immortal N2a stable cell line is cultured in minimum essential medium (MEM) low 

glucose  (1g/L) media (Thermo Fisher Scientific, 11090081), supplemented with 10 

percent FBS (Gibco), and GlutaMAX (Thermo Fisher Scientific,41090036) at 37oC in a 

water-jacketed, humidified CO2 incubator(5 percent). Bacterial contamination in culture 

is prevented by the addition of 1 percent (v/v) penicillin-streptomycin. For maintenance, 

cells are seeded at approximately 20 percent confluency onto T75 or 100 mm dishes 

and allowed to reach 90 percent confluent before the next passage. Fresh medium and 

antibiotics are replaced every 2 days. MDA-MB-231, N2a, SK-BR3, and HEK cell lines 

stably expressing tandemly labeled LC3 recombinant protein were received from Dr. 

Sharon Gorski's laboratory. Cells were maintained in the same conditions. During the 

treatment process, cells were exposed to varying concentrations of Thiamet-G for 2 to 

15 days. 2.5μM of Rapamycin was added to cells as positive autophagy control 4 hours 

before cells were harvested and lysed. The autophagosome-lysosome fusion inhibitor 

Bafilomycin (100nM） and lysosome alkalizer chloroquine（25μM) were also added to 

cells for 4 hours before cell collection.  

2.6.2. Treatment conditions using chemical tools 

Stock solutions of Thiamet-G and Bafilomycin dissolved in PBS, and rapamycin 

dissolved in DMSO are aliquoted into 1.5 mL eppendorf tubes and stored in -20°C. 

Control cells are treated with PBS or DMSO as vehicle. 
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2.6.3. Antibodies 

The following primary antibodies were used in the western blotting assays: anti-LC3B 

(Novus Biologicals, NB100-2220, 1:2000), anti-SQSTM1 (Sigam-Aldrich, P0067, 

1:2000), anti-O-GlcNAc CTD110.6 (Biolegend, 838004, 1:3000), anti-Beta-actin (Santa 

Cruz Biotechnology, sc-47778, 1:1000), anti-mTOR (Cell Signaling Technology, 2972S, 

1:1000), anti-Phospho-mTOR (Ser2448) (Cell Signaling Technology, 2971S, 1:1000), 

anti-p70S6K (Cell Signaling Technology, 2708S, 1:1000), anti-Phospho-p70S6K 

(Thr389) (Cell Signaling Technology, 9205S, 1:1000), anti-4EBP1 (Cell Signaling 

Technology, 9452S, 1:1000), anti-Phospho-4EBP1 (Thr37/46) (Cell Signaling 

Technology, 2855S, 1:1000), anti-AMPK Alpha (Cell Signaling Technology, 2532S, 

1:1000), anti-Phospho-AMPK Alpha (Thr172) (Cell Signaling Technology, 2535S, 

1:1000), anti-ULK1 (Cell Signaling Technology, 8054S, 1:1000), and anti-Phospho-ULK1 

(Ser317) (Cell Signaling Technology, 12753S, 1:1000).  

2.6.4. Western blot analysis 

Cells were lysed and boiled in 1% SDS in PBS. The samples were separated on 4-15% 

gradient SDS-PAGE gel (BIO-RAD) and transferred onto PVDF or nitrocellulose 

membranes. Approximately 15μg of total protein is loaded per lane, and target protein is 

normalized with β-actin. After transfer, membranes were blocked for 1 hour at room 

temperature in 5% bovine serum albumin in PBS-T (BSA) before incubated with 

antibodies over night at 4oC. The membrane was rinsed twice with PBS-T for 5 minutes 

and two additional times for 10 minutes each. Membranes were blocked with 3% BSA for 

30 minutes at room temperature before being incubated with secondary fluorescent 

antibodies IRDye 800CW or IRDye 680LT (Li-Cor） for 1 hour at room temperature in 
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the dark. The membranes were washed with PBS-T twice for 5 minutes, and twice for 10 

minutes each before being scanned using Li-Cor quantitative western blot analysis. 

2.6.5. Protein band analysis and quantification 

Li-Cor scanned images are analyzed using Image Studio software for densitometry 

quantification of protein bands. Each fluorescent channel is first converted into gray 

scale images, and contrast and brightness settings are adjusted for optimal protein band 

identification. A rectangular shape is drawn around each band to quantify total intensity. 

To quantify total tau or total PHF positive tau, the total signals of all bands in each lane 

was quantified together.  Protein band intensities are exported into excel sheets for 

calculations with each treatments. Protein loading between each lane is normalized by 

dividing the intensity of each protein band to its actin level. Calculated values are 

transported to GraphPad Prism for statistical analysis.  

2.6.6. Fluorescent Staining and High Content Imaging 

Cells were plated at approximately 10-25% confluency in 10cm dishes and were treated 

with 250nM, 100μM Thiamet-G or vehicle control for 13 days. Culture media and 

Thiamet-G was replaced once every two days. After 13 days, cells were trypsinized and 

seeded at 5000 cells per well of a 96 well plate. Cells pre-treated with Thiamet-G for 13 

days were subjected to additional 2 days of Thiamet-G treatment inside designated wells 

of the 96 well plate for long term Thiamet-G experiments. Non-treated cells were also 

subjected to Thiamet-G treatment for short term Thiamet-G experiments. Two days after 

seeding, assigned wells are treated with Chloroquine and/or Rapamycin at indicated 

concentrations for 4 hours before the whole 96 well plate was treated with Hoeschst 

33342 DNA fluorescent stain for live cell imaging (Thermo Fisher Scientific, H3570) and 

CYTO-ID autophagosome dye.  
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Fluorescent puncta from live cells were imaged automatically using the high-content 

imaging system ImageXpress Micro XLS from Molecular Devices. To ensure that we 

capture a fair distribution and large population of cells, we captured images at 9 non-

overlapping fields per well using MetaXpress software from Molecular Devices. We 

collected data on the number of puncta, area occupied by puncta, and CYTO-ID 

intensity of autophagosomes per cell. The error bars presented in figure 10 represented 

the standard deviation in the total intensity per cell.  

Cells stably transfected with the pHluorin-mKate2-LC3 was received from Isei Tanida 

(Addgene plasmid # 61458). Cells were cultured, treated and assayed using similar 

methods as above. The number of red (autolysosome and autophagosome) and yellow 

puncta (autophagosomes) were also quantified using MetaXpress. Puncta with 

diameters between 0.1um and 5 um emitting fluorescence intensities over a background 

threshold were counted as autophagosome/autolysosome structures. A nucleus is 

defined as a Hoeschst stained vesicle between 5um and 50 um in diameter, with 

intensity higher than 1000. Quantification data is subsequently imported into GraphPad 

Prism 5 for statistical analysis. 

2.6.7. Statistical Analysis 

Statistical analysis were completed using Graphpad Prism 5.03 using one way analysis 

of variance (ANOVA), or unpaired student's t-test. In each of the analysis, a p value 

equal to or smaller than 0.05 is considered to be statistically significant.  p<0.05, ** <0.01, 

***p<0.001. 
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Chapter 3. Construction of tauopathy cellular 
models 

For completeness and coherence of reporting, this chapter contains content 

including the stable cell line selection of two of the three tauopathy cell lines that were 

performed by Nancy Erro Go from the Gorski laboratory. In addition, Dr. Yan Ping Zhu 

provided mentorship and guidance for the overall design, establishment and following 

experiments of the cell lines established in the following chapter. The individuals who 

contributed to each experiment are noted at the start of each section to which they 

contributed experiments. 

3.1. Cellular models of tauopathy are important for Alzheimer's 
disease study 

It was reported in the second chapter that OGA inhibition by Thiamet-G 

enhanced autophagic flux in neuroblastoma neuro-2a cells, primary neurons, and mouse 

brain. There were also indications of pathologic tau clearance in JNPL3 mouse brain in 

addition to enhanced autophagic flux. Observations using the JNPL3 mouse model 

served as an early result showing OGA inhibition can function to protect against tau 

toxicity. Although Thiamet-G treatment of JNPL3 animal model showed promising 

therapeutic potential for Alzheimer's disease (AD), there is insufficient evidence to 

conclude that the reduction in pathologic tau was due to its direct degradation by O-

GlcNAc-induced autophagy. To properly determine such a relationship would rely on the 

discovery of the underlying mechanism and pathways regulated by O-GlcNAc.  

With extensive resources demanded by research using animal models, 

continuing further investigations in AD mouse is potentially time and cost limiting. In 

comparison, there are benefits in designing cellular models of tauopathy where 
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pathologic tau can be readily induced and studied. Cellular models of tauopathy have 

faster growth cycles than animal models, and can be cultured on demand and treated in 

large scale at lower cost. Secondly, tauopathy cell lines may serve as useful tools for 

screening of new drugs targeting tauopathies. 

The following chapters focus on developing inducible cellular models of tau 

aggregation (tauopathy) for the purpose of studying the mechanism of O-GlcNAc-

induced reduction in toxic tau species. This chapter will discuss the steps involved in the 

design, transfection, selection of stably transfected cell lines, and characterization of 

three neuronal cell lines stably expressing human mutant tau. 

3.1.1. Three constructs of pro-aggregate mutant tau for tauopathy 
studies 

Mouse neuroblastoma Neuro-2a cells were used as the starting cell line for 

generating stable tauopathy cell lines because they were previously shown to be 

responsive to Thiamet-G induced autophagy, and are susceptible to transfection. Three 

different variants of human tau were cloned into the Tet-oneTM system (Clontech), that 

would enable transfected cell lines to produce mutant tau and tau aggregates upon 

induction with transgene expression by doxycycline. 

Tau is a charged and highly soluble protein, and over-expression of normal tau in 

model cells does not result in aggregation. To generate neurofibrillary pathology, it was 

possible to express tau mutant variants with higher amyloidogenicity. While mutations in 

tau are not often observed in sporadic AD, a number of tau mutations have been linked 

to its aggregation in familial AD and a family of related neurodegenerative diseases 

called tauopathies.  For example, familial frontotemporal dementia and parkinsonism 

linked to chromosome 17 ( FTDP-17) is also characterized by the presence of tau 
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aggregates but target different locations in the brain than AD. AD targets higher 

functional regions of the brain including the hippocampus, hypothalamus, amygdala and 

the thalamus, while FTDP-17 leads to atrophy in the frontal lobe(42). MAPT mutations in 

FTDP-17 accelerates tau dissociation from microtubules and its subsequent aggregation 

into soluble oligomers and NFT. As a result, MAPT mutants are often used in AD studies. 

In this project, three tauopathy mutant variants were introduced into 

neuroblastoma cells, each harbouring different sets of tau mutations found within 

humans as well as truncations as shown in figure 20. We specifically targeted the 

hexapeptide motif in R2 and R3 repeat regions of tau to increase its propensity to form 

insoluble paired helical filaments (PHF). This is due to R2 and R3 regions having high β-

sheet-forming propensity(35). 

K280 construct in truncated tau containing the four repeat regions 

The K280 construct developed here is based on the truncated tau variant 

(tau244-273) containing the four repeat regions and the point deletion of K280 in R2. 

This variant is known for its tendency to form fibrillar aggregates(236). This pro-

aggregation mutation is linked to decreased microtubule affinity and neuronal loss in a 

Chinese hamster Ovary cells (CHO) (237), and is observed in a human population 

having frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17).  

Tau P301L construct in 0N4R 

The Tau P301L construct was developed using the 0N4R isoform where the 

single mutation is linked to neuronal impairment and NFT formation in a CHO cell 

model(237). Transgenic model mice expressing P301L show NFT formation and 

neuronal cell death in the anterior horn of the spinal cord in an age and gene-dose 

dependent manner(45). The P301L mutation is found in FTDP-17 patients(45).  
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VPR triple mutation construct in full length tau 

The last construct is based on full length tau, and expresses a triple mutant form 

of tau with V33M, P301L, and R406W mutations. All three mutations are known to 

increase hyperphosphorylation of tau by kinases and are also found in FTDP-17 patients. 

Patients with R406W or V337M tau mutations display paired helical filaments with all six 

isoforms of tau similar to AD brains(238), while R406W mutation leads to AD-like 

symptoms including memory loss(239). Lim and colleagues designed a transgenic 

mouse model expressing triple FTDP-17 mutations in full length tau, where tau filaments 

were detected in the mouse forebrain along with motor deficits(240). While single 

mutations in full length tau may not be sufficient to induce tau aggregation, the presence 

of three mutations increase the speed and severity of such aggregation in cellular 

models.  

We chose to use the above mutations in three tau isoforms of different length in 

an effort to account for the possibility that various isoforms or truncation of tau may affect 

oligomerization and NFT formation.  

 

Figure 12. Three constructs of mutant tau are cloned into the Tet-one system to 
generate tauopathy cell models. The VPR construct has three mutations in 
the longest isoform of tau 2N4R. The Tau P301L has a mutation in P301L 383 
and has exon 2 and 3 excised 0N4R. The Tau280K isoform has a deletion 
at K280 and contains only the four repeat regions.  
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3.2. Cloning design for inducible mutant tau constructs 

3.2.1. 2A sequences supports a multi-gene expression system 

Sequences of the three constructs of tau were cloned downstream of a 

fluorescent mCherry or eGFP protein separated by a 2A sequence (eGFP/mCherry-2A-

Tau). We used a multi-gene expression system based on the 2A self-cleaving peptide 

(P2A: ATNFSLLKQAGDVEE NPGP) that causes "ribosome skipping" between the 

Glycine and Proline(241). In this case, a single strand of mRNA encoding 

eGFP/mCherry and tau proteins is separated by the 2A sequence. When the ribosome 

synthesizes the first proteins up until the 2A sequence, the 2A sequence interacts with 

the exit tunnel of the ribosome, prevents further elongation, and results in the release of 

the translated product (eGFP or mCherry). The ribosome then continues protein 

synthesis downstream of the 2A sequence. This allows eGFP or mCherry to be over-

expressed simultaneously with tau at the same promoter, but as separate proteins. We 

added eGFP and mCherry in this method to serve as a marker for selecting stably 

transfected clones by flow cytometry. This also avoids the possibility that fusion of a 

protein to tau may change its aggregation properties. 

3.2.2. Tet-one inducible expression system for tauopathy cell lines 

The Tet-one system was used to create the three inducible tauopathy cell lines in 

N2a cells. We inserted the gene of interest (eGFP/mCherry-2A-tau) into the pTet-one 

(Clontech) plasmid and transfected them into N2a cells. The Tet-one system uses dual 

promoters on a single plasmid to ensure that the gene of interest will only be expressed 

under the presence of doxycycline. The Tet-On 3G transactivator is expressed in the 

forward direction from the human phosphoglycerate kinase 1 promoter, and the gene of 

interest is expressed from the PTRE3G3 promoter in the reverse direction. The Tet-On 3G 
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transactivator protein undergoes a conformational change upon binding to doxycycline, 

and binds to the PTRE3GS promoter to initiate transcription of the inserted gene of interest. 

The doxycycline concentration required to initiate transcription (0.1 -1 μg/mL) is far 

below cytotoxic levels due to the sensitivity of the Tet-on 3G protein (242). 

 

Figure 13. Tet-One system plasmid expression of tau construct. mCherry/eGFP-2A-
Tau expression is inducible upon doxycycline availability. Dox leads to a 
conformational change in the Tet-On 3G protein that allows it to bind to the 
PTRE3GS to initiate expression of the inserted gene of interest.  This system 
prevents background expression of the gene of interest unless the inducer is 
added.  

3.2.3. Linear hygromycin or puromycin selection marker 

In order to select for stably transfected N2a cell lines expressing the Tet-One 

system, linear antibiotic marker encoding hygromycin or puromycin resistance gene 

(Hygr or Purr) under the SV40 promoter with the SV40 polyadenylation signal is co-

transfected with the pTet-One plasmid encoding the gene of interest at a 1:20 ratio. The 

linear marker is used in place of a selection marker on the pTet-one plasmid to prevent 

interference on the basal expression of the gene of interest. This prevents too many 

transcription factors from being recruited to a common site of integration that could 

decrease transcription efficiency, and also prevents the constitutive SV40 promoter for 

the linear marker from being co-integrated in between copies of the gene of interest. 
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3.2.4. Inducible Tauopathy constructs are transiently tested in 
HEK293 

To test the inducible expression of the three tauopathy constructs, mCherry-2A-

P301L, mCherry-2A-K280, and mCherry -2A-VPR were test-transfected into cultured 

HEK293 cells. All three plasmids passed the expression test as shown in figure 14 by 

laser scanning fluorescence analysis or SDS-PAGE gels and western blot analysis. 

HEK293 cells transiently expressing mCherry-2A-P301L were treated with or 

without (1ug/mL) doxycycline for 48 hours after overnight transfection using TurboFect 

(ThermoFisher). Cells were checked for mCherry florescence, thioflavin S staining and 

PHF positive immunofluorescence using fluorescence microscopy. After 48 hours of 

doxycycline induction, mCherry fluorescence signals were detected in doxycycline 

treated cells in comparison to control cells. PHF positive pathologic tau was also 

detected by antibody after doxycycline treatment. Thioflavin S staining against paired 

helical filaments of tau was also used to detect tau aggregation. Thioflavin S staining led 

to high fluorescence background in vehicle cells, but was also able to detect expected 

small fluorescent hotspots in doxycycline treated cells. This showed that the inducible 

construct where tau P301L is cloned into the pTet-one plasmid was functional and 

suitable for stable cell-line generation. We predicted that PHF and thioflavin S signals 

will increase if the cells were stably transfected with the construct and exposed to 

doxycycline for a longer period.  
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Figure 14. Transient expression of mCherry-2A-P301L in HEK293 cells as a pilot 
test for functional inductions. Fluorescent and immunofluorescence 
analysis of transfected cells treated with and without 48 hour 
doxycycline(Dox) treatment using fluorescent microscope imaged at 20X 
magnification. Cells were imaged with THIO S: thioflavin S staining for tau 
aggregates; PHF: immunofluorescence signal for PHF positive hotspots 
using anti-PHF antibody. Cells were imaged with a common fluorescent 
background threshold.  

 

HEK cells transiently expressed with mCherry-2A-K280 and -VPR plasmids 

were checked for expression by immunoblot analysis. Cells were treated with 48 hours 

of 1μg/mL doxycycline 24 hours after transfection with 2μg of plasmid usingTurboFect 

transfection agent (ThermoFisher). Total cell lysates were immunoblotted using anti-total 

tau antibody. In the K280 construct, significant bands with molecular weights of 43kDa, 

38kDa, and 15 kDa were visible in comparison to control. The construct expressing VPR 

full length tau showed significant bands at 80kDa, and 120kDa when induced with 

doxycycline. This data shows that the tauopathy constructs were able to correctly induce 

expression of mutant tau with the addition of doxycycline in cultured media. This allows 

the subsequence establishment of stable cell lines into Neuro-2a cells.  
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Figure 15. Pilot test of mCherry-2A-K280 and VPR inducible transient expression 
in HEK293. Expression of truncated tau expressing K280 mutation and full 
length tau expressing triple VPR mutation by immunoblotting using anti-total 
tau antibody. Dox: 1μg/mL at 48 hours. Immunoblot signals were imaged 
using Odyssey software (Li-Cor). Protein loading are standardized at 
approximately 20μg per lane. 

 

3.3. Characterization of stable tauopathy cell lines in N2a 

3.3.1. Doxycycline induces protein expression in three tauopathy cell 
lines 

pTet-One plasmids encoding mCherry-2A-P301L,-k280, and -VPR were 

transferred to the Gorski laboratory for transfection and stable cell line selection in N2a 

cells. Transfected cells were then transferred back to the Vocadlo lab for 

characterization. N2a cells transfected with mCherry-2A-K280 and -VPR expressed 

mutant tau upon doxycycline induction as assessed by western blot shown in later 

sections, but mCherry-2A-P301L did not show significant increases in tau expression 

after up to 11 days of doxycycline (figure 18). We re-cloned the P301L construct but 

substituted mCherry with an eGFP and were able to induce robust expression in 

transfected cells. Stable transfection and selection of N2a clones with the new pTet-One-
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eGFP-2A-P301L construct was completed in the Vocadlo lab (as described in protocol) 

and characterized below. 

 

Figure 16. N2a cells stably expressing mCherry-2A-P301L construct is insensitive 
to doxycycline. Immunoblot analysis of total tau and PHF signals in stably 
transfected N2a cells subjected to 7 days or 11 days of doxycycline in 
comparison to control. Immunoblot did not detect significant changes in tau 
protein expression with doxycycline induction. The mCherry-2A-P301L in 
Neuro-2a cell line is not a successful inducible tauopathy cell line.  

 

3.3.2. The three tauopathy cell lines are sensitive to changes in 
doxycycline concentration 

After three tauopathy cell lines expressing mCherry-2A-K280, -VPR, and 

eGFP-2A-P301L were successfully selected, the first goal was to discover the optimal 

conditions for doxycycline induction of tau for future experiments. To do so, a variety of 

doxycycline concentrations from 20 to 1000ng/mL were tested in each of the three cell 

lines for 72 hours.  

110kDa 
110kDa 
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Figure 17. Doxycycline titration of N2a cells stably expressing mCherry-2A-VPR 

tau. a. Western blot analysis of total tau and PHF positive tau in full cell 

lysates of VPR tau expressing cells treated with increasing concentration of 

doxycycline. b. densitometry analysis of a using Li-Cor. Values were 

normalized to actin and control. Error bars representing ±s.d. The p-values 

were derived from one way analysis of variance(ANOVA) comparing signals 

from each treatment to control. n=3. p< 0.05, ** p< 0.01, *** p< 0.001.  

 

N2a cells expressed mCherry and VPR tau in response to increasing doxycycline 

concentrations of up to 1000ng/mL (figure 19). Significant induction of total VPR tau was 

initiated at concentrations above 50 ng/mL, while PHF positive tau was detected starting 

at 250ng/mL doxycycline induction. The most significant bands were visualized to be 

between 40 kDa to 60kDa, which corresponds to what was reported by most anti-tau 

antibodies. As a result, 250ng/mL doxycycline was chosen as the optimal concentration 

for subsequent experiments for mCherry-2A-VPR inducible stably cell line. Notably, even 

a 0 ng/mL doxycycline tau expression is observed, indicating that expression is leaky. 



71 

 

Figure 18. Doxycycline titration of N2a cells stably expressing eGFP-2A-P301Ltau. 
a. Western blot analysis of total tau and PHF positive tau in full cell lysate of 
P301L tau expressing cells induced with increasing concentration of 
doxycycline. b. densitometry analysis of a using Li-Cor. Values were 
normalized to actin and control. Error bars represent ±s. d. The p-values 
were derived from one way analysis of variance(ANOVA) comparing signals 
from each treatment to control. n=3. p< 0.05, ** p< 0.01, *** p< 0.001. 

 

N2a cells transfected with eGFP-2A-P301L tau displayed significant induction by 

doxycycline at concentrations above 100 ng/mL, with similar expression effects up to 

1000ng/mL (figure 20). PHF positive tau was detected at 20ng/mL of doxycycline, but 

the induction is significant at 250ng/mL. The major band observed has a molecular 

weight of 55kDa, which falls in the range of tau as detected by antibodies. In this case, 

250ng/mL doxycycline was also chosen as the optimal concentration for subsequent 

experiments. 

N2a cells transfected with mCherry-2A-K280 tau displayed significant induction 

by doxycycline at concentrations above 250 ng/mL, with protein expression peaking at 

1000ng/mL (figure 21). PHF antibody did not detect protein bands by western blot due to 
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the truncated nature of this tau construct. The mCherry-2A-K280 construct contains 

the sequence tau 244-273aa and does not have the phosphorylation sites Ser396 and 

Ser 404. One of the major bands observed had a molecular weight of 12kDa, which 

equates to the predicted weight of the construct(243). In this case, 250ng/mL 

doxycycline was chosen as the optimal concentration for subsequent experiments.  

 

Figure 19. Doxycycline titration of N2a cells stably expressing mCherry-2A-
K280tau. a. Western blot analysis of total tau in full cell lysate of K280 
tau expressing cells induced with increasing concentration of doxycycline. b. 
densitometry analysis of a using Li-Cor. Values were normalized to actin and 
control. Error bars representing ±s. d. The p-values were derived from one 
way analysis of variance(ANOVA) comparing signals from each treatment to 
control. n=3. p< 0.05, ** p< 0.01, *** p< 0.001. 

 

 

3.3.3. Antibiotic selection for cell line maintenance 

Inducible expressions of mCherry-2A- VPR, and K280 tau in N2a cells are 

maintained by applying constant antibiotic selection pressure of 100ug/mL of hygromycin 

B. The N2a eGFP-2A-P301L cell construct is maintained using 250ng/mL puromycin 

replenished into fresh media every 48 hours. 
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3.3.4. Doubling time of Tauopathy cell lines at the exponential growth 
phase (log phase) 

N2a cells transfected with inducible mCherry-2A-VPR tau, 280K tau, or eGFP-

2A-P301L tau have similar doubling times during log phase. The three cell lines are 

cultured in low glucose (1g/L) MEM (no glutamine) supplemented with glutamax. Cells 

are typically seeded at 20 percent confluency in T75 or 100mm dishes, where sub-

culturing is required every 3 to 4 days. The doubling times for each of the tauopathy cell 

lines are between 28 to 30 hours in comparison to non-transfected N2a cell lines with a 

24 hour doubling time. No difference in doubling time is observed when these three cell 

are treated with doxycycline.  

Equation 1 Calculating Cell Doubling Time for N2a mCherry-2A-Δ280K  
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Equation 2 Calculating Cell Doubling Time for N2a mCherry-2A-VPR 
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Equation 3 Calculating Cell Doubling Time for N2a eGFP-2A-P301L 
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t = doubling time in hours, 
C start = seeding cell count at approximately 20 percent confluent, 1.43 x10 6 cells 
C End = cell count at end of 4 days, 8.52 x10 6 cells 
 

All three tauopathy cell lines are highly sensitive to high cell densities. Dendrite 

formation and star shaped cell morphology appears within 2 days if cells are not sub-

cultured near full confluency. Accelerated cell death is observed as early as 3 to 4 days if 

cells are not sub-cultured past full confluency. 

3.3.5. Cell morphology - neuronal non differentiated 

The three tauopathy cell lines are loosely attached circular cells resembling non-

transfected N2a cells, while 30 percent of cells have one or two small neurite-like 

formations. Short neurite-like formations are commonly observed even in non-

differentiated neuro-2a cells. As cell passages increase, the proportion of star-shaped 

cells, and the number of neurites per cell increases. Under the appropriate antibiotic 

selection and timely passages, cells should maintain the same growth rate and 

morphology for at least 25 passages.  
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3.3.6. Time dependent tau protein level as induced by doxycycline  

The next task is to study the production level of mutant tau protein in response to 

different doxycycline induction time. The three tauopathy cell lines were subjected to 250 

ng/mL doxycycline from 0 to 21 days. Levels of tau protein in total cell lysates were 

analyzed using western blot analysis. It was observed that mutant tau protein levels are 

related to doxycycline exposure time. 

 In the N2a cell line stably expressing 2N4R VPR tau, significant increases in total 

tau and PHF positive tau were notable by western blot after just one day of doxycycline 

induction (figure 22). Total and PHF positive mutant tau levels remained consistent after 

7 days as detected by anti-total tau and anti-PHF antibody. Total tau increased by 8-fold, 

while PHF formation increased to a lower extent, in comparison to non-doxycycline 

induced controls. Both antibodies detected protein bands at 110kDa and 60kDa as 

previously detected in transiently transfected HEK293 cells (figure 17). A number of 

small molecular weight bands at 38, 25, and 13 kDa were also detected, and may 

represent degradation products. Full length 2N4R tau is predicted to have a MW of 

45.8kDa (figure 22), and migrates closer to the 55kDa location as reported by the 

antibody manufacturer. To conclude, 3 to 5 days of doxycycline induction at 250ng/mL is 

sufficient for cells to produce all of the prominent protein bands.  
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Figure 20. Doxycycline induction length and its effect on mutant tau level in neuro-

2a cells stably transfected with mCherry-2A-VPR tau.  a. Western blot 

analysis of total tau and PHF positive tau in full cell lysate of VPR tau expressing 

cells with increasing days of induction. b. Densitometry analysis of a, where tau 

protein levels are calculated by totaling all band signals in each lane using Li-Cor. 

Values were normalized to actin and control. Error bars representing ±s. d. The 

p-values were derived from one way analysis of variance(ANOVA) comparing 

signals from each treatment to control. n=3. p< 0.05, ** p< 0.01, *** p< 0.001.              

      

 In the stable cell line expressing 0N4R P301L mutant tau, significant production 

of total tau and PHF positive tau was detected after two to three days of doxycycline 

induction (figure 23). Mutant tau protein levels remained constant after 7 days as 

detected by total tau and PHF antibody. Mutant tau expression of P301L peaked at 7-

fold, which is similar to the expression level observed in the VPR cell line. However, the 

P301L construct forms PHF to a greater extent.  
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 Total tau and PHF antibody detected four significant bands at molecular weight of 

100kDa, 55kDa, 35kDa, and 22-25kDa with doxycycline induction. The 55kDa band is 

likely the full length 0N4R mutant tau, while the lower molecular weight bands likely 

represent degradation products but require further identification. The larger band likely 

represents dimerization of tau. To conclude, three days of doxycycline treatment is 

sufficient to produce all of the protein bands detectable by anti-total tau and PHF 

antibody, while induction times equal to and longer than seven days will likely achieve 

similar levels of tau protein expression.  

 

 

Figure 21. Doxycycline induction length and its effect on mutant tau level in neuro-
2a cells stably transfected with eGFP-2A-P301L tau. a. Western blot 
analysis of total tau and PHF positive tau in full cell lysate of P301L tau 
expressing cells with 0 to 21 days of doxycycline induction. b. Densitometry 
analysis of a, where tau protein level is calculated by totaling all band signals 
in each lane using Li-Cor. Values were normalized to actin and control. Error 
bars representing ±s. d. The p-values were derived from one way analysis of 
variance(ANOVA) comparing signals from each treatment to control. n=3. p< 
0.05, ** p< 0.01, *** p< 0.001.       
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In the stable cell line expressing K280 mutant tau, significant increases in total 

tau protein levels were detected after 24 hours of doxycycline induction (figure 24). 

Mutant tau protein levels remained consistent throughout the assay as detected by both 

antibodies. Anti-total tau antibody detected protein bands at 100kDa and 40 kDa that are 

significantly larger than the expected size of tau monomers at 22-25kD. The higher 

molecular weight bands appear to increase as doxycycline increases, suggesting that 

these bands might be higher molecular weight dimers or oligomers even though the gel 

was denaturing. In fact, such oligomers of tau are often observed in SDS denaturing 

gels(244). The 12kDa fragment likely represents a proteolysis product. An induction time 

of longer than 3 days by doxycycline was determined to be appropriate.  

   

 

Figure 22.  Doxycycline induction length and its effect on mutant tau level in 
neuro-2a cells stably transfected with mCherry-2A-K280 tau. Western 
blot analysis of total tau in full cell lysate of K280 tau expressing cells with 
increasing days of induction. Densitometry is calculated by totaling all band 
signals in each lane using Li-Cor. Values were normalized to actin and 
control. Error bars representing ±s. d. The p-values were derived from one 
way analysis of variance(ANOVA) comparing signals from each treatment to 
control. n=3. p< 0.05, ** p< 0.01, *** p< 0.001.             

 

      



79 

3.4. Discussion and Conclusion 

3.4.1. Three tauopathy cell lines are sensitive to doxycycline 

In this chapter, three stable tauopathy cell lines were established using Neuro-2a 

(N2a) cells. The cell lines expressing K280 and P301L mutant tau are suitable for 

downstream autophagy assays due to successful induction by doxycycline. The cell line 

expressing the VPR triple mutant tau displayed sensitivity to doxycycline, but expression 

was observed even without doxycycline treatment. The differences in expressions 

between cell lines may be due to variances in the location of DNA integration into the 

genome.  

Optimum expression of mutant tau is induced in these cells by doxycycline 

concentrations of 250ng/mL in culture media as early as after 3 days of induction. In the 

tauopathy cell line expressing VPR, anti-total tau and PHF antibodies detected strong 

protein bands with MW of 110kDa, 60kDa and 40 kDa upon doxycycline induction. The 

60kDa band likely represents full length 2N4R tau. In the tauopathy cell line expressing 

P301L, total tau and PHF antibodies detected protein bands with MW of 100, 55, 35, and 

25kDa. The 0N4R isoform of tau is predicted to have a molecular weight of 55kDa. In the 

tauopathy cell line expressing K280,  total tau antibody detected protein bands at 100, 

40, 25, and 13kDa, while the expected band was expected at 22kDa. 

It is perplexing to observe the presence of higher molecular weight protein bands 

in these western blots that are significantly larger than the predicted size. However, 

disulfide cross-linked tau dimers for a truncated tau construct have been identified 

recently and has been linked to tau pathology(245). There are reports showing that 

tau45-230 truncation can dimerize even under denaturing conditions(244). As a result, it 
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may be possible for the appearance of high molecular weight dimer or oligomer bands to 

appear on a denaturing gel.  

Another intriguing observation involves the presence of tau fragments with MW 

smaller than the predicted size. In VPR expressing cells, PHF positive 25 and 13kDa tau 

fragments were detected at high doxycycline concentrations and dosage lengths. These 

small fragments accumulate as mutant tau level increases, possibly due to the 

proteolytic activity of unknown enzymes. Similar small tau fragments with MW of 25kDa 

and 13kDa were observed in P301L and K280 expressing cells respectively. The fact 

that these fragments are PHF positive increases their likelihood of being pathogenic and 

pro-aggregating. 

Tau fragmentation is thought to play important roles in the formation of paired 

helical filaments. In a previous publication using neuro-2A cells expressing K280 

deletion in the repeat regions of tau, it was shown that tau fragmentation precedes tau 

aggregation(243). For example, proteases such as thrombin have been shown to 

fragment soluble tau into smaller fragments that are aggregate ready. Higher molecular 

weight bands usually appear after such fragmentation(243). It has also been shown that 

thrombin-like activity can generate a partial tau fragment that can be brought to the 

lysosome via Hsc70 and subsequently cleaved by Cathepsin L. This process produces 

fragments that are aggregate ready and are degradable by macroautophagy(246). If this 

observation is true, then macroautophagy induction should be able to degrade high and 

low molecular weight bands visualized above.  

3.4.2. Threshold for maximum tau expression in tauopathy cells 

With the fast doubling time of transfected Neuro-2A cells and the high frequency 

of passaging, there is likely a maximum threshold for the amount of tau expressed in a 
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given culture of set fixed area. During long-term doxycycline and Thiamet-G treatment, 

30 percent of cells were retained during each sub-culturing and allowed to repopulate 

the plate for 3 to 4 days before the next passaging. Each sub-culturing leads to the 

division of new cells which could potentially dilute the total mutant tau expression of the 

whole collection of cells. This may explain why mutant tau expression typically remains 

stable after 7 days of doxycycline induction.  

3.5. Experimental Methods 

3.5.1. Cloning, Primers, and sequences 

Nucleotide sequences for VPR, P301L, and K280 tau mutants were gene 

synthesized and cloned into pUCIDT (KAN) vector between MIUI and BAMHI restriction 

sites and purchased from IDT (Integrated DNA Technologies). Sequences used in gene 

synthesis is listed below with mutations underlined: 

Nucleotide sequence for VPR full length tau:  

GCTGAGCCCCGCCAGGAGTTCGAAGTGATGGAAGATCACGCTGGGACGTACGGGT

TGGGGGACAGGAAAGATCAGGGGGGCTACACCATGCACCAAGACCAAGAGGGTG

ACACGGACGCTGGCCTGAAAGAATCTCCCCTGCAGACCCCCACTGAGGACGGATC

TGAGGAACCGGGCTCTGAAACCTCTGATGCTAAGAGCACTCCAACAGCGGAAGAT

GTGACAGCACCCTTAGTGGATGAGGGAGCTCCCGGCAAGCAGGCTGCCGCGCAG

CCCCACACGGAGATCCCAGAAGGAACCACAGCTGAAGAAGCAGGCATTGGAGACA

CCCCCAGCCTGGAAGACGAAGCTGCTGGTCACGTGACCCAAGCTCGCATGGTCAG

TAAAAGCAAAGACGGGACTGGAAGCGATGACAAAAAAGCCAAGGGGGCTGATGGT

AAAACGAAGATCGCCACACCGCGGGGAGCAGCCCCTCCAGGCCAGAAGGGCCAG

GCCAACGCCACCAGGATTCCAGCAAAAACCCCGCCCGCTCCAAAGACACCACCCA

GCTCTGGTGAACCTCCAAAATCAGGGGATCGCAGCGGCTACAGCAGCCCCGGCTC

CCCAGGCACTCCCGGCAGCCGCTCCCGCACCCCGTCCCTTCCAACCCCACCCACC

CGGGAGCCCAAGAAGGTGGCAGTGGTCCGTACTCCACCCAAGTCGCCGTCTTCCG

CCAAGAGCCGCCTGCAGACAGCCCCCGTGCCCATGCCAGACCTGAAGAATGTCAA
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GTCCAAGATCGGCTCCACTGAGAACCTGAAGCACCAGCCGGGAGGCGGGAAGGT

GCAGATAATTAATAAGAAGCTGGATCTTAGCAACGTCCAGTCCAAGTGTGGCTCAA

AGGATAATATCAAACACGTCCTGGGAGGCGGCAGTGTGCAAATAGTCTACAAACCA

GTTGACCTGAGCAAGGTGACCTCCAAGTGTGGCTCATTAGGCAACATCCATCATAA

ACCAGGAGGTGGCCAGATGGAAGTAAAATCTGAGAAGCTTGACTTCAAGGACAGA

GTCCAGTCGAAGATTGGGTCCCTGGACAATATCACCCACGTCCCTGGCGGAGGAA

ATAAAAAGATTGAAACCCACAAGCTGACCTTCCGCGAGAACGCCAAAGCCAAGACA

GACCACGGGGCGGAGATCGTGTACAAGTCGCCAGTGGTGTCTGGGGACACGTCTC

CATGGCATCTCAGCAATGTCTCCTCCACCGGCAGCATCGACATGGTAGACTCGCCC

CAGCTCGCCACGCTAGCTGACGAGGTGTCTGCCTCCCTGGCCAAGCAGGGTTTGT

GA 

Nucleotide sequence for P301L 

GCTGAGCCCCGCCAGGAGTTCGAAGTGATGGAAGATCACGCTGGGACGTACGGGT

TGGGGGACAGGAAAGATCAGGGGGGCTACACCATGCACCAAGACCAAGAGGGTG

ACACGGACGCTGGCCTGAAAGCTGAAGAAGCAGGCATTGGAGACACCCCCAGCCT

GGAAGACGAAGCTGCTGGTCACGTGACCCAAGCTCGCATGGTCAGTAAAAGCAAA

GACGGGACTGGAAGCGATGACAAAAAAGCCAAGGGGGCTGATGGTAAAACGAAGA

TCGCCACACCGCGGGGAGCAGCCCCTCCAGGCCAGAAGGGCCAGGCCAACGCCA

CCAGGATTCCAGCAAAAACCCCGCCCGCTCCAAAGACACCACCCAGCTCTGGTGA

ACCTCCAAAATCAGGGGATCGCAGCGGCTACAGCAGCCCCGGCTCCCCAGGCACT

CCCGGCAGCCGCTCCCGCACCCCGTCCCTTCCAACCCCACCCACCCGGGAGCCC

AAGAAGGTGGCAGTGGTCCGTACTCCACCCAAGTCGCCGTCTTCCGCCAAGAGCC

GCCTGCAGACAGCCCCCGTGCCCATGCCAGACCTGAAGAATGTCAAGTCCAAGAT

CGGCTCCACTGAGAACCTGAAGCACCAGCCGGGAGGCGGGAAGGTGCAGATAATT

AATAAGAAGCTGGATCTTAGCAACGTCCAGTCCAAGTGTGGCTCAAAGGATAATAT

CAAACACGTCCTGGGAGGCGGCAGTGTGCAAATAGTCTACAAACCAGTTGACCTGA

GCAAGGTGACCTCCAAGTGTGGCTCATTAGGCAACATCCATCATAAACCAGGAGGT

GGCCAGGTGGAAGTAAAATCTGAGAAGCTTGACTTCAAGGACAGAGTCCAGTCGAA

GATTGGGTCCCTGGACAATATCACCCACGTCCCTGGCGGAGGAAATAAAAAGATTG

AAACCCACAAGCTGACCTTCCGCGAGAACGCCAAAGCCAAGACAGACCACGGGGC

GGAGATCGTGTACAAGTCGCCAGTGGTGTCTGGGGACACGTCTCCACGGCATCTC

AGCAATGTCTCCTCCACCGGCAGCATCGACATGGTAGACTCGCCCCAGCTCGCCA

CGCTAGCTGACGAGGTGTCTGCCTCCCTGGCCAAGCAGGGTTTGTGA 
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Nucleotide sequence for K280 

CAGACAGCCCCCGTGCCCATGCCAGACCTGAAGAATGTCAAGTCCAAGATCGGCT

CCACTGAGAACCTGAAGCACCAGCCGGGAGGCGGGAAGGTGCAGATAATTAATAA

GCTGGATCTTAGCAACGTCCAGTCCAAGTGTGGCTCAAAGGATAATATCAAACACG

TCCCGGGAGGCGGCAGTGTGCAAATAGTCTACAAACCAGTTGACCTGAGCAAGGT

GACCTCCAAGTGTGGCTCATTAGGCAACATCCATCATAAACCAGGAGGTGGCCAGG

TGGAAGTAAAATCTGAGAAGCTTGACTTCAAGGACAGAGTCCAGTCGAAGATTGGG

TCCCTGGACAATATCACCCACGTCCCTGGCGGAGGAAATAAAAAGATTGAA 

The pUCIDT plasmid containing mutant tau sequences were amplified by 

transforming them into DH5alpha strains of Escherichia coli (E.coli). Transformed cells 

were plated onto kanamycin agar plates and colonies were allowed to grow overnight. 

Individual colonies were then selected and used to inoculate 10 mL of lysogeny broth 

(LB) media for plasmid extraction using QIAGEN Mini-prep kit. Mutant tau DNA 

sequences were then extracted by digesting purified plasmids with MIU1 and BAMH1 

restriction enzymes for downstream ligation into the Tet-One system. 

mCherry/eGFP - 2A sequence and primer design 

Plasmids containing mCherry or eGFP were amplified using primers with 

attached restriction sites. The mCherry/eGFP forward primer is fused with EcoR1, while 

the reverse primer is fused with MIU1 and the 2A sequence. The mCherry and eGFP 

sequences are listed below with their primers. 

mCherry 
 
ATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCT

TCAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGA

GGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAA

GGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGC

TCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTGAAGCTGTCCTT
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CCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGCGTGGT

GACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAG

CTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGG

GCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCG

AGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAA

GACCACCTACAAGGCCAAGAAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAAC

ATCAAGTTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGA

ACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTATAAG 

 
 
eGFP 
 
ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAG

CTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGC

GATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGC

CCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAG

CCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAA

GGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCC

GCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGG

GCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTA

CAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGTGA

ACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTA

CCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTAC

CTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGG

TCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTA

CAAG 

 
Primers used to amplify mCherry and eGFP DNA fragments from previously 

cloned plasmids are listed below, where bold letters represent the nucleotide sequence 

that is reverse complement to the 2A sequence, and underline letters represent 

restriction sites.  

mCherry FP:  5' - GCC GCC GAA TTC ATG GTG AGC AAG GGC GAG G-3' 
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mCherry RP: 5'- GCC GCC ACG CGT TGG CCC GGG ATT CTC TTC GAC ATC CCC 
TGC TTG TTT CAA CAG GGA GGA GTT AGT GGC CTT ATA CAG CTC 
GTC CAT GCC G-3' 

eGFP FP: 5' - GCC GCC GAA TTC ATG GTG AGC AAG GGC GAG G-3' 

eGFP RP: 5'- GCC GCC ACG CGT TGG CCC GGG ATT CTC TTC GAC ATC CCC 
TGC TTG TTT CAA CAG GGA GGA GTT AGT GGC CTT GTA CAG CTC 
GTC CAT GCC G-3' 

 

The mCherry and eGFP sequences were amplified using the primers above and 

the PCR products were digested with EcoR1 and MIU1 restriction enzymes. The 

resulting DNA fragment is ligated with MIUI and BAMH1-digested mutant tau DNA 

sequences and the pTet-one plasmid pre-digested with ECORI and BAMH1. The final 

ligation map of all components into the pTet-one plasmid is listed here with restriction 

sites: pTet-One plasmid -EcoR1 -mCherry or eGFP - 2A sequence - MIU1 - tau (VPR, 

P301L or K280)- BAMH1.  

The final ligated plasmid is transformed into DH5alpha strain of E.Coli, where 

individual colonies were allowed to grow under ampicillin selection. Single colonies were 

selected to inoculate 100mL of LB media. Cells were lysed and plasmids were extracted 

using QIAGEN's midi-prep kit. Aliquots of purified plasmids were digested with EcoR1, 

BAMH1 and MIU1 restriction enzymes to test for proper incorporation of all coding 

components. Digested samples were loaded onto 1% agarose gel to detect DNA 

fragments of appropriate sizes : mCherry/eGFP-2A: 700bp; 0N4R tauP301L:1.2kb; 

truncated tau K280:400bp; 2N4R tau VPR: 1.5kb; cut pTet-one: 4.2kb. 

3.5.2. Cell culture 

N2a cells were cultured in minimum essential medium (MEM) low glucose (1g/L) 

media (Thermo Fisher Scientific, 11090081), supplemented with 10 percent FBS (Gibco), 
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and 2 mM GlutaMAX (Thermo Fisher Scientific,41090036) at 37oC in a water-jacketed, 

humidified CO2 incubator(5 percent). Bacterial contamination in culture is prevented by 

the application of 100units/mL of penicillin and 100µg/mL of streptomycin. Media and 

treatment compounds were refreshed every two days. Sub-culturing was completed just 

before cells reach approximately 90 percent confluency. Cells were incubated with 2 mL 

of trypsin at 37oC for 5 minutes followed by inactivation of trypsin with 10 mL culture 

medium. After centrifuging at 500 g for 2 minutes to remove trypsin, cells are re-

suspended in 10 mL culture medium supplemented with 10 percent FBS. Approximately 

2.6X106 cells are re-seeded into a new 10cm culture flask to allow continuous treatment 

and cell growth. 

3.5.3. Immunoblot analysis 

Whole cell lysates were prepared by lysing cells and boiling samples in 1 percent 

SDS in PBS or lysed in RIPA buffer. The samples were separated on 12% SDS-PAGE 

gel and transferred onto nitrocellulose membranes. After transfer, membranes were 

blocked for 1 hour at room temperature in 5% bovine serum albumin in phosphate 

buffered saline and Tween 20 (PBS-T) before incubated with primary antibodies over 

night at 4oC. The membrane was rinsed twice with PBS-T for 5 minutes and two 

additional times for 10 minutes each. Membranes were blocked with 3% BSA for 30 

minutes at room temperature before they were incubated with secondary antibodies 

labeled with fluorescent dye IRDye 800CW or IRDye 680LT (Li-Cor) for 1 hour at room 

temperature in the dark. Membranes were washed with PBS-T twice for 5 minutes, and 

twice for 10 minutes each before being scanned using Li-Cor quantitative western blot 

analysis system.  
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3.5.4. Antibodies 

The following primary antibodies were used in the western blotting assays: 

Polyclonal Rabbit anti-human tau (Dako, A0024, 1:5000). anti-PHF (Santa Cruz 

Biotechnology, sc-130646, 1:1000). anti-Beta-actin (Santa Cruz Biotechnology, sc-

47778, 1:1000) 

3.5.5. Transient expression of mutant tau and fluorescent staining 

HEK cells were plated into 12-well plates the night before transfection to reach a 

50 percent confluency by time of transfection. Approximately 1μg of plasmids are used 

to transfect each well of cells, and steps were followed exactly as manufacturer protocol. 

After an overnight transfection, 100ng/mL of doxycycline as suggested by manufacturer 

protocol was added to designated plates.  

To fluorescently visualize mutant tau in N2a cells transiently transfected with 

P301L, cells were seeded onto cover-slips in 12-well plates at 40 percent confluency. 

Cells were subjected to 48 hours of doxycycline induction before being fixed with 4% 

paraformaldehyde in PBS for 15 minutes. Cover-slips were then washed twice with PBS 

and permeablized with 0.2% triton X-100 in PBS for 5 minutes on ice. After two PBS 

washes, cells were incubated with 0.1 percent thioflavin-S for 10 minutes at room 

temperature, and washed twice with 50 percent ethanol. Cells were subsequently 

washed twice with PBS before being blocked with 5 percent albumin in PBS-T for 1 hour 

at room temperature with rocking. Cells were then incubated with primary PHF antibody 

overnight at 4oC, and washed five times with PBS at 5 minute intervals. Cells were then 

incubated with secondary antibodies for 2 hours in the dark before being washed five 

more times at 5 minute intervals. Hoechst stain was added to each cover-slips before 

mounting. Cover-slips were analyzed using Nikon A1R laser scanning confocal system 

using 40X oil objective and further magnified 2.5 times for each scanned image. 
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3.5.6. Stable cell line selection 

 Plasmids containing the gene of interest, mCherry-2A-280K, -VPR, and -P301L, 

were constructed and sent to Dr. Gorski's laboratory to establish stable cell lines in N2a 

cells. The transfection and selection process was carried out by Nancy Error Go and the 

technicians at the BC Cancer Agency. The genes of interest were co-transfected with 

linear marker Hygr into N2a cells. Stable clones were selected using 400μg/mL of 

hygromycin B to kill cells without gene incorporation. Clones with highest expression 

levels were chosen by western blot and fluorescence analysis.  

N2a cell line stably expressing eGFP-2A-P301L was established in the Vocadlo 

laboratory. Neuro-2a cells were plated into 6-well plates 24 hours before transfection to 

ensure 70 percent confluency by the time of transfection. Transfection was completed 

using lipofectamine 3000® （ThermoFisher) using 119ng of puromycinr linear marker 

and 2.4μg of plasmid DNA.  Cells were allowed to recover for an additional 2 days 

before being trypsinized and moved into 100 mm dishes. Single clones were selected 

after 2 weeks of puromycin selection at 10 μg/mL using cloning cylinders. Single clones 

were subsequently picked and allowed to recover and grow. A portion of cells from each 

clone was stored in liquid nitrogen while the rest were induced with 200ng/mL of 

doxycycline. Induced cells were passed through a fluorescence flow cytometer, where 

eGFP positive cells were collected. Each resulting pool of fluorescent cells were then re-

cultured, stored, and tested for expression of tau by immunoblot. Figure below shows an 

immunoblot showing the different tau expression levels of six different clones. Clone 10 

and 19 were chosen for the highest difference in expression between control and 

doxycycline treated samples.   
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Figure 23. Total tau and PHF levels of six N2a single clones transfected with pTet-
One eGFP-2A-P301L. Six stable clones expressing eGFP -2A-P301L were 
tested for their level of expression by western blot analysis. Full cell lysate 
from clones 7,10,11,12,14, and 19 treated with and without doxycycline for 
48 hours were immunoblotted against total tau and PHF formation. C: control, 
D: doxycycline 200ng/mL for 24 hours. Clone 10 and 19 showed highest 
change in induction between doxycycline treated and control samples.  

 

3.5.7. Puromycin concentration for cell selection 

In order to determine the appropriate antibiotic concentration necessary to 

maintain healthy selection pressure during cell culture, the minimum concentration of 

puromycin required to kill an entire plate of healthy non-transfected neuro-2a cells in 3 

days was selected. It was found that 250ng/mL of puromycin was sufficient to maintain 

stable cell line and prevent contamination from non-transfected cells. Hygromycin 

concentration to maintain selection is suggested by the Gorski lab, where two of the 

three stable cell lines were made.  

3.5.8. Cell Count using the Automatic Cell Counter 

Stably transfected tauopathy cells in T75 flasks are lifted by incubating cells with 

2 mL of trypsin at 37oC for 5 minutes. After centrifuging at 800rpm for 2 minutes to 

remove trypsin, cells are re-suspended in 10 mL culture media supplemented with 10 
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percent FBS. 10 uL of cell suspension is mixed evenly with 10 uL of trypan blue and 

inserted into Bio Rad TC20 cell counter to receive a cell count.  

3.5.9. Statistical analysis  

Statistical analysis of western blot analysis was completed using Graphpad Prism 

5.03 using one way analysis of variance (ANOVA). In each of the analysis, a p value 

equal to or smaller than 0.05 is considered to be statistically significant. *p<0.05, ** 

<0.01, ***p<0.001. 
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Chapter 4. Investigating the effects of Thiamet-G 
on mutant tau protein degradation 

4.1. Investigating the role of Thiamet-G in regulating tau mRNA 
levels 

In the second chapter, it was observed that Thiamet-G induced autophagy in N2a 

cells and mouse brain, and reduced pathologic tau in JNPL3 mouse brains. Similar 

effects were also observed in primary neurons by our collaborators. However, since O-

GlcNAc plays a pleiotropic role in targeting a number of protein classes including 

transcription factors, we wanted to verify if this reduction of pathologic tau takes place at 

the protein or through effects on transcription, or both.  

The three tauopathy cell lines generated in chapter 3 provide suitable models to 

study the effects of OGA inhibition on tau pathology. In this section, RT-qPCR assays 

were used to evaluate mRNA levels of mutant tau and endogenous mouse tau in each of 

the tauopathy cell lines treated with and without Thiamet-G. Total RNA was extracted 

and incubated with random primers, dNTP and reverse transcriptase to synthesize a 

collection of first strand cDNA. Primers for mutant tau, endogenous tau, and actin were 

used in qPCR to evaluate mRNA levels in response to Thiamet-G treatment.  Actin was 

used as an internal control gene. The purpose of this experiment was to ensure that the 

transcription activity of the inducible construct used in the cell line generation and 

endogenous mouse tau is not affected by OGA inhibition. 

4.1.1. Thiamet-G treatment does not affect tau RNA level 

Data from qPCR shows that short-term and long-term treatment with Thiamet-G 

did not affect the mRNA level of exogenously expressed mutant tau and endogenous 
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mouse tau. In the tauopathy cell line expressing VPR tau, short term Thiamet-G dosing 

induced slight fluctuations in endogenous tau mRNA at an insignificant level, while long-

term Thiamet-G resulted in no change (figure 26).  

 

Figure 24. mRNA expression of mutant and mouse tau in VPR tauopathy cell line 

treated with Thiamet-G. Cells were induced using 250ng/mL doxycycline, 

and treated with and without 100 uM Thiamet-G for 3 days or 21 days. qPCR 

data was exported to GraphPad Prism 5 for statistical analysis. Error Bars 

represent ± SEM with n = 4 in two-tailed paired t-test with 95% confidence 

interval ( a. P = 0.2803, b. P = 0.4027, c. p=0.4503, d. p=0.9079)  
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Figure 25. RT-qPCR of P301L mutant tau and endogenous mouse tau mRNA 

expression in P301L stably transfected N2a cells treated with long term 

Thiamet-G. VPR tau expression was induced using 250ng/uL doxycycline, 

and cells are co-treated with and without 100 uM Thiamet-G for 21 days. 21 

days of Thiamet-G treatment did not significantly change the mRNA 

expression of mutant VPR tau nor endogenous  mouse tau in doxycycline 

induced VPR transfected cells. Error Bars represent ± SEM with n = 4 in two-

tailed paired t-test with 95% confidence interval( a. P = 0.2803, b. P = 0.3466, 

c. p=0.4552, d. p=0.3630 
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Figure 26. RT-qPCR of K280 mutant tau and endogenous mouse tau mRNA 

expression in K280 stably transfected P301L cells treated with short 

term Thiamet-G. P301L tau expression was induced using 250ng/uL 

doxycycline, and cells are co-treated with and without 100 uM Thiamet-G for 3 

days. 3 days of Thiamet-G treatment did not significantly change the mRNA 

expression of mutant P301L tau nor endogenous  mouse tau in doxycycline 

induced P301L transfected cells. Error Bars represent ± SEM with n = 4 in 

two-tailed paired t-test with 95% confidence interval( a.  P = 0.6470, b. P = 

0.3026, c. p=0.9220, d. p=0.1939) 



95 

In the tauopathy cell lines stably transfected with P301Ltau (figure 27) or 

K280(figure 28), short-term and long-term Thiamet-G treatment also did not 

significantly change mRNA levels of either exogenous mutant tau or endogenous mouse 

tau.  

In conclusion, the qPCR data suggest that OGA inhibition using Thiamet-G does 

not affect mRNA level of exogenous mutant tau or endogenous mouse tau. This data is 

important in showing that if OGA inhibition leads to reduction of tau protein, this change 

likely takes place at the protein level.  

4.2. Investigating the role of Thiamet-G on mutant tau protein levels 

In previous chapters, it was shown that Thiamet-G induced autophagic flux, 

reduced pathologic tau, and prevented neuronal deaths in JNPL3 mouse models. Since 

Thiamet-G enhanced autophagic flux was also observed in neuro-2a cells, we wanted to 

investigate if Thiamet-G reduces pathologic tau in the three neuro-2a cell lines stably 

expressing mutant tau. To answer this question, various durations of Thiamet-G 

treatment and doxycycline induction was tested for changes in total tau and PHF tau 

levels. First, tauopathy cells were co-treated with 100µM Thiamet-G and 250ng/mL 

doxycycline or with doxycycline alone for 3 and 21 days. No significant differences in 

total tau and PHF tau were observed in the Thiamet-G treated samples by immunoblot. 

Next, tau expression was induced by three days of doxycycline treatment before short-

term (3 days) or long-term (21 days) treatment with both Thiamet-G and doxycycline. 

Delayed Thiamet-G treatment also did not affect total tau and PHF levels (data not 

included).  
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It was surprising to find that long-term Thiamet-G treatment post tau toxicity did 

not induce significant changes in total tau and PHF tau in the tauopathy cell lines. This 

meant that Thiamet-G was either ineffective at inducing tau changes in tauopathy cell 

lines, or that rapid growth of cells during treatment could have masked changes in tau. 

The tauopathy cell lines had doubling times of approximately 30 hours, and cell 

passaging was required every 4 days. Every additional passage reduced the original 

population by 60 to 70 percent, meaning that after 21 days of culturing, very small 

percentage of the cells have actually experienced 21 days of doxycycline or Thiamet-G 

treatment. Additionally, long-term doxycycline likely decreases cell survival, and 

increases doubling time, thus allowing newly divided cells with shorter doxycycline 

exposure to repopulate at a faster rate. If this scenario was true, then it will be important 

to design short experiments that reduces cell passaging and restricts doxycycline 

induction to approximately 7 days.  

4.2.1. Pre- treatment of tauopathy cells with Thiamet-G does not 
reduce VPR and P301L mutant tau 

To test the effect of long-term Thiamet-G treatment, initially designed 

experiments involved cells being pre-treated with or without Thiamet-G for 14 days. 

Doxycycline was then added to these cell for three days starting at day 11. On day 14, 

total cell lysates were obtained and levels of tau in Thiamet-G treated and control cells 

were compared using immunoblot analysis. No significant differences in total tau or PHF 

positive tau were observed. I hypothesized that three days of doxycycline may not be 

sufficient for accumulation of pathological tau, or perhaps the continuous high 

expression of mutant tau was masking any changes in its degradation. To optimize the 

assay, cells were allowed to recover for three additional days after doxycycline induction 

in pure culture media (recovery chase). The purpose of this experimental design was to 
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remove the possibility that continued expression of tau may mask Thiamet-G induced 

reduction of tau. 

 

Figure 27. Thiamet-G pre-treatment on VPR mutant tau levels. Immunoblot analysis 

of total tau and PHF tau in doxycycline (Dox) and Thiamet-G (Thiamet-G) 

pre-treated cells. 3Days Dox: 250ng/mL doxycycline for 72 hours; 3Day Dox 

+ 3 Day Chase: 72 hours doxycycline followed by 72 hours of no treatment; 3 

Dox + 14 P-Thiamet-G + 3 Day Chase: 14 days 100µM Thiamet-G pre-

treatment, 72 hours doxycycline followed by 72 hours of no treatment. 

Values for densitometry analysis were obtained by quantifying total signals 

from all bands in each sample lane using Image J with Licor. P-values were 

obtained from One-Way ANOVA analysis using GraphPad Prism. 

Bonferroni's multiple comparison post-test, 95% confidence level. a. 

P=0.0001, R2=0.9925, b. P=0.0002, R2=0.9023 
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Figure 28. Thiamet-G pre-treatment on P301L mutant tau levels. Immunoblot 
analysis of total tau and PHF tau in doxycycline (Dox) and Thiamet-G 
(Thiamet-G) pre-treated cells. 3 Days Dox: doxycycline at 250ng/mL for 72 
hours; 3 Day Dox + 3 Day Chase: 72 hours doxycycline followed by 72 hours 

of no treatment; 3 Dox + 14 P-Thiamet-G + 3 Day Chase: 14 days 100µM 

Thiamet-G pre-treatment, 72 hours doxycycline followed by 72 hours of no 
treatment. Values for densitometry analysis were obtained by quantifying 
total signals from all bands in each sample lane using Image J with Licor. P-
values were obtained from One-Way ANOVA analysis using GraphPad 
Prism. Bonferroni's multiple comparison post-test, 95% confidence level. a. 
P=0.0264, R2=0.6654, b. P=0.0003, R2=0.8969 

 

Significant changes in the pattern of immunoreactive bands were observed 

(figure 29) when cells were allowed to recover for three days following three days of 

induction (3Day Dox+ 3 Day Chase in comparison to 3 Day Dox). In tauopathy cell lines 

expressing VPR tau, the 60kDa band representing full length 2N4R VPR mutant tau and 

the collection of 25-30kDa bands were significantly reduced, while PHF positive 35kDa 

to 40kDa tau and 20kDa fragments were more prominent. It is likely that the 60kDa VPR 

tau is fragmented or degraded by proteases during the three days of recovery chase. 
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However, it seems that the cellular processing of mutant tau leads to the accumulation 

PHF positive tau fragments. Thiamet-G pre-treatment prior to doxycycline induction and 

recovery chase (3Dox + 14P-Thiamet-G+3 Day Chase Vs. 3Day Dox + 3 Day Chase) 

did not induce changes in band patterns in comparison to three days of doxycycline 

followed by three days of recovery chase (3 Days Dox + 3 Day Chase). 

 

Figure 29. Thiamet-G pre-treatment in N2a cells expressing K280 mutant tau. 
Immunoblot analysis of total tau in doxycycline and Thiamet-G pre-treated 
cells. 3Days Dox: doxycycline at 250ng/mL for 72 hours; 3Day Dox + 3 Day 
Chase: 72 hours doxycycline followed by 72 hours of no treatment; 3 Dox + 

14 Day Thiamet-G Pre-Treatment + 3 Day Chase: 14 days 100µM Thiamet-

G pre-treatment, 72 hours doxycycline followed by 72 hours of no treatment. 
Values for densitometry analysis were obtained by quantifying total signals 
from all bands in each sample lane using Image J with Licor. P-values were 
obtained from One-Way ANOVA analysis using GraphPad Prism. 
Bonferroni's multiple comparison post-test, 95% confidence level. P<0.0001, 
R2=0.9320 

 

Similar effects were also observed in the tauopathy cell lines stably expressing 

P301L (Fig 30). Three days of recovery chase after three days of doxycycline treatment 

resulted in decreased levels of total tau and changes in band patterns. Figure 30 shows 

reduction of the full length 0N4R P301L 55kDa tau and the appearance of 45 and 25kDa 

band in samples exposed to an additional three days of recovery chase as measured 

using a general anti-tau antibody. Accumulation of small PHF-positive tau fragments of 
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35-55kDa and 25kDa were also visible. Thiamet-G pre-treatment did not significantly 

affect tau protein levels. 

In the tauopathy cell line expressing K280 tau, three days of additional 

recovery chase after three days of doxycycline induction also resulted in immunoreactive 

bands as assessed by western blot analysis (figure 31). The 40 and 35kDa bands were 

reduced in intensity, while the 25kDa band increased in intensity as detected by anti-

total tau. 14 Days of Thiamet-G pre-treatment before doxycycline and chase slightly 

reduced the level of total tau, although the effect is not readily discerned by eye. 

4.2.2. Combination of Thiamet-G pre-treatment and post-treatment 
reduces mutant tau and PHF positive tau fragments 

In the previous experiment, Thiamet-G pre-treatment preceded doxycycline 

addition, but was not added post doxycycline induction during the recovery chase phase. 

In this section, Thiamet-G post-doxycycline treatment (Thiamet-G-chase) was tested in 

conjunction with Thiamet-G pre-treatment (P-Thiamet-G) to assess changes in total tau 

and PHF positive tau. Cells were incubated and passaged in 100µM Thiamet-G or 

vehicle control for 14 days. Doxycycline was added to all cells at day 11 for three days, 

and removed at day 14. Thiamet-G treatment continued for cells that were pre-treated 

with Thiamet-G for three additional days until day 17. Whole cell lysates obtained on day 

17 show that Thiamet-G treatment before, during, and post-doxycycline induction 

decreased total tau and PHF positive tau in all three tauopathy cell lines.  

In the N2a tauopathy cell line expressing VPR tau, doxycycline followed by three 

days of recovery chase led to the same reduction of the 60kDa total tau and PHF tau 

band. Thiamet-G pre-treatment and post treatment with three days of doxycycline 

induction (P-Thiamet-G+Dox+Thiamet-GChase) slightly reduced the level of fragment 
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PHF tau, but the change was not statistically different as compared to non Thiamet-G 

treated cells.  

 

Figure 30. Thiamet-G pre-treatment and Thiamet-G chase on VPR mutant tau 
levels. a)Immunoblot analysis of total tau and PHF positive tau in 
doxycycline and Thiamet-G pre/post-treated cells expressing VPR tau. 
Contol: no treatment or induction; Dox: doxycycline at 250ng/mL for 72 hours; 
Dox + Chase: 72 hours doxycycline followed by 72 hours of no treatment; P-

Thiamet-G+Dox+Thiamet-G Chase: 14 days 100µM Thiamet-G pre-

treatment, 72 hours doxycycline followed by 72 hours of Thiamet-G post-
treatment. b) densitometry analysis involved quntifying total signals from all 
bands in each sample lane using Image J and Li-Cor. p-values were 
obtained from One-Way ANOVA analysis in GraphPad Prism. Bonferroni's 
multiple comparison post-test, 95% confidence level. a. P<0.0001, 
R2=0.9816. b. P<0.0001, R2=0.9622 

 

Thiamet-G treatment demonstrated clear effects in the  P301L tau expressing cell 

line. Thiamet-G treatment before, during, and post doxycycline induction (P-Thiamet-

G+Dox+Thiamet-G Chase) decreased total tau and PHF positive bands at the 45kDa, 

25kDa, and 13kDa position (figure 33) in comparison to doxycycline and chase treatment 
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alone ( Dox + Chase). This data showed that Thiamet-G pre-treatment and post-

treatment collectively reduced the level of fragmented P301L tau. 

 

Figure 31.Thiamet-G pre-treatment and Thiamet-G chase on P301L mutant tau 
levels. a) Immunoblot analysis of total tau and PHF positive tau in doxycycline 
(Dox) and Thiamet-G (Thiamet-G) pre/post-treated cells expressing P301L tau. 
Contol: no treatment or induction; Dox: doxycycline at 250ng/mL for 72 hours; 
Dox + Chase: 72 hours doxycycline followed by 72 hours of no treatment; P-

Thiamet-G+Dox+Thiamet-G Chase: 14 days 100µM Thiamet-G pre-treatment, 

72 hours doxycycline followed by 72 hours of Thiamet-G post-treatment. b) 
densitometry analysis was carried out by calculating total signals from all 
bands in each sample lane using Image J and Li-Cor; statistical analysis were 
done by Graphpad Prism. p-values were obtained from One-Way ANOVA 
analysis. Bonferroni's multiple comparison post-test, 95% confidence level. a. 
P<0.0001, R2=0.9853. b. P<0.0001, R2=0.8752 

 

In the tauopathy cell line expressing the K280 tau mutant, an even greater 

reduction in total tau was observed. The 35, 25, and 13kDa bands detectable by anti-

total tau antibody were barely detectable when cells were pre-treated and post-treated 

with Thiamet-G.  This data showed that continuous treatment with Thiamet-G before and 

after induction of toxic tau reduces the level of mutant tau and PHF positive fragments in 
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the three tauopathy cell lines, with statistical significance in both the P301L and K280 

mutant cells. 

 

Figure 32. Thiamet-G pre-treatment and Thiamet-G post chase on 280K mutant 
levels. Immunoblot analysis of total tau in doxycycline (Dox) and Thiamet-G 
(Thiamet-G) pre/post-treated cells expressing K280. Contol: no treatment 
or induction; Dox: doxycycline at 250ng/mL for 72 hours; Dox + Chase: 72 
hours doxycycline followed by 72 hours of no treatment; P-Thiamet-

G+Dox+Thiamet-G Chase: 14 days 100µM Thiamet-G pre-treatment, 72 

hours doxycycline followed by 72 hours of Thiamet-G post-treatment. 
Densitometry analysis was carried out by calculating total signals from all 
bands in each sample lane using Li-Cor, and statistical analysis were done 
by Graphpad Prism. p-values were obtained from One-Way ANOVA 
analysis. Bonferroni's multiple comparison post-test, 95% confidence level. 
P<0.0001, R2=0.9530.  

 

4.3. Discussion and Conclusion 

4.3.1. Thiamet-G does not influence RNA level of exogenous mutant 
tau and endogenous tau in transfected Neuro-2a cells 

Due to the pleotropic effects of O-GlcNAc and its ability to modify transcription 

factors, it was important to investigate if Thiamet-G treatment affects tau gene 

expression in each of the stable cell lines. It was found that mRNA levels of exogenous 

mutant tau and endogenous mouse tau were not disturbed by short and long term 

treatment with Thiamet-G. With my initial data suggesting that Thiamet-G reduces PHF 

positive tau fragments and total tau in the three tauopathy cell lines, it is likely that OGA 
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inhibition by Thiamet-G targets tau at the protein level, perhaps through processes such 

as autophagy. 

4.3.2. Neuron-2a cells process mutant tau into PHF positive 
fragments 

In section 4.1, it was observed that the N2a cells can naturally process mutant 

tau and produce small tau fragments. When cells were allowed to recover for three 

additional days following three days of doxycycline induction, VPR tau, P301L tau and 

the 40kDa prominent band of 280K were significantly reduced as shown by 

immunoblot. The exact mechanism leading to processing of these mutant tau species is 

still unknown, but the majority of tau may be degraded by the UPS(150) and autophagy, 

which may explain the reduction of total mutant tau in these tauopathy cells (155). 

Proteases such as thrombin(145), caspases, and calpains (147) have been shown to 

cleave tau at specific sites to generate pathologic fragments, which may explain the 

appearance of fragmented tau in all three cell lines. It has been reported that these 

proteases can cleave tau and generate stable 25 kDa fragments containing the 

microtubule binding repeat region, similar to what was observed in the tauopathy cell line 

chase assay described in section 4.2.  Tau fragments of 35kDa, 24kDa, and 17kDa 

weight have also been observed during cleavage of tau by calpain and caspases (149). 

The proteolysis of tau by proteases has been linked to tau pathogenesis, where 

fragments of tau have been shown to readily aggregate, increase toxicity in cell 

culture(243), and induce aggregation of full length tau(247). Interestingly, data in section 

4.2 shows that long-term OGA inhibition (pre-treatment and post-treatment) by Thiamet-

G significantly reduced the levels of PHF tau fragments in P301L and K280 expressing 

tauopathy cell lines. This could be due either to the increased degradation of these 

pathologic fragments by the UPS or by autophagy, or through the stabilization of tau 
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against protease cleavage and the eventual clearance of these full size tau by the UPS 

or by autophagy.  

4.3.3. Thiamet-G pre-treatment and post-treatment reduces total tau 
and PHF positive tau fragments 

While Thiamet-G was shown in this chapter to reduce full length and fragmented 

pro-aggregating tau, it is still unclear whether or not this process involves enhancing 

autophagic flux. But several reports show that autophagy certainly contributes to 

degradation of tau and tau fragments. Using N2a cells expressing both the K280 

mutation in a truncated form of tau along with wild type full length tau, macroautophagy 

has been shown to degrade both truncated and full length tau by Wang and 

colleagues(246). Proteasome inhibition in their N2a tauopathy cell lines did not affect the 

degradation of mutant or full length tau, but inhibition of autophagy by 3-MA increased 

both soluble and aggregated tau. After replication of these results, a key improvement to 

my studies would be to add autophagy inhibitors such as 3-MA to test if reduction in 

levels of tau fragments induced by OGA inhibition is autophagy dependent. 

Interestingly, we observed similar fragmentation patterns in our tauopathy cell 

lines as observed by Wang and colleagues. Proteolysis of truncated tau into PHF 

forming fragments by cathepsin L was observed in their cell line. Such cleavage lead to 

the formation of autophagy degradable protein fragments smaller than 15kDa, which are 

also observed in figure 31, where K280 cells were induced with doxycycline and 

allowed to recover for three days. These bands were reduced by Thiamet-G treatment. 

Autophagy dependent tau degradation has been observed in a number of other 

tauopathy cell lines expressing mutant tau. For example, rapamycin treatment of COS-7 

cells expressing full length tau significantly decreased SDS-insoluble tau(248).  
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In order to connect tau degradation to mTOR-independent autophagy induced by 

OGA inhibition, future experiments with these established cell lines include knocking out 

key proteins in the mTOR pathway such as ULK1 in combination with OGA inhibitors, or 

using mTOR inhibitors in combination with OGA inhibitors to detect protein clearance.  

Additionally, LC3 levels should be analyzed with OGA inhibitor treatment to calculate 

differences in autophagic flux. 

future assays will investigate the mechanism behind OGA inhibition induced tau 

degradation by autophagy. In chapter 2, we showed that Thiamet-G inductions of 

autophagy in N2a, primary neurons and mouse brain are mTOR independent, meaning 

that OGA inhibition functions differently from rapamycin.  

4.4. Experimental Methods 

4.4.1. Extraction of total RNA from N2a tauopathy cell lines 

Tauopathy cells were seeded onto 100 mm dishes and allowed to grow with sub-

culturing for three or 21 days with doxycycline and Thiamet-G treatment. Doxycycline 

and Thiamet-G was replenished every two days with new media to a final concentration 

of 250ng/mL and 100 µM respectively. On the day of harvest, approximately 6 x106 cells 

were trypsinized, lysed in RLT buffer containing β-mercaptoethanol, and homogenized 

using QIAshredder homogenizers (Qiagen) or passed 10 times through a 20-gauge 

needle. Ethanol was added to homogenized lysates and loaded onto the RNeasy Mini 

spin column.  Columns were then washed with RPE buffer and eluted in RNase-free 

water. Samples were quantified using nano-drop and aliquoted into 10µL portions and 

stored at -80oC. Integrity of purified RNA was checked by examining 28S and 18S rRNA 

on a denaturing formaldehyde agarose gel using MOPS buffer.    
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4.4.2. cDNA construction from total RNA 

cDNAs from total extracted RNA were synthesized using EasyScript PlusTM 

Reverse Transcriptase and cDNA Synthesis Kit from ABM. Total RNA was incubated 

with random primers, dNTP mix and nuclease-free H20 at 65oC for 5 minutes. The 

mixture was then combined with 5X RT buffer, RNaseOFF Ribonuclease inhibitor and 

EasyScript PlusTM RTase. The resulting mixture was briefly centrifuged, incubated at 

25oC for 10 minutes to allow primers to anneal to RNA and pre-extend. cDNA is 

synthesized by incubating samples at 50oC for 15 minutes. Reaction is stopped by 

heating at 85oC for 5 minutes and chilled on ice. Samples are frozen at -20oC or used 

directly in qPCR reactions. 

4.4.3. Qualitative PCR 

Quantitative PCR was conducted using the AB Step1 Realtime PCR machine 

using SYBR Green dye (Biorad). SYBR Green is a fluorescent dye that binds to double 

stranded-DNA and its fluorescence level is used to track the progress of DNA 

amplification in qRT-PCR. cDNAs from cells treated with or without Thiamet-G were first 

mixed with iTaqTM Universal SYBR Green Supermix and aliquoted into three tubes. 

Primers for mutant tau, mouse tau, and actin were then added into each of the aliquoted 

tubes and mixed by pipetting. Mouse actin was used as the internal control gene. 10µL 

aliquots were further pipette into EppendorfTM 0.2 mL PCR tube Strips in triplicates and 

loaded onto AB step1 Realtime PCR machine. Quantitation assay was set up to obtain 

comparative CT (CT)values from a total of 45 cycles. Biological sample were run in 

triplicates to calculate statistical significance. Levels of mRNA was calculated using the 

formula RQ=2(-CT), calculated RQ values of Thiamet-G treated samples were then 

normalized to RQ values obtained from non-Thiamet-G treated samples and plotted on 
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bar graph using GraphPad Prism. Significance was tested using paired t-test in 

GraphPad Prism.  

4.4.4. Guidelines for primer design 

A number of qPCR primers were designed to examine gene transcription levels 

of mutant tau and endogenous mouse tau with or without Thiamet-G treatment. Primer 

pairs were generated by inputting mutant tau nucleotide sequences into NCBI Primer-

BLAST. Primer pairs with similar Tm between 50-60oC resulting in amplicon lengths 

between 70 to 300 nucleotides were checked for primer pair specificity against the NCBI 

mouse mRNA RefSequence database. Two set of primers against endogenous mouse 

tau and mouse beta actin were also generated by inputting mouse tau nucleotide 

sequences into NCBI Primer-BLAST. 

qPCR primer design for mCherry - 2A - Δ280K 

Using the mCherry-2A-K280 sequence as a template, primer sets were 

designed and compared for optimal qPCR application. The top two primer sets were 

compared in the tables below along with the predicted amplification products. 

 
Sequence (5'->3') 

Template 
strand 

Length Tm GC% 
Self 
comp 

Self 3' 
comp 

FP GTTCATGCGCTTCAAGGTGC Plus 20 60.73 55.00 6.00 3.00 

RP CAAGTAGTCGGGGATGTCGG Minus 20 59.90 60.00 2.00 1.00 

 
Table 1. qPCR Primer for mCherry-2A-Δ280K (set 1)  producing a 220 nucleotide 

product. The amplifiable sequence is GTTCATGCGCTTCAAGGTGCACA 
TGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGA
GGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAG
GGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTA
CGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTG 

 

 
 
 
 

Sequence (5'->3') 
Template 
strand 

Length Tm GC% 
Self 
comp 

Self 3' 
comp 



109 

FP GTCCAAGATCGGCTCCACTG Plus 20 60.46 60.00 4.00 3.00 

RP GACTATTTGCACACTGCCGC Minus 20 60.18 55.00 4.00 3.00 
 

Table 2. qPCR Primer for mCherry-2A-Δ280K (set 2) producing a 154 nucleotide 
product. The amplifiable sequence is GTCCAAGATCGGCTCCACTGAGAAC 
CTGAAGCACCAGCCGGGAGGCGGGAAGGTGCAGATAATTAATAAGCTGG
ATCTTAGCAACGTCCAGTCCAAGTGTGGCTCAAAGGATAATATCAAACACG
TCCCGGGAGGCGGCAGTGTGCAAATAGT 

Primer set 1 was selected and purchased from IDT for downstream qPCR 

experiments due to the lower self complementarity in the reverse primer. This amplicon 

amplified a segments in the mCherry region of the mutant tau construct.   
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qPCR primer design for eGFP-2A-P301L 

Using the eGFP-2A-P301L sequence as a template, a number of primer sets 

were designed and compared for optimal qPCR application. The top two primer sets 

were compared in the tables below along with the predicted amplification products. 

 

Sequence (5'->3') Template strand Length Tm GC% 
Self 

comp 

Self 3' 

comp 

FP GACGTAAACGGCCACAAGTTC Plus 21 60.07 52.38 4.00 1.00 

RP CTTGTAGTTGCCGTCGTCCT Minus 20 60.04 55.00 3.00 0.00 

Table 3.  qPCR Primer for eGFP-2A-P301L (set 1) producing a 261 nucleotide 
product. The amplifiable sequence is GACGTAAACGGCCACAAGTTCA 
GCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCC
TGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCT
CGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGAC
CACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACG
TCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAG 

 

 
Sequence (5'->3') 

Template 
strand 

Length Tm GC% 
Self 
comp 

Self 3' 
comp 

FP GGGCTACACCATGCACCA Plus 18 59.65 61.11 4.00 1.00 

RP CTTCCAGTCCCGTCTTTGCTT Minus 21 60.54 52.38 2.00 0.00 

Table 4. qPCR Primer for eGFP-2A-P301L (set 2) producing a 156 nucleotide 
product.  The amplifiable sequence is GGGCTACACCATGCACCAAGAC 
CAAGAGGGTGACACGGACGCTGGCCTGAAAGCTGAAGAAGCAGGCATT
GGAGACACCCCCAGCCTGGAAGACGAAGCTGCTGGTCACGTGACCCAA
GCTCGCATGGTCAGTAAAAGCAAAGACGGGACTGGAAG 

 

Primer set one was selected for qPCR studies and purchased from IDT due to 

the similar lengths in both primers and similar Tm. The resulting amplicon corresponds to 

the eGFP region of the P301L tau construct.  
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qPCR Primer design for mCherry-2A-VPR 

The following nucleotide sequence was used to determine the most suitable 

qPCR primer for eGFP - 2A - P301L. qPCR product of each primer set is bolded and 

underlined below. 

 
Sequence (5'->3') 

Template 
strand 

Length Tm GC% 
Self 
comp 

Self 3' 
comp 

FP GTTCATGCGCTTCAAGGTGC Plus 20 60.73 55.00 6.00 3.00 

RP CAAGTAGTCGGGGATGTCGG Minus 20 59.90 60.00 2.00 1.00 
 

Table 5. qPCR Primer for mCherry-2A-VPR (set 1) producing a 220 nucleotide 
product. The amplifiable sequence is GTTCATGCGCTTCAAGGTGCACA 
TGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGA
GGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAG
GGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCATGTA
CGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCGACTACTTG 

 

 

Table 6. qPCR Primer for mCherry-2A-VPR (set 2) producing a 157 nucleotide 
product. The amplifiable sequence is GTCCAAGATCGGCTCCACTG 
AGAACCTGAAGCACCAGCCGGGAGGCGGGAAGGTGCAGATAATTAATAAG
AAGCTGGATCTTAGCAACGTCCAGTCCAAGTGTGGCTCAAAGGATAATATC
AAACACGTCCTGGGAGGCGGCAGTGTGCAAATAGTC 

Primer set 1 was selected for qPCR analysis of VPR expressing cells because 

the same set of primers can be used in the K280 expressing cell line.  

qPCR Primer design for endogenous mouse tau 

Endogenous mouse tau primers used for qPCR were also purchased from IDT along 

with primers used for qPCR of mouse actin as control. The forward primer contains the 

sequence TTCTGTCCTCGCCTTCTGTC, and the reverse primer has the sequence 

CTCCAGCATGGTCTTCCATT. Both primers shared similar length (20nucleotides), Tm 

(60oC) and GC percentage (50 to 55%).  

 
 
 
 

Sequence (5'->3') Template strand Length Tm GC% 
Self 
comp 

Self 3' 
comp 

FP 
GTCCAAGATCGGCTCCACT
G 

Plus 20 60.46 60.00 4.00 3.00 

RP GACTATTTGCACACTGCCGC Minus 20 60.18 55.00 4.00 3.00 
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4.4.5. Western blot analysis 

Whole cell lysates were prepared by lysing cells and boiling samples in RIPA 

buffer. Samples were separated on 12% SDS-PAGE gels and transferred onto 

nitrocellulose membranes. After transfer, membranes were blocked for 1 hour at room 

temperature in 5% bovine serum albumin dissolved in PBS-T (BSA) before being 

incubated with antibodies over night at 4oC. The membrane was rinsed twice with PBS-T 

for 5 minutes and two additional times for 10 minutes each. Membranes were blocked 

with 3% BSA for 30 minutes at room temperature before being incubated with secondary 

antibodies labeled with fluorescent dye IRDye 800CW or IRDye 680LT (Li-Cor) for 1 

hour at room temperature in the dark. Membranes were washed with PBS-T twice for 5 

minutes, and twice for 10 minutes each before being scanned using Li-Cor quantitative 

western blot analysis. Actin was used as loading control for each western blot analysis, 

and densitometry values were normalized to actin before data was transferred to 

GraphPad Prism for statistical analysis. 
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Chapter 5. Final Remarks 

During my master's thesis, I had the opportunity of working with many 

experienced scientists who supported me in the engaging fields of Alzheimer's disease 

(AD), O-GlcNAcylation, and autophagy. Our efforts to connect the three fields together to 

map out how OGA inhibition may enhance autophagy to reduce pathological tau 

depended on the works published by countless researchers both in and outside of the 

Vocadlo, Gorski,  and Silverman Group.  

AD is the most common form of neurodegeneration that involves the progressive 

degeneration of brain neurons and leads to the deterioration of cognitive abilities and 

memory. This condition is characterized by the accumulation of pathologic tau and beta 

amyloid protein in the brain regions. Accumulation of tau is closely correlated to clinical 

severity of the disease, and is the common target for AD related research. 

Over the years, many groups have shown that autophagy enhancers such as 

rapamycin decreases neurofibrillary tangle in tauopathy mouse models(136, 137, 140). 

We now see a widespread standardized usage of rapamycin and its analogues as 

mTOR dependent autophagy inducers in research. In chapter 2, collaborative work by 

three groups showed that OGA inhibition by Thiamet-G enhanced autophagy in 

neuroblastoma cells, primary neurons, mouse brain, and Alzheimer's model mouse brain 

at a level comparable to that induced by rapamycin. We also showed that OGA inhibition 

by Thiamet-G treatment reduced pathological tau and increased autophagy in AD mouse 

models (JNPL). In addition, we found that Thiamet-G induced autophagy is independent 

of the mTOR pathway, and that long-term Thiamet-G treatment had no toxic effects on 
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target cells. These data proved that OGA inhibition has potential for therapeutic 

applications in which enhanced autophagy could be useful. 

With the results obtained in chapter two, the next step in our project was to 

investigate the mechanism behind OGA inhibition and tau clearance. With extensive 

resources demanded by working with animal models such as JNPL3, continuing further 

investigations in AD mouse was potentially time and cost limiting. In comparison, we saw 

benefits in designing cellular models of tauopathy where pathologic tau can be readily 

induced and studied. Chapter 3 focuses on the design, cloning, and establishment of 

three tauopathy cell lines in neuro-2a cells that could express mutant tau upon induction 

by doxycycline. In the later part of chapter 3, I focused on characterizing the three cell 

lines to determine the optimal doxycycline dosage that will be suitable for future assays. 

Chapter 4 included a series of proof of concept assays where Thiamet-G was 

tested for its ability to reduce mutant and pathological tau. Total mutant tau levels were 

determined by anti- tau antibody, and anti-PHF antibody was used to determine the 

levels of tau phosphorylation at Ser396 and 404 connected to early pathological tau 

aggregation and PHF formation. I observed that neuro-2a cells have the ability to 

process full length mutant tau, but this unknown processing resulted in the production of 

multiple smaller tau fragments that were detectable by anti-PHF antibody. Previous 

publications indicate that these tau fragments are potentially highly pathogenic. Long 

term Thiamet-G treatment before and after tau pathology resulted in significant reduction 

of total mutant tau, as well as these potentially pathologic fragments in neuro-2a cells. 

Further research is required in order to verify whether or not Thiamet-G induced 

reduction of mutant tau and pathologic tau fragments is indeed due to increased 

autophagic flux, but our research so far has gathered evidence showing that this 
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hypothesis has potential. We have shown that OGA inhibition induced autophagic flux in 

AD mouse and mouse primary neurons, and reduced pathologic tau in JNPL3 mice. In 

addition, OGA inhibition induced autophagic flux in Neuro-2a cells, and reduced mutant 

and tau fragments in neuro-2a cells stably expressing VPR, P301L, and K280 mutant 

cells. In our tauopathy cell lines, we have found that OGA inhibition before and after 

doxycycline induction reduced toxic fragment levels.  

Our data shows that OGA inhibition is a possible therapeutic approach to 

targeting Alzheimer's disease, but additional research is required to verify this 

hypothesis. For example, if OGA inhibition is required before tau toxicity initiates in 

patients, then it may be difficult to decide when OGA inhibition treatment should start. 

Alzheimer's disease is often a progressive disease that requires years of slow cellular 

changes before the first symptoms are observed. Of course, this is hard to speculate 

because human neurons are more dynamic and have longer life spans than cultured 

neuroblastoma cells.  

One of our future goals is to map out the mechanism of OGA inhibition on ATG 

and autophagy associated proteins to reduce tau fragments. Such studies include 

investigating their sites of modification and how these modifications may affect their 

interactions with associated complexes within the autophagy pathway.  

Additional future directions involve the optimization of fluorescent staining of tau 

aggregates in the three tauopathy cell lines. The successful staining of tau aggregates 

by Thioflavin-S and Congo-Red may allow the high-content screening of new drugs 

targeting tauopathy. During my research, I have faced difficulties in developing a tau 

staining protocol using Thioflavin-S due to high background florescence, and the lack of 

a viable model that could produce neurofibrillary tangles (NFT) and paired helical 



116 

filaments (PHF)  within 7 days of doxycycline. Future optimization of such an assay 

could include the usage of aggregates inducing heparin, fatty acids, anionic dyes such 

as Congo Red, and exogenous tau fibrils.  

There are still many discoveries to be made in the field of Alzheimer's disease 

and O-GlcNAcylation, and the data we have collected so far support our future efforts in 

continuing to research the mechanisms behind Thiamet-G induced autophagy and 

pathological tau reduction. The construction of the three tauopathy cell lines in addition 

to existing AD mouse models may help us to one day establish the connection between 

O-GlcNAc, autophagy, and AD in more detail, in order to aid in the development of new 

drugs against AD and other tauopathies. 
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 Appendix A-1 

 

Thiamet-G enhances autophagic flux in the cortex of CAG-RFP-EGFP-LC3 
transgenic mouse. Fluorescence analysis of sagittal sections from control 
and Thiamet-G-treated expressing tandem autophagy marker RFP-EGFP-
LC3. Thiamet-G: 500mg/kg/d for two weeks in drinking water. Red and 
red/green overlapping (yellow) puncta are quantified using Nikon NIS 
elements software. Error bars represent ± s.d. n=3, *p< 0.05 by unpaired 
student's t-test. Mouse treatment and data prepared by Dr. Yanping Zhu and 
Dr. Xiaoyan Shan. 

  



135 

Appendix A-2 

 

OGA inhibition by Thiamet-G increases O-GlcNAc and enhances autophagy in 
normal mouse brain. O-GlcNAc, SQSTM1, and endogenous LC3/LC3II 
levels in the cortex cell lysate of Thiamet-G treated and control mice were 
analyzed by immunoblot. Immunoblot band signals were quantified using 
Odyssey software Li-Cor. Signals for each protein were normalized to beta-
actin signal of the corresponding sample. Error bars represent ± s.d, where * 
p<0.05, ** <0.01, ***p<0.001 by unpaired student's t-test (n=7). Mouse 
treatment and data prepared by Dr. Yanping Zhu. 
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Appendix B 

 

Thiamet-G enhances autophagy in AD mouse brain. A) Immunofluorescence 
analysis where the green channel represents antibodies recognizing LC3 
protein, and red signals represent pathologic tau recognized by At8 antibody. B) 
immunofluoresence analysis where green channel represents SQSTM1, and 
red channel represent O-GlcNAc levels. LC3 level is quantified by counting 
puncta per cell, while AT8 is quantified by fluorescent intensity per cell 
Quantification is completed using Nikon NIS-element software. Error bars 
represent ± s.d. n=7, *p<0.05; **p<0.01, ***p<0.001.by unpaired student's t-test. 
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Appendix C 

 

Immunoblot analysis of Thiamet-G enhanced autophagy in AD mouse brain. 
Immunoblot analysis of O-GlcNAc, LC3I, LC3II and SQSTM1 levels in cortex 
lysate samples from control and Thiamet-G-treated JNPL3 mice. Immunoblot 
signals were quantified using Odyssey software (Li-Cor). Values of 
immunoblot signals were normalized to those of corresponding beta-actin 
signals. Error bars represent ± s. d. where * p< 0.05, ** p< 0.01, *** p< 0.001 
by unpaired Student’s t-test (n = 7). 

 

Experiments involving animal studies were carried out by Dr. Xiaoyan Shan at 

the Vocadlo lab under the approval and guidance of the Simon Fraser University Animal 

Care Committee. Fourteen 9-12 week old hemizygous female JNPL3 mice were 

obtained from Taconic farms. Animals were divided into 2 groups of 7 animals, co-

housed in groups of four or three in each cage, and allowed to acclimatize for one week 

prior to 36 weeks of Thiamet-G treatment. Fourteen 4- 8 week old male transgenic mice 

expressing tandem LC3 reporter RFP-GFP-LC3 were purchased from the Jackson Lab. 
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They were also housed in the same way as the JNPL3 mice, and were subjected to 2 

weeks of Thiamet-G treatment. 

Animals were quickly sacrificed with CO2 and perfused transcardially with 60 ml 

of saline solution. The brain was then quickly removed and separated between the two 

hemispheres. The left hemisphere was placed into a solution of 4% paraformaldehyde 

and the right hemisphere was dissected on ice into the cortext, brainstem, and 

hippocampus regions and frozen in liquid nitrogen. All samples were relabeled with 

numbers to complete a blind analysis.  

Brain tissues were homogenized in six volumes of tissue homogenization buffer 

containing 50mM Trist-HCL pH 8, 1% (w/v) sodium dodecyl sulfate (SDS), 274 mM 

NaCl, 5 mM KCl, 2mM EDTA, 2mM EGTA, one protease inhibitor tablet (Roche) per 50 

mL, 5mM sodium pyrophosphate, 30mM β-glycerophosphate, 30 mM sodium fluoride 

and 1 mM phenylmethylsulfonyl fluoride (PMSF) and then spun at 13, 000 x g in an 

Eppendorf 5417C centrifuge for 20 min in the 4 °C cold-room. The resulting pellet was 

then re-extracted with three more volumes of THB and spun again at 13,000 x g for 20 

min. The supernatants were then combined and referred to as brain lysate. 

Brain sections were fixed for 24 hours in 4% PFA and transferred to 20% (w/v) 

sucrose overnight for cryoprotection. Brains were embedded in optimal cutting 

temperature embedding medium (Sakura Finetek USA Inc) and sectioned in the sagittal 

plane at 30μM on a Leica cryostat. Free floating sections were permeabilized with 0.1M 

PBS (pH 7.4) containing 0.3% Triton X-100 (PBST) for 15 minutes. After blocking with 10% 

normal goat serum (NGS) and 2.5% BSA in PBST for 60 minutes, sections were 

incubated with primary antibodies at 4oC for 24 hour. After washing with PBST for 45 

minutes, sections were incubated with the corresponding secondary antibody conjugated 
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with Alexa 488, 568, and 647 from Thermo Fisher Scientific) for 90 minutes.  Sections 

were mounted on slides and mounted with cover slips with Vectashield Mounting 

Medium with DAPI (H-1200, Vector labs) after 45 minutes of washing in PBST. Sections 

examined in parallel but without primary antibody treatment are used as experimental 

controls. Stained brain sections were imaged using Nikon A1R laser scanning confocal 

system. We obtained three non-overlapping fields each for the cortex, hippocampus, and 

brain stem for each slide using 40X or 60X oil-immersion objective. GFP, RFP LC3 

puncta, and immunofluorescence intensities from SQSTM1, AT8 and O-GlcNAc were 

quantified using NIS-Elements AR 3.1 (Nikon). 

 

 


