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Abstract 

Huntington’s disease (HD) is a devastating neurodegenerative disease caused by a polyglutamine 

expansion repeat in exon one of the gene encoding the huntingtin protein. A hallmark of HD 

pathology is the accumulation of aggregates of the mutant huntingtin protein (mHtt). Macroautophagy 

(MA) is an intracellular catabolic process responsible for the degradation of cytoplasmic constituents, 

including misfolded protein aggregates, as are found in HD. Selective MA which degrades protein 

aggregates is known as aggrephagy. Recently, chronic blockade of the metabotropic glutamate receptor 

subtype 5 (mGluR5) in the zQ175 HD mouse model has been shown to cause an improvement in 

disease progression, which correlated with an activation of the GSK3b-mediated pathway of MA. A 

reduction in ZBTB16, a core component of the ZBTB16-Cullin3-Roc1 E3 ubiquitin ligase complex, 

and an increase in ATG14L, a key component of the vps34 complex responsible for autophagosome 

biogenesis, were evident following mGluR5 inhibition in zQ175 HD mice. In the present study, we 

have found that silencing of ATG14L using CRISPR Cas9 in STHdhQ7/Q7 striatal neurons causes 

an inhibition of MA, a unique post-translational modification on beclin-1, decreased mGluR5 

expression, and the accumulation of Q138 (mHtt). We find that CRISPR-Cas9-induced silencing of 

ZBTB16 in STHdhQ7/Q7 striatal neurons causes an induction of MA, decreased mGluR5 

expression, and the clearance of Q138 (mHtt). ZBTB16 likely exerts its effects on MA via regulation 

of ATG14L. These findings elucidate the important role of ATG14L and ZBTB16 in aggrephagy in 

STHdhQ7/Q7 striatal neurons, and suggest that the modulation of ATG14L and ZBTB16 may 

represent novel therapeutic approaches in the treatment of HD.  
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Chapter 1: Introduction 

1.1 Huntington’s Disease 

Huntington’s Disease (HD) is a devastating progressive neurodegenerative disease inherited in an 

autosomal dominant manner, and is characterized by a triad of motor, cognitive, and psychiatric 

symptoms (1-6). Like Alzheimer’s Disease (AD) and Parkinson’s Disease (PD), HD is classified as a 

neurodegenerative proteinopathy: the accumulation of misfolded protein aggregates (in the case of 

HD these are aggregates of mutant huntingtin protein) is correlated with the progressive degeneration 

of neurons (7-14). Patients with HD exhibit selective neurodegeneration, with the medium spiny 

neurons (MSN) of the caudate putamen of the striatum most heavily affected; however, as the disease 

progresses, degeneration is also observed in other areas of the brain, such as the cortex, cerebellum, 

and thalamus (15)(1, 16). Despite knowledge of the causative mutation (a trinucleotide repeat 

expansion in exon 1 of the huntingtin gene), to date there exist no disease modifying treatments, and 

treatment is largely palliative (1, 3).  

 

Onset of HD typically occurs between 30 and 50 years of age, and is marked by the manifestation of 

motor symptoms consistent with HD, which cannot be explained by another condition (1)(17). 

Therefore, clinical diagnosis of HD is made by a confirmation of family history and/or a positive 

genetic test, coupled with the onset of motor symptoms indicative of HD (2). However, several years 

prior to official disease onset, subtle motor, cognitive, and psychiatric symptoms may be present (1, 

2, 18, 19). HD is ultimately fatal. After disease onset, symptoms progress for approximately 15-20 

years until death (1, 3, 17, 20, 21).  

 

In typical adult onset HD, initial motor symptoms lead to a hyperkinetic phenotype, of which chorea 

is one of the most recognizable (2, 20, 22). This hyperkinetic phenotype results from the loss of MSNs 

of the indirect pathway (23). As the disease progresses, the hyperkinetic phenotype marked by chorea 

gives way to a hypokinetic phenotype which is caused by the loss of MSNs of the direct pathway (8). 

Motor symptoms of the hypokinetic phenotype include bradykinesia (slowness of movement), 
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akinesia, rigidity and ataxia, dystonia (abnormal postures), and problems with gait and balance (1, 2, 

20). Currently, chorea is the only motor symptom which responds to drug therapy. Tetrabenazine 

(TBZ) and deutetrabenazine (DBZ) (both of which are vesicular monoamine transporter 2 inhibitors) 

are currently approved for treatment of chorea associated with HD (1, 3, 20, 24-26). TBZ has many 

undesirable side effects, including an increase in suicidality; DBZ, however, has fewer undesirable side 

effects (27-29).  

 

Cognitive symptoms observed in HD include impaired visual attention, psychomotor speed, problems 

with visuomotor and spatial integration (1)(30). In more advanced stages of the disease, these 

symptoms can progress into dementia, where symptoms follow a subcortical pattern (2, 19). These 

subcortical symptoms include “impaired emotion recognition, processing speed, attention, memory 

retrieval, visuospatial and executive function” (2)(19, 20). Since dementia in HD is subcortical, its 

symptoms are different from those seen in cortical dementias such as AD (31). Therefore, current 

treatments used for AD, such as cholinesterase inhibitors or memantine, may not be as effective for 

the treatment of HD; there is little evidence supporting their use for treatment of HD (20). 

 

Psychiatric symptoms present in HD include depression, anxiety, obsessive compulsive disorder, 

irritability, aggression, disinhibition and apathy (2, 20, 32-44). Psychosis can be seen in later stages, 

although it is quite rare with a prevalence of approximately 3-11% (2, 20, 32, 33). Apathy is 

characterized by behaviour which reflects a loss of interest (1), and is one of the most commonly 

occurring psychiatric symptoms; it worsens as HD progresses, and is most prevalent in advanced 

stages of HD (32, 33, 45). While other psychiatric symptoms of HD may be effectively managed with 

drug treatment (such as with serotonin reuptake inhibitors), apathy does not respond to drug therapy 

(20, 46).  

 

In 1993, the causative genetic mutation for HD was identified (16, 17, 47). A cytosine-adenine-guanine 

(CAG) trinucleotide repeat expansion in exon 1 of the HTT gene (which encodes the huntingtin 
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protein (htt)), located on chromosome 4p16.3, leads to the production of a mutant huntingtin protein 

(mHtt) containing an expanded polyglutamine (polyQ) tract in the N-terminal region, which causes 

HD (2, 16, 47, 48). Fewer than 27 CAG repeats is considered normal, and HD will not develop (1, 

49-51). CAG repeats of 27-35 are considered an intermediate allele, and repeat numbers within this 

range can lead to expansions into the pathogenic range or contractions during meiosis (1, 17, 49, 52). 

Hence, repeat numbers within this range can lead to the appearance of a seemingly sporadic case; a 

parent with a repeat number within this range would not develop HD, although they could have a 

child with HD. CAG repeat numbers between 36-39 cause reduced penetrance (1, 49, 53). Greater 

than 40 repeats is considered fully penetrant, and HD symptoms will definitely develop (1, 2, 49). 

Severity of disease and age at onset are correlated with the number of repeats, with a higher number 

of repeats being correlated with increased severity and decreased age of onset (1, 3, 17, 54, 55).  

 

Patients with Juvenile HD (JHD), in which disease onset occurs at approximately less than or at 20 

years of age, typically exhibit the greatest number of repeats and progress is much more rapid than 

typical adult onset HD (1, 17, 56-58). JHD usually presents with an akinetic-rigid variant version of 

HD, in which bradykinesia, rigidity, and akinesia are present right from the start, as opposed to 

developing later as in typical adult onset HD (17). 

 

Htt is a protein of approximately 350 kDa containing HEAT (Huntingtin, Elongation factor 3 (EF3), 

protein phosphatase 2A (PP2A), and the yeast kinase TOR1) repeats found throughout unstructured 

regions (54). It contains sites for proteolytic cleavage by caspases, calpains, and endopeptidases, and 

sites for post-translational modifications (54, 59, 60). Htt is expressed throughout the cells of the body 

as a cytosolic protein (it is also found in the nucleus, axonal processes, and synapses), and it is 

expressed most highly in neurons, especially those found in the striatum, cerebellar cortex, 

hippocampus, and neocortex (15). Studies have shown that htt is important in embryonic and brain 

development, although its exact functions remain unclear. It is thought that htt is a scaffolding protein 

which plays a role in transcriptional regulation, vesicular trafficking, mitochondrial dynamics, 
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intracellular trafficking, nucleocytoplasmic shuttling, Brain derived neurotrophic factor (BDNF) 

production, synaptic transmission, cargo recognition in autophagy, and a variety of other protein-

protein interactions (20, 54, 61-65).  

 

The majority of patients suffering from HD are heterozygous, and the few who are homozygous do 

not enjoy any appreciably better health than those who are heterozygous (15). Therefore, it is thought 

that the polyQ expansion causing the formation of mHtt does not cause a complete loss of function, 

and many studies believe mHtt exhibits a toxic gain of function (14, 15, 20, 62-69). In support of this 

toxic gain of function hypothesis, mHtt has been shown to cause “transcriptional interference, 

cytoskeletal disruption, synaptic dysfunction, mitochondrial damage, excitotoxicity, accumulation of 

toxic aggregates, loss of BDNF, and changes in axonal transport” (20). Htt is cleaved into a variety of 

fragments, one of which is an N-terminal fragment containing exon 1, and this includes the polyQ 

region (70, 71). This exon 1 fragment has been shown to aggregate in various HD models (72, 73) and 

is thought to play a role in disease pathology, although this does not exclude a role for other fragments 

and full length mHtt in disease pathology. However, despite extensive research, it is still not fully 

understood exactly how mHtt leads to progressive, selective neurodegeneration. Pathological 

hallmarks of HD include intranuclear and cytoplasmic inclusions containing mHtt, ubiquitin, and 

components of the Ubiquitin Proteasome System (UPS) (7, 54, 74). 

 

Despite the identification of the causative mutation, there is currently no cure for HD, and treatments 

are predominantly limited to symptom management. As such, research that expands our 

understanding of HD pathogenesis/disease mechanisms is desperately needed, in order that new, 

effective treatments, and eventually a cure, may be identified. To this end, mGluR5-mediated 

regulation of autophagy presents an interesting and novel avenue of research into HD pathogenesis, 

and may provide a successful approach to treatment.  
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1.2 Glutamate excitotoxicity in Huntington’s Disease 

Glutamate is the major excitatory neurotransmitter in the human brain (75). It is essential for many 

physiological processes, including learning, synaptic plasticity, and memory (75, 76). Despite its 

positive role in many vital physiological processes in the brain, glutamate can also cause/mediate 

neuronal cell death, known as glutamate excitotoxicity (77). Increased intracellular calcium levels are 

caused by excessive glutamate released from synapses, which leads to overstimulation of glutamate 

receptors, which in turn leads to neuronal cell death (4). Glutamate excitotoxicity is thought to play a 

role in the neuronal cell death that occurs in HD (75). 

 

Two classes of receptors are activated by glutamate: ionotropic and metabotropic receptors. These 

receptors are found widely throughout the nervous system. Ionotropic receptors are ligand gated ion 

channels that produce fast excitatory neurotransmission, and include the N-methyl-D-aspartate 

(NMDA), a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA), and kainite receptors (75, 

78, 79). Metabotropic glutamate receptors (mGluR) are heterotrimeric, transmembrane G-protein 

coupled receptors (GPCR) belonging to the family C GPCRs, which, upon stimulation, lead to G 

protein-mediated second messenger signaling cascades, as well as G-protein independent signaling 

pathways (4, 75, 78, 80-85). All eight mGluRs are organized based on “sequence homology and G 

protein coupling specificity” (4) into three families: I (mGluR1 and mGluR5), II (mGluR2 and 

mGluR3), and III (mGluR4, mGluR6, mGluR7, and mGluR8) (4).  

 

Activation of ionotropic glutamate receptors plays a role in glutamate excitotoxicity (4, 87, 88). 

Specifically, stimulation of NMDA receptors (NMDAR) leads to an influx of calcium through the 

open channel (78). Under conditions of glutamate excitotoxicity, this leads to an excessive influx of 

calcium, which ultimately leads to neuronal cell death (largely due to resulting mitochondrial 

dysfunction) (4, 89, 90). Supporting a role for altered NMDAR signaling contributing to HD 

pathogenesis is the finding that injection of the NMDAR agonist quinolinic acid into rat striatum 
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resulted in the neurodegeneration of MSNs (75, 86). This selective neurodegeneration mirrors the 

selective neurodegeneration of MSNs observed in HD. In addition, NMDARs containing the 

NR1A/NR2B subunits can be sensitized by mHtt, which contributes to an excessive influx of calcium 

(91, 92). NR2B subunits are thought to activate neurotoxic signaling pathways which contribute to 

neurodegeneration (75). Since NMDARs in MSNs of the striatum contain mainly this combination of 

subunits, this may provide an explanation for the selective neurodegeneration of striatal MSNs seen 

in HD (4, 75, 93). Taken together, it is clear that NMDAR signaling plays a critical role in neuronal 

cell death in HD.  

 

The impact of the stimulation of mGluRs and their role in glutamate excitotoxicity in HD is more 

complex. However, the stimulation of group I mGluRs (mGluR1 and mGluR5) can lead to increased 

calcium release (83, 94, 95). While Group I mGluRs can lead to the activation of neurotoxic signaling 

pathways, they can also activate neuroprotective pathways (94, 96) (Figure 1.1). Group II and III 

mGluRs, on the other hand, may act to protect against excitotoxicity (94) (Figure 1.1).  

 

Group II and III mGluRs are coupled to the G protein Gi/o. Upon stimulation of these receptors, the 

Gai/o subunits uncouple from the Bg subunits. The Gai/o subunits act to inhibit adenylate cyclase 

(AC), preventing the conversion of adenosine triphosphate (ATP) into cyclic AMP (cAMP), thus 

resulting in decreased cAMP levels. This uncoupling also leads to the activation of neuroprotective 

pathways which promote cell survival and proliferation, including the phosphoinositide-3-kinase 

(PI3K)/protein kinase B (Akt) and mitogen-activated protein kinase (MAPK) pathways (94, 97, 98). 

Furthermore, the Bg subunits inhibit voltage-gated calcium channels and activate inward rectifying 

potassium channels (GIRK), which contributes to an inhibition of presynaptic glutamate and g-

aminobutyric acid (GABA) release (94, 99, 100). Studies have shown that the activation of group II 

mGluRs in astrocytes leads to an increase in neurotrophic factors, including transforming growth 
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factor b (TGFb), which promotes neuroprotection (94). Activation of group II mGluRs also results 

in an increase in neurotrophic factors produced by glial cells, such as BDNF (94).  

 

Group I mGluRs are coupled to the heterotrimeric G protein Gq11. When stimulated, group I mGluRs 

promote the uncoupling of Gaq/11 from Bg. The Gaq/11 subunits activate phospholipase Cb1 (PLCb1), 

which catalyzes the formation of diacylglycerol (DAG) and inositol-1,4,5-triphosphate (IP3) from 

phosphatidylinositol-4,5-bisphosphate (PIP2). IP3 stimulates IP3 receptors present on the endoplasmic 

reticulum (ER), thereby promoting intracellular calcium release. This increase in intracellular calcium 

release acts to increase neuronal excitability (however, studies have shown that the type/population 

of neuron determines whether this leads to excitability or inhibitory effects), but in excess can also act 

to promote excitotoxicity (78, 94). In the context of HD, the IP3 receptor is sensitized by mHtt, and 

therefore stimulation of group 1 mGluRs can lead to excessive calcium release which in turn promotes 

neuronal excitotoxicity (101, 102). DAG and calcium released by stimulation of IP3 receptors both 

activate protein kinase C (PKC), which in turn activates phospholipase A2 (PLA2), phospholipase D 

(PLD), and mitogen-activated protein kinase kinase (MEK). MEK activates the MAPK pathway, 

which ultimately leads to the production of transcription factors which lead to an increase in trophic 

factors (i.e. BDNF), and act to promote cell proliferation and survival (94). Homer proteins associate 

with group I mGluRs and shank proteins (103-105). This allows group I mGluRs, through the Homer-

shank protein interaction, to activate the PI3K enhancer (PIKE), which in turn stimulates PI3K, which 

activates Akt to promote cell survival and neuroprotection (94, 106). In the context of HD, 

phosphorylation of mHtt by Akt results in a decrease in htt aggregates and neuronal cell loss (4, 107, 

108). The interaction of group I mGluRs with Homer proteins also results in the activation of the 

MAPK pathway, thus further promoting neuroprotective signaling (94). NMDARs are believed to 

interact with a complex of scaffolding proteins, including postsynaptic density protein 95 (PSD-95), 

guanylate kinase-associated protein (GKAP), SH3 and multiple ankyrin repeat domains protein 

(SHANK), and Homer proteins (78). The group I mGluRs are believed to be able to modulate 
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NMDAR signaling through their interaction with Homer. Homer connects group I mGluR signaling 

to NMDAR activity through its interaction with the PSD-95, GKAP, SHANK scaffolding complex 

associated with NMDARs (78, 104). Therefore, stimulation of group I mGluRs leads to an increased 

open channel probability of NMDARs, which results in an increase in intracellular calcium levels (78, 

94). Therefore, activation of group I mGluRs can lead to both increased calcium release and 

neurotoxic effects and activation of neuroprotective pathways such as the PI3K/Akt and MAPK 

pathways. Modulation of group I mGluRs as a therapeutic approach to HD is therefore a complex 

task. In order to be most effective, it would likely need to involve selectively activating the 

neuroprotective pathways while inhibiting neurotoxic effects.  

 

Recent studies have emerged supporting a role for the modulation of mGluR5 as a therapeutic 

approach to HD. mGluR5 is located in various brain regions, including, but not limited to, the cerebral 

cortex, the hippocampus, and the striatum (109-111). Interestingly, while mGluR5 is expressed highly 

in neurons of the striatum, the expression of mGluR1 in striatal neurons is negligible (112). Since the 

striatum is heavily affected in HD, modulation of mGluR5 signaling is an attractive therapeutic 

approach. The extent to which the modulation of mGluR5 would be most beneficial for the treatment 

of HD remains to be determined. Some studies provide evidence for the use of positive allosteric 

modulators (PAM), while others provide evidence for the use of negative allosteric modulators 

(NAM).  

 

A study by Doria et al. demonstrated that the use of mGluR5 PAMs [(3-

Fluorophenyl)methylene]hydrazine-3-fluorobenzaldehyde (DFB), N-[1-(2-Fluorophenyl)-3-phenyl-

1H-pyrazol-5-yl]-4-nitrobenzamide (VU1545), and 3-Cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl) 

benzamide (CDPPB) in in vitro striatal neuronal cultures led to the activation of neuroprotective 

pathways, such as the Akt pathway which promotes cell survival, without activating neurotoxic 

pathways which lead to increased intracellular calcium release (113). Conversely, the group I mGluR 

agonist (S)-3,5-Dihydroxyphenylglycine (DHPG) is also able to activate Akt, but, unlike the PAMs, its 
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use led to an increase in intracellular calcium levels. The mGluR PAMs were found to be 

neuroprotective under various conditions, such as with and without the presence of glutamate, and in 

the presence of NMDA, while DHPG was neuroprotective only with the presence of glutamate, but 

neurotoxic without it. This suggests that PAMs may be more therapeutically effective than agonists in 

the treatment of neurodegenerative diseases, as they do not activate neurotoxic signaling. The 

activation of Akt and prevention of an increase in intracellular calcium levels was found to be more 

pronounced in striatal neuronal cultures from BACHD mice (an HD mouse model) treated with the 

mGluR5 PAM VU1545 as opposed to those from WT mice treated with VU1545. In addition, the 

treatment of BACHD mice with CDPPB was found to improve the memory deficit present in these 

mice, demonstrating the potential therapeutic effectiveness of mGluR5 PAMs in the treatment of HD. 

 

A follow-up study by Doria et al. further investigating the use of the mGluR5 PAM CDPPB in vivo 

provided more evidence supporting the potential use of mGluR5 PAMs in the treatment of HD (114). 

Treatment of BACHD mice with CDPPB was associated with the activation of the Akt and MAPK 

neuroprotective pathways, and with an increase in BDNF mRNA expression. BACHD mice develop 

htt aggregates and exhibit neuronal cell loss; treatment with CDPPB prevented this. Furthermore, 

CDPPB treatment was able to effectively rescue memory deficits and partially improve motor 

incoordination in BACHD mice. This study provides evidence for the correlation between activation 

of neuroprotective pathways and improvement of HD symptoms as a result of CDPPB treatment, 

supporting the potential for the use of CDPPB in the treatment of HD. 

 

Conversely, a study by Abd-Elrahman et al. found that the mGluR5 NAM 2-chloro-4-[2-[2,5-dimethyl-

1-[4-(trifluoromethoxy)phenyl]imidazole-4-yl]ethynyl]pyridine (CTEP) may be beneficial in the 

treatment of HD (115). In an in vivo mouse model of HD, the zQ175 model, the use of CTEP was 

associated with improved cognitive and motor function. This was correlated with the activation of the 

cellular clearance pathway autophagy, reduction of caspase-3 activity, reduced neuronal apoptosis, 

prevention of neuronal cell loss, and reduction of htt aggregates. Taken together, these results suggest 
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that CTEP may represent a novel therapeutic approach in the treatment of HD. Interestingly, similar 

results were observed in mouse models of AD treated with CTEP. Hamilton et al. have shown that 

chronic treatment of APPswe/PS1DE9 and 3xTg-AD male mice with CTEP caused a marked 

reduction in beta-amyloid (Ab) plaque deposition and in levels of soluble Ab oligomers (116). This 

was associated with an improvement in cognitive function. Lastly, treatment of the 6-OHDA-Toxicant 

PD model with CTEP promoted neurorecovery and thus may provide therapeutic benefit in PD (117). 

Taken together, these studies suggest that the mGluR5 NAM CTEP may be effective for the treatment 

of not only HD, but also AD and PD. 

 

A study by Schiefer et al. investigated the effects of activation of mGluR2 (which acts to limit 

presynaptic glutamate release) and inhibition of mGluR5 (whose activation can lead to increased 

intracellular calcium levels) in the R6/2 transgenic mouse model of HD (118). Treatment with the 

mGluR2 agonist LY379268 or the mGluR5 antagonist 2-methyl-6-(phenylethynyl)-pyridine (MPEP) 

resulted in increased survival time; however, only MPEP treatment resulted in an improvement in 

motor deficits. This study suggests targeting of different mGluRs, perhaps even a combination therapy 

targeting multiple mGluRs, may improve HD symptoms. 

 

Targeting glutamate excitotoxicity in HD is an attractive potential therapeutic approach for the 

treatment of HD. While activation of ionotropic glutamate receptors likely plays a critical role in HD 

neuronal cell loss, inhibition of these receptors also leads to many toxic effects (4, 139, 140). These 

toxic effects have led to the failure of agents which block these receptors in clinical trials (4, 139, 140). 

To this end, agents which modulate metabotropic glutamate receptor signaling may represent 

alternative therapeutic approaches. Group I mGluRs do not play an excitatory role in 

neurotransmission, rather, they play a modulatory role (4). Thus, their modulation represents an 

attractive therapeutic approach. Given that mGluR5 is highly expressed in the striatum, which is 

heavily affected in HD, and there is almost no mGluR1 expressed in the striatum, mGluR5 modulation 
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may be more therapeutically relevant than mGluR1 modulation for the treatment of HD (112). Several 

studies have investigated the modulation of the group I mGluR, mGluR5, in HD models. These 

studies have been somewhat conflicting, with some supporting the use of mGluR5 PAMs, and others 

supporting the use of mGluR5 NAMs for the treatment of HD. Therefore, the role of mGluR5 in 

HD pathogenesis and its potential as a therapeutic target is complex, and requires further investigation.  

 

1.3 Autophagy 

Autophagy is an evolutionarily conserved, intracellular, catabolic process responsible for the 

degradation of damaged organelles, misfolded protein aggregates, and other cellular debris (121). The 

end-products of autophagy can then be recycled and used in various biosynthetic pathways and to 

generate energy (122, 123). It is vital for the maintenance of proteostasis in the central nervous system 

(CNS) (7). Depending on cellular conditions, autophagy, which occurs in neurons at a basal 

homeostatic rate, can be upregulated (i.e. during times of cellular stress or nutrient starvation) or 

downregulated (i.e. when nutrients are abundant) (124).   

 

Three types of mammalian autophagy have been identified/characterized to date: microautophagy, 

chaperone-mediated autophagy (CMA), and macroautophagy (MA). All three types of autophagy 

utilize the lysosome for degradation of autophagic cargo; however, they differ in terms of the cargo 

they are responsible for targeting to the lysosomes (125). Both microautophagy and MA can be non-

specific, in that they simply take up cytoplasm (126), and they can be specific by targeting specific 

cargo for degradation. Conversely, CMA is always highly specific (127). 

 

In microautophagy, cytosolic cargo is taken up directly into the lysosome via invaginations in the 

lysosomal membrane (126, 128). In CMA, proteins containing the pentapeptide sequence KFERQ are 

bound by the heat shock 70 kDA protein 8 (HSPA8/HSC70) and several co-chaperones and targeted 

to the lysosomal membrane, where they are unfolded (129, 130). The translocation complex required 

for the translocation of the cargo across the lysosomal membrane occurs when multimerization of the 
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lysosomal-associated membrane protein 2A (LAMP2A) is triggered by the binding of cargo to the 

monomeric form of LAMP2A (131, 132). After translocation of the cargo across the lysosomal 

membrane, the cargo is degraded and the translocation complex dissociates (132).  

 

Upon induction of MA, a double membrane structure termed the phagophore begins to form (133). 

The phagophore expands and curves around the cargo until a closed spherical structure referred to as 

an autophagosome forms (126, 134). The autophagosome is trafficked towards a lysosome, which it 

then fuses with to form an autolysosome, which promotes the degradation of the cargo present in the 

autophagosome by lysosomal enzymes (126, 135, 136) (Figure 1.2). MA may also converge with the 

endolysosomal pathway – in this case, autophagosomes fuse with endolysosomes to form 

amphisomes, and amphisomes then fuse with lysosomes (126, 137, 138). A wide variety of proteins, 

many of which belong to the family of autophagy-related genes (ATG), are involved in the stages of 

MA. 

 

In mammalian MA, the initiation of MA (in which the phagophore begins to form) is regulated by a 

group of proteins termed the induction complex (133). The induction complex is composed of the 

Unc-51-like kinase family (ULK1/ULK2), ATG13, C12orf44, and RB1-inducible coiled-coil 

(RB1CC1/FIP200) (126, 139-141). Once the induction complex has been recruited and activated, the 

vps34 complex, critical for autophagosome biogenesis, is recruited to the developing phagophore 

(142). This complex is composed of beclin-1, ATG14, phosphatidylinositol 3-kinase catalytic subunit 

type 3 (PIK3C3), and phosphatidylinositol 3-kinase regulatory subunit 4 (PIK3R4/vps34) (124, 126, 

143-147). The vps34 complex is vital for autophagosome formation because it mediates the 

production of phosphatidylinositol 3-phophate (PI3P) lipids, which are crucial for phagophore 

formation (124, 126, 148, 149). ULK1 plays an important role in regulating the induction complex. It 

phosphorylates both beclin-1 and ATG14 to promote formation of the vps34 complexes (124). The 

phosphorylation of beclin-1 allows it to dissociate from Bc12, an antiapoptotic protein, thereby 

allowing it to interact with PIK3C3, promoting induction of autophagy (124, 150, 151). The 
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phosphorylation of ATG14 enhances its binding with beclin-1, further promoting formation of the 

vps34 complexes critical for autophagosome biogenesis and induction of autophagy. (124, 151). 

 

The WD Repeat Domain Phosphoinositide Interacting 2 protein (WIPI2), bound to PI3P lipids, 

recruits the conjugation complex (composed of ATG5, ATG12, and ATG16), which is needed for 

elongation/expansion of the phagophore (124, 126, 152, 153). For expansion of the phagophore to 

occur, proteins belonging to the ATG8-like family of proteins are required (such as microtubule-

associated protein 1A/1B-light chain 3 (LC3)) (126, 154). LC3 is processed at its C terminus by 

ATG14, resulting in the formation of cytosolic LC3-I (124, 126). This LC3-I form can then be 

converted into LC3-II, which is covalently conjugated with phosphatidylethanolamine (PE) on the 

expanding phagophore (it is also found on mature autophagosome membranes) (124, 126, 154). 

Conversion of LC3-I into LC3-II is increased during stressful conditions such as nutrient starvation 

(155). The conjugation complex and the ATG-8 like family of proteins function to allow for the full 

expansion of the developing phagophore into a mature autophagosome. 

 

In neurons, autophagosomes are trafficked from neurites to the soma, where lysosomes typically 

reside (7). Therefore, microtubules are vital for the transportation/trafficking of the autophagosome 

and its fusion with the lysosome (156-158). Several proteins have been proposed to be critical for 

autophagosome-lysosome fusion. These include LC3, UV radiation resistance-associated gene protein 

(UVRAG), Rubicon, GTPase Rab7, and several soluble N-ethylmaleimide-sensitive factor attachment 

protein receptors (SNAREs). A study by Kimura et al. revealed that LC3 likely plays a key role in 

autophagosome trafficking, as inhibition of LC3 prevents this trafficking from occurring (159). 

UVRAG is believed to promote fusion of autophagosomes with lysosomes via the activation of 

GTPase Rab7 (present on lysosomes and, through an interaction with FYVE and Coiled-Coil Domain 

Autophagy Adaptor 1 (FYCO1), mediates trafficking of autophagosomes along microtubules) (160, 

161), whereas Rubicon is believed to inhibit fusion by binding to UVRAG (162). However, while 

some studies support a role for UVRAG in fusion, others have reported that UVRAG is not involved 
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in fusion (163, 164). Further work will be needed to determine whether UVRAG is important in 

fusion. Lastly, several SNARE proteins have been identified as playing a role in fusion. The Qa-

SNARE syntaxin 17 (STX17) and the Qbc-SNARE SNAP29  (SNAP29) form a complex that is 

bound by ATG14L to promote its interaction with R-SNARE Vamp8  (Vamp8) to promote 

autophagosome-lysosome fusion (160, 165). In addition to the ATG14L-STX17 interaction playing a 

role in fusion, their interaction also plays a role in initiation of MA (160). This supports a role for 

ATG14L in autophagosome-lysosome fusion, in addition to its role in autophagosome biogenesis.  

 

MA is regulated by a variety of extracellular and intracellular conditions (167-174). Important 

regulators of MA include the mechanistic target of rapamycin complex 1 (mTORC1), 5’-AMP-

activated protein kinase (AMPK), and cAMP-dependent protein kinase A (PKA). mTORC1, AMPK, 

and PKA all regulate MA in response to cellular conditions (124, 126). Under nutrient rich conditions, 

mTORC1 phosphorylates ULK1/2 and ATG13 of the induction complex, inactivating them and 

inhibiting induction of autophagy (124, 175, 176). Conversely, during nutrient starvation, hypoxia, and 

the absence of growth factors, mTORC1 dissociates from the induction complex, ULK1/2 and 

ATG13 are dephosphorylated, and induction of MA occurs (126, 177, 178). Also during nutrient rich 

conditions, PKA acts to inhibit induction of MA (126, 179). It is believed to do so by phosphorylating 

and activating MTORC1, by phosphorylating and inhibiting LC3, and by inhibiting AMPK. (126, 179-

181). The major energy sensing kinase of the cell is AMPK – it is sensitive to AMP/ATP levels in the 

cell (182, 183). When energy levels in the cell are low, as marked by an increase in AMP levels, AMPK 

is activated, and phosphorylates and activates the TSC1/2 complex which inhibits mTORC1, and 

directly inhibits mTORC1, thereby activating induction of MA (125, 184-186). When energy levels in 

the cell are high, as marked by an increase in ATP levels, AMPK is inactivated, and induction of MA 

is inhibited (185). AMPK also responds to glucose levels and, in times of glucose starvation, it 

phosphorylates ULK1/2 (an activating phosphorylation) and inhibits mTORC1 both directly and 

indirectly via chaperones to activate induction of MA (176, 187). AMPK can also be activated by 
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Calcium/Calmodulin Dependent Protein Kinase Kinase 2 (CaMKK2/CaMKKb) in response to ER 

stress (results in an increase in cytosolic calcium levels) in order to activate the induction of MA (188). 

Therefore, it is clear that MA is regulated by many proteins which in turn are regulated by a myriad of 

cellular conditions.  

 

MA can be non-specific in its degradative role (i.e. bulk degradation induced by certain cellular 

conditions) (166). In addition, it  can also be highly selective whereby specific cargo is targeted for 

degradation (166). Selective MA is critical for cellular homeostasis. Selective MA which degrades 

misfolded protein aggregates is known as aggrephagy (15, 166). In mammalian MA, selectivity is 

mediated by the binding of cargo receptors to specific cargo (either directly or to polyubiquitin chains 

present on cargo) and to LC3 via LC3-interacting region(s) (LIR) (166, 172, 189). Examples of cargo 

receptors containing LIR domains include, but are not limited to, SQSTM1/p62, optineurin, and 

ATG19. Discovered in 2007, p62 is a widely used marker of MA (189, 190). In the case of p62, it 

binds to ubiquitinated cargo, such as misfolded protein aggregates, and it targets this cargo to the 

autophagosome via an interaction between its LIR domain and LC3-II present on autophagosome 

membranes (189, 190). When autophagy is active, p62 is degraded along with its cargo, and when 

autophagy is inactive, p62 levels remain high, thus allowing the use of p62 as a marker of MA activation 

(191). Aggrephagy is critical for the maintenance of proteostasis, as it is critical for the degradation of 

misfolded protein aggregates (15, 171, 189, 192-194).  

 

Recently, a novel pathway of MA regulation dependent on glycogen synthase kinase 3 beta (GSK3b) 

has been identified and described (115, 195). Briefly, stimulation of GPCRs results in an inhibitory 

phosphorylation at the serine 9 (S9) site in glycogen synthase kinase 3 beta (GSK3b) (195). This 

inhibitory phosphorylation prevents GSK3b from phosphorylating zinc finger and BTB domain-

containing protein 16 (ZBTB16), a component of the ZBTB16-Cullin3-Roc1 E3 ubiquitin ligase 

complex, at the S184 and T282 sites (195). This allows ZBTB16 to interact with ATG14L, a 
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component of the vps34 complex responsible for autophagosome formation, and to ubiquitinate it 

(195, 196). This ubiquitination of ATG14L leads to its degradation, thus leading to the inhibition of 

autophagy (195). When GSK3b is not phosphorylated at the S9 site, it is able to phosphorylate 

ZBTB16 at the S184 and T282 sites and prevent it from interacting with ATG14L. This inhibitory 

phosphorylation of ZBTB16 leads to the auto-ubiquitination and degradation of ZBTB16, meaning 

ATG14L will not be degraded and will form vps34 complexes, and autophagy will be induced (195). 

 

Given the role of MA in maintaining cellular homeostasis, and its regulation by various extracellular 

and intracellular conditions/signals, it is unsurprising that dysregulation of MA has been implicated in 

many human diseases, including various cancers, diabetes, heart disease, and neurodegenerative 

diseases (126, 189, 197). Therefore, selective targeting of MA may represent an attractive therapeutic 

approach to several human diseases in which its dysregulation is observed. 

  

1.4 Macroautophagy in Huntington’s Disease 

Neurons are particularly sensitive to changes in the cellular environment, and tight regulation of 

cellular homeostasis is critical for their functioning and survival. Autophagy plays a critical role in 

cellular homeostasis (121). Since neurons are post-mitotic and non-dividing cells, they cannot simply 

use cell division to manage the accumulation of toxic protein aggregates and cellular debris; they rely 

on autophagy to tolerate this (7, 198). Hence, basal levels of autophagy are always present in healthy 

neurons, and can change depending on external conditions/signals, including neuronal excitotoxicity 

and nutrient starvation (7, 121, 123, 199-201). In HD, the accumulation of toxic misfolded Htt 

aggregates is associated with the degeneration of neurons. Several deficits in aggrephagy have been 

observed in HD, preventing the clearance of these aggregates and allowing their accumulation (200, 

202-204). 
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There are two major degradative pathways in neurons – the UPS and autophagy (189, 205). Of the 

three types of autophagy (MA, CMA, and microautophagy), MA and CMA are active in neurons; 

however, it remains to be seen whether microautophagy is active in neurons (7, 189). Poly-

ubiquitinated proteins can be targeted to the UPS for degradation. These soluble ubiquitinated 

proteins are unfolded in order to pass through the proteasome structure (189). Similar to the UPS, 

CMA requires proteins that can be unfolded for degradation (126, 189, 206). Therefore, both the UPS 

and CMA are restricted to proteins which can be unfolded, thereby hindering their abilities to degrade 

aggregated proteins like those found in HD (126, 189, 206). Aggrephagy (MA), however, does not 

require protein unfolding for degradation, and is therefore better able to handle misfolded aggregates 

(189, 207, 208). As such, in trying to maintain proteostasis, neurons may try to compensate for 

defective UPS by upregulating MA (189, 207, 208).   

 

WT Htt has been proposed to play a role as a scaffold protein in selective MA (15, 54, 64, 65, 209). 

Essentially, Htt is believed to play a role in MA initiation and cargo recognition by mediating binding 

between p62 and ULK1 (15, 65, 2010). ULK1 phosphorylation of p62 promotes MA and clearance 

of mHtt (210, 211). Further supporting a role for Htt in MA, are the findings that the accumulation 

of protein (impaired proteostasis) correlated with the loss of Htt in the mouse CNS, and the loss of 

Htt function results in the accumulation of autophagosomes and impairment of retrograde transport 

of autophagosomes (15, 212-214). Therefore, mHtt may contribute to MA dysfunction in several 

manners: (i) impaired cargo recognition, possibly through an aberrant interaction with p62 (can lead 

to the production of empty autophagosomes), (ii) sequestering of mTORC1 and beclin-1 (inhibiting 

their activity), (iii) impaired autophagosome trafficking and fusion with lysosomes, and (iv) binding to 

ubiquitinated proteins and organelles to prevent their recognition and degradation by MA (in the case 

of impaired mitochondria recognition, this can result in metabolic deficits and reactive oxygen species 

production observed in HD) (7, 15, 54, 194, 215-219) (Figure 1.2).  
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Mitophagy is a special type of selective MA responsible for mitochondrial turnover. As neurons age, 

it has been posited that mitochondrial turnover becomes less efficient, causing an increase in oxidative 

stress, damaging lysosomes and leading to impaired MA and UPS function (220). At first, the UPS 

and MA can deal with this proteotoxic stress, and proteostasis remains intact in neurons. Eventually, 

the stress becomes too much for the UPS and MA to handle, and it is at this point that mHtt aggregates 

are believed to accumulate (7). Thus, less efficient mitophagy may contribute to deficits in aggrephagy, 

leading to the accumulation of mHtt aggregates. Therefore, deficits in MA may help to explain why 

HD onset is typically observed during midlife and not from birth (7).  

 

HD mouse models have revealed deficits in proteostasis related to dysfunctional autophagy (215). For 

example, increased LC3-II and p62 have been observed in the striatum of HD transgenic mice (221). 

This suggests that selective regulation of aggrephagy may represent a beneficial therapeutic approach 

in the treatment of HD. Indeed, in Drosophila, cell, and mouse models of HD, mTOR inhibitors (which 

induce autophagy), have been shown to lead to clearance of mHtt fragments, decrease polyQ aggregate 

formation, and decrease cytotoxicity (15, 194, 222). In mouse models of HD, AMPK activators 

(induce autophagy), have shown similar beneficial effects as those listed for mTOR inhibitors (15, 

223-226). Specifically, treatment of HD mouse models with the mTOR inhibitor CCI-779 (a 

rapamycin analog) and the AMPK activator trehalose, lead to a decrease in polyQ aggregates, and an 

improvement in motor function (7, 194, 226). This supports the notion of regulation of aggrephagy 

in the treatment of HD. 

 

GPCRs respond to external signals and are responsible for the regulation of a large number of cellular 

processes, including autophagy (195, 227, 228). The relationship between GPCRs and aggrephagy may 

be of therapeutic significance. When a global inhibitor of GPCRs, ADM1300, was administered to a 

mouse model of HD, a decrease in the number of huntingtin aggregates was correlated with the 

activation of aggrephagy, as shown by a decrease in p62 levels (195). This activation of aggrephagy 

correlated with a decrease in ZBTB16, an increase in ATG14L, and an improvement in disease 
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symptoms (195). However, since GPCRs are important for the regulation of many cellular processes, 

global inhibition is not a viable therapeutic strategy. Identification of specific GPCRs involved in the 

regulation of aggrephagy remains critical. To this end, mGluR5, a member of the mGluR I family, has 

been identified. 

 

A recent study by Abd-Elrahman et al. has revealed that chronic blockade of mGluR5 in the zQ175 

mouse model of HD with CTEP (an mGluR5 NAM) is correlated with an increase in induction of 

the GSK3b-ZBTB16 pathway of MA (115). This correlated with a decrease in the size and number of 

huntingtin aggregates, and an improvement in HD-related symptoms (115). Inhibition of mGluR5 

prevents the inhibitory phosphorylation of GSK3b, leading to the inhibitory phosphorylation of 

ZBTB16, resulting in the induction of aggrephagy (Figure 1.3). This increase in the induction of 

aggrephagy was correlated with improvements in cognitive and motor deficits in the HD mouse model 

(115). Similar results have also been observed in the APPsew/PS1DE9 and 3xTg-AD mouse model 

of AD. It has been found that in these mouse models of AD, there is an increase in the surface 

expression of mGluR5 which correlates with decreased induction of MA (229). When mGluR5 was 

inhibited by CTEP, the number of amyloid beta aggregates and the surface expression of mGluR5 

decreased (229). This correlated with a loss of ZBTB16 expression and induction of aggrephagy, as 

indicated by a decrease in p62 levels (229). Taken together, the results of these studies indicate that 

mGluR5 plays a significant role in the regulation of the GSK3b-ZBTB16-Cullin3-Roc1 E3 ubiquitin 

ligase pathway of MA, and that targeting this pathway may be of therapeutic significance in not only 

HD, but also in AD (Figure 1.3).  

 

It remains unknown whether ATG14L and ZBTB16 are direct effectors of mGluR5, and the specific 

identities and roles of all the proteins involved in this pathway require additional elucidation. The 

mechanism by which mGluR5 mediates this pathway of aggrephagy also needs further investigation. 

The mouse studies of chronic blockade of mGluR5 do not elucidate the mechanism by which mGluR5 
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regulates aggrephagy. These studies do not show a direct link between ATG14L and ZBTB16, and 

mGluR5 signaling (Figure 1.3). Understanding the mechanism by which mGluR5 regulates the 

GSK3b-ZBTB16-Cullin3-Roc1 E3 ubiquitin ligase pathway of autophagy is crucial in order to further 

our understanding of the role of aggrephagy in neurodegenerative diseases, and to determine whether 

targeting aggrephagy could represent a viable therapeutic approach. 

 

Hypotheses 

1. ATG14L is critical for the activation of aggrephagy. ZBTB16 is critical for the inhibition of 

aggrephagy. 

2. ATG14L and ZBTB16 are direct effectors of mGluR5-mediated regulation of aggrephagy. 

Objectives 

1. Employ CRISPR Cas9 to knockout ATG14L and ZBTB16 in mouse striatal cells 

(STHdhQ7/Q7). 

2. Explore the impact of an ATG14L knockout and a ZBTB16 knockout on mGluR5-mediated 

regulation of aggrephagy. 
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Figure 1.1 Group I, II, and III mGluR signaling cascades. 

A) Stimulation of group II/III mGluRs triggers the uncoupling of the Gai/o subunit from the bg 

subunits. Gai/o inhibits AC, preventing the conversion of ATP into cAMP. The PI3K/Akt and 

MAPK neuroprotective pathways are also activated by Gai/o upon mGluR II/III stimulation. The bg 

subunits inhibit voltage-gated Ca2+ channels, thus decreasing intracellular calcium levels, and 

stimulates GIRK channels, promoting influx of K+; these actions decrease presynaptic glutamate 

release. B) Stimulation of group I mGluRs triggers the uncoupling of the Gaq/11 subunits from the bg 

subunits. The Gaq/11 subunits activate PLC, which cleaves PIP2 into DAG and IP3. DAG activates 

PKC, which activates MEK, PLA2, and PLD. MEK activates MAPK, which promotes cell 

proliferation and survival. IP3 sensitizes IP3R on the ER, resulting in an increase in intracellular Ca2+ 

levels, which can increase neuronal excitability and promote neurotoxicity during excitotoxic 

conditions. Group I mGluRs associate with Homer proteins, which associate with SHANK proteins. 

The Homer-SHANK interaction allows group I mGluR stimulation to activate PIKE, which activates 

the PI3K/Akt neuroprotective pathway, and can activate the MAPK neuroprotective pathway. Homer 

proteins interact with a scaffolding complex composed of SHANK proteins, GKAP, and PSD-95 that 

associates with NMDARs. This allows group I mGluRs to modulate NMDARs. Thus activation of 

group I mGluRs promotes opening of NMDARs, resulting in an increase in intracellular Ca2+ levels, 

which can increase neuronal excitability and toxicity under excitotoxic conditions. 
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Figure 1.2. Major steps of selective macroautophagy and the effects of mutant huntingtin. 

A cargo receptor (p62 is used in this schematic) recognizes and binds to ubiquitinated cargo. Upon 

initiation of MA, the phagophore, a double membrane organelle, begins to form. The cargo receptor 

targets the ubiquitinated cargo to the phagophore via an interaction with LC3-II present on the 

phagophore membrane. The phagophore continues to elongate around the cargo until it forms a 

closed, spherical vesicle known as an autophagosome. The autophagosome is trafficked towards 

lysosomes, and fuses with lysosomes to form an autolysosome. This allows for the degradation, via 

lysosomal enzymes, of the cargo present in the autophagosome. The degradation products may be 

utilized to generate energy or recycled into various biosynthetic pathways. mHtt can interfere with 

MA in several manners: it can impair cargo recognition via an aberrant interaction with p62, it can 

interact with ubiquitinated proteins to prevent their recognition by cargo receptors, it can sequester 

beclin-1, a component of the vps34 complexes, and it can impair autophagosome trafficking and 

fusion with lysosomes. 
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Figure 1.3. mGluR5-mediated regulation of aggrephagy in HD. 

A) Stimulation of mGluR5 results in the inhibitory phosphorylation at the S9 site of GSK3b. This 

inhibitory phosphorylation of GSK3b prevents it from phosphorylating ZBTB16, a component of 

the ZBTB16-Cullin3-Roc1-E3 ubiquitin ligase complex, at the S184 and T282 sites. ZBTB16 is 

therefore able to interact with ATG14L and ubiquitinate it, leading to the degradation of ATG14L. 

Thus, ATG14L will not be present to form vps34 complexes needed for autophagosome formation. 

This results in the inhibition of MA, as shown by an increase in p62 (cargo receptor and a marker of 

autophagy) levels. This inhibition of aggrephagy is believed to result in the accumulation of mHtt 

aggregates. B) When mGluR5 is not stimulated (or inhibited by either an antagonist or a NAM), 

GSK3b remains unphosphorylated and active. GSK3b phosphorylates ZBTB16 at the S184 and T282 

sites, preventing the interaction of ZBTB16 with ATG14L and leading to the auto-ubiquitination and 

subsequent degradation of ZBTB16. ATG14L is thus able to form vps34 complexes, and MA occurs, 

as marked by a decrease in p62 levels. This activation of aggrephagy is believed to play a role in the 

clearance of mHtt aggregates. 
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Chapter 2: Materials and Methods 

2.1 Reagents 

CRISPR Cas9 guide primers (Invitrogen), PCR primers (Invitrogen), DH5a Competent Cells, 

Subcloning EfficiencyTM, 40 (Invitrogen 18265017), and phire green hot start II PCR master mix 

(F126S) were obtained from Thermo Fisher Scientific. BBSI restriction enzyme (R0539L) and NEB 

Buffer 2.1 were obtained from New England Biolabs. T4 rapid DNA ligase and T4 rapid DNA ligase 

buffer (MRL-100) were obtained from Benchmark Bioscience. Polyethylenimine (PEI) was obtained 

from the laboratory of Dr. Ryan Russell (University of Ottawa). Ampicillin (AMP201.5) and 

kanamycin (KAN201.25) were obtained from Cedarlane Labs. QIAprep Spin Miniprep Kit (27106) 

was obtained from Qiagen. (S)-3,5-Dihydroxyphenylglycine (DHPG) (0805) was obtained from 

Cedarlane Labs (Tocris). 2-chloro-4-[2-[2,5-dimethyl-1-[4-(trifluoromethoxy)phenyl]imidazole-4-

yl]ethynyl]pyridine (CTEP) (Axon 1972) was obtained from Axon Med Chem. Western blot reagents 

were obtained from Bio-rad. Antibodies and where they were obtained are listed in Table 2.1. All other 

biochemical reagents were obtained from sigma-aldrich.  
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Table 2.1. Antibodies used for western blot analysis 

 

2.2 Plasmids and constructs 

pSpCas9(BB)-2A-Puro (PX459) V2.0 (plasmid #62988) was obtained from addgene. Q15 and Q138 

huntingtin constructs (both YFP tagged) were obtained from the laboratory of Dr. Ray Truant 

(McMaster University). 

 

2.3 Cell culture 

The immortalized mouse striatal neuron cell line STHdhQ7/Q7 was obtained from the laboratory of 

Dr. Ray Truant (McMaster University). Cells were cultured in Dulbecco’s Modified Eagle Medium 

Antibody Catalogue 

Number 

Company 

Mouse anti-SQSTM1/p62 ab56416 Abcam 

Rabbit anti-Plzf ab39354 Abcam 

Rabbit anti-Vinculin (EPR8185) ab129002 Abcam 

Rabbit anti-ATG14 (Human) pAb (MBL) PD026 Cedarlane Labs 

Mouse anti-polyQ specific Antibody, clone MW1 MABN2427 EMD Millipore 

Rabbit anti-Metabotropic Glutamate Receptor 5 AB5675 MilliporeSigma 

Rabbit anti-Beclin-1 [D40C5] 3495S New England Biolabs 

Rabbit anti-Phospho-Beclin-1 (Ser15)[D4B7R] 84966S New England Biolabs 

Rabbit anti-Phospho-GSK3b (Ser9) [5B3] 9323S New England Biolabs 

Mouse anti-GSK3b (3D10) 9832S New England Biolabs 

Rabbit anti-LC3B NB100-2220 Novus Biologicals 

Rabbit anti-GFP tag A-6455 Thermo Fisher 

Scientific 

Goat anti-mouse IgG (H+L), HRP (Invitrogen) G21040 Thermo Fisher 

Scientific 

Goat-anti-rabbit IgG (H+L) Cross-Adsorbed 

Secondary 

G-21234 Thermo Fisher 

Scientific 
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(DMEM, 1x, 4.5g/L glucose, with L-glutamine, sodium) supplemented with 10% fetal bovine serum 

(FBS).  

 

2.4 Transfection 

For the CRISPR Cas9 plasmid transfection, cells were seeded into 10 cm dishes at approximately 40%-

50% confluency 18 hours prior to transfection. For Q15 and Q138 experiments, cells were seeded 

into 6 well plates at approximately 30%-40% confluency 18 hours prior to transfection. All 

experiments were performed 48 hours post transfection. Transfections were carried out using the 

transfection reagent PEI. The protocol used was obtained from the laboratory of Dr. Ryan Russell 

(University of Ottawa). Briefly, for each well of a 6 well plate to be transfected, 200 µL of warm 

DMEM (no FBS added), 1 µg of DNA to be transfected, and PEI (used at a 1:4 ratio of DNA:PEI) 

are mixed and incubated for approximately 30 minutes at room temperature. The media in the 6 well 

plate was changed, and the transfection mixture was added to the appropriate well. Transfection was 

checked with the EVOSâ FL Cell Imaging System.  

 

2.5 Generation of CRISPR Cas9 guide RNAs 

CRISPR Cas9 guides were designed using the crispr mit edu software (formerly http://crispr.mit.edu, 

no longer exists today) to target the first exon of the ATG14L gene and the ZBTB16 gene, 

respectively, in Mus musculus. The first exon was chosen as it is present in all known isoforms of the 

genes. Two pairs of guides with the highest efficiency and lowest probability of off-target effects were 

selected for each guide (sequences listed in table 2.2). In order to anneal the top and bottom strands 

of each set of guides, the top and bottom strands of each guide (10 µM/strand), T4 DNA ligase buffer 

(1X), and nuclease free water were mixed together and heated in a dry bath at 95°C for three minutes, 

at which point the heating blocks were removed from the dry bath and one block was placed on top 

of the block containing the tube with the annealing mixture and cooled at room temperature until 

reaching 50°C. To ligate the annealed guides into the pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid, 
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the pSpCas9(BB)-2A-Puro (PX459) V2.0 plasmid (200 ng/µL), the annealed guides (1:20 dilution), 

ATP (0.5 mM), NEB Buffer 2.1 (1X), Rapid T4 DNA ligase (1:40 dilution), BBSI restriction enzyme 

(1:20 dilution), and nuclease free water were placed in a thermocycler with the following conditions: 

12X (37°C for five minutes, and 21°C for five minutes), and 21°C on hold. The pSpCas9(BB)-2A-

Puro (PX459) V2.0 plasmid is ampicillin-resistant, and therefore DH5a competent E. coli cells were 

transformed with the ligation product and plated on an ampicillin-containing agar-plate. PCR was used 

to screen colonies for successful uptake of the plasmid, with each reaction containing 2X phire green 

hot start II PCR master mix, forward primer 68 (sequence TAAAATGGACTATCATATGC), the 

bottom strand of the guide, DNA from the transformation product (1 colony in 10 µL of nuclease 

free water), and nuclease free water. The thermocycle3r conditions for the colony screening PCR were 

1X (98°C for five minutes), 27X (98°C for 10 seconds, 53°C for 15 seconds, and 72°C for 30 seconds), 

1X (72°C for five minutes), and 4°C on hold. DNA from colonies identified as containing the plasmid 

containing the guides was collected and purified, and sent for DNA sequencing (primer p68 was used 

as the sequencing primer). 

 

2.6 Generation of ATG14L and ZBTB16 Knockout cell lines 

STHdhQ7/Q7 cells were split 18 hours before transfection into 10 cm dishes at between 40%-50% 

confluency. Plasmids containing each set of guides were co-transfected with GFP into the cells with 

the transfection reagent PEI. 24 hours post-transfection, the cells were rinsed with 1X PBS, 

trypsinized, and DMEM + 10% FBS was added. Cells were centrifuged at 1.2K for two minutes, the 

supernatant was aspirated, and cells were resuspended in PBS containing 0.2% BSA, and kept on ice. 

Two 96 well plates per guide were prepared with DMEM + 20% FBS in each well. Fluorescence 

activated cell sorting was performed by the University of Ottawa Flow Cytometry facility so that a 

single GFP expressing cell was seeded into each well of the 96 well plates. The 96 well plates were 

then placed in a 37°C incubator and the cells were left to grow for approximately 3 weeks, or until a 

colony of 90%-100% confluency had grown. Colonies were first maintained in 12 well plates, and then 



 32 

6 well plates. Once colonies reached 80%-100% confluency in the 6 well plates, they were lysed with 

1% RIPA buffer containing Protease Inhibitor Cocktail Set III (2 µL/1 µL RIPA), and the 

phosphatase inhibitors sodium orthovanadate (1 mM) and sodium fluoride (10 mM). Western blotting 

was performed to screen for successful knockouts. Colonies identified as knockouts from western 

blotting were then sent for DNA sequencing at the Ottawa Hospital Research Institute DNA 

Sequencing Facility (sequencing primers listed in table 2.2) to further confirm that a successful 

knockout was generated. 

 

Guide Primer sequence (5’ to 3’) Forward or Reverse 

primer 

ATG14L guide 1 
TCAGATCATCATGGCGTCTC Forward 

ATG14L guide 2 

ZBTB16 guide 1 
CCACCTTGCAGAGCAGAGAA Forward 

ZBTB16 guide 2 

 

Table 2.2. Sequences of primers used for DNA sequencing of potential CRISPR knockout 

cell lines 

 

2.7 DHPG and CTEP treatment 

Cells were rinsed once with Hank’s Balanced Salt Solution (HBSS, 1X), and starved with HBSS for 

approximately two hours. DHPG (10µM) or CTEP (10 µM) was added to warmed HBSS (five 

minutes in a 37°C sterile water bath), and the solution was then added to the wells requiring treatment. 

HBSS containing neither DHPG nor CTEP was added to control wells. For DHPG treatment, after 

10 minutes, wells were aspirated and rinsed with ice cold HBSS twice. For CTEP treatment, after 30 

minutes, wells were aspirated and rinsed with ice cold HBSS twice. Cells were then lysed with 1% 

RIPA buffer containing Protease Inhibitor Cocktail Set III (2 µL/1 µL RIPA), and the phosphatase 

inhibitors sodium orthovanadate (1 mM) and sodium fluoride (10 mM), and lysates were collected. 
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2.8 Western Blot  

A Bradford assay was performed with cell lysates, and samples were prepared accordingly using 1% 

RIPA buffer and sodium dodecyl sulphate (SDS) buffer. Samples were loaded into a SDS-

polyacrylamide gel of the appropriate resolving gel percentage. The gel was placed in an 

electrophoresis unit and a constant voltage of 100V was applied. Separated proteins present in the gel 

were then transferred to a nitrocellulose membrane. The membranes were blocked with a 5% skim 

milk solution (in 1X TBS with 0.05% Tween 20 (TBST)) for one hour at room temperature. The 

membranes were then incubated with primary antibodies (1:1000) in 1% milk (in TBST) solution 

overnight at 4°C, washed three times with TBST at room temperature, incubated with secondary 

antibodies (1:5000) in a 1% milk (in TBST) solution for one hour at room temperature, and then 

washed three times with TBST at room temperature. Membranes were then incubated using western 

enhanced chemiluminescence clarity solutions, and visualized with a Bio-rad Chemidoc Imaging 

System.  

 

2.9 Statistical Analysis 

Western blots were analyzed using Image Lab software to obtain densitometric data. Protein 

expression was normalized to loading controls. Data was compared using a two-way analysis of 

variance test (ANOVA) and analyzed with the Fisher’s LSD test to determine statistical significance. 

Data is represented as mean ± SEM. 

 

Chapter 3: Results 

3.1 Successful generation of ATG14L and ZBTB16 knockout cell lines using CRISPR Cas9 

In order to knockout ATG14L and ZBTB16 in STHdhQ7/Q7 cells, we employed a clustered regularly 

interspaced short palindromic repeats (CRISPR) Cas9 approach. CRISPR Cas9 is a method for 

genome engineering that has emerged within recent years. Compared to other genome engineering 

methods, such as zinc finger nucleases (ZFN’s) and transcription activator-like effector nucleases 
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(TALEN), it is highly efficient, cost effective, easily designed, and highly specific (230). CRISPR Cas9 

has been characterized extensively in papers such as Jinek et al. 2012, and Ran et al. 2013 (230, 231). 

We utilized CRISPR Cas9 in lieu of RNA interference, as it leads to a permanent, rather than transient, 

silencing in gene expression (it acts at the DNA level rather than the mRNA level) that is transferable 

across generations (230, 232). This allows for the creation of specifically designed cell lines; in this 

case, it allowed for the generation of novel STHdhQ7/Q7 ATG14L and ZBTB16 knockout cell lines.  

 

Two sets of guide RNA’s (guides) were designed to target a 20 base pair sequence in exon one of the 

mus musculus gene to be knocked out (ATG14L in one cell line, ZBTB16 in the other cell line) (Figure 

3.1A). These guides were specifically designed to target their respective sequences with high efficiency, 

while also having a very low probability of off-target binding elsewhere in the genome. 

 

Once the targeted sequence is recognized, the Cas9 enzyme will cleave approximately 3 base pairs 

ahead of the PAM sequence located adjacent to the target sequence (230). This allows for generation 

of a double stranded break, which recruits the error-prone non-homologous end joining (NHEJ) 

pathway, which introduces an insertion/deletion mutation leading to a frameshift, and potentially a 

premature stop codon (230). This is what causes the knockout.  

 

Once designed and produced, guides were ligated into the pSpCas9(BB)-2A-Puro (PX459) V2.0 

plasmid, which contains the Cas9 enzyme. The plasmid containing the guides was co-transfected with 

GFP into STHdhQ7/Q7 cells, the assumption being that cells which successfully took up GFP also 

took up the plasmid (Figure 3.1A). Therefore, using fluorescence activated cell sorting, cells were 

sorted so that each well of a 96 well plate contained one GFP positive cell. This allowed us to grow 

potential knockout colonies without contamination from cells which did not successfully take up the 

Cas9 plasmid containing the guides. 
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Once colonies reached 90-100% confluency, the efficiency of the guides to generate a knockout was 

determined via western blot analysis. We found that both pairs of guides for both ATG14L and 

ZBTB16 led to the production of knockout colonies (Figure 3.1B). A single ATG14L and a single 

ZBTB16 knockout colony produced by guide one were utilized for all experiments (Figure 3.1B). 
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Figure 3.1. Generation of ATG14L and ZBTB16 knockouts in STHdhQ7/Q7 cells using CRISPR Cas9.  

(A) Schematic representation of the region in exon 1 of ATG14L and ZBTB16 that guides were designed to target. (B) 

Representative western blots of STHdhQ7/Q7 (WT) cells co-transfected with GFP and the ATG14L or ZBTB16 CRISPR 

Cas9 plasmids. Arrows show the successful knockout colonies used for further experiments.  
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3.2 Silencing of ATG14L in STHdhQ7/Q7 cells results in inhibition of autophagy 

ATG14L is a key component of vps34 complexes that mediate autophagosome formation during MA 

in mammalian cells (124, 126). Expression of ATG14L is known to correlate with an activation of 

aggrephagy and an improvement of HD symptoms in an HD mouse model (115). MA-related deficits 

are thought to play a role in the pathogenesis of HD and, since neurodegeneration is observed most 

heavily in the striatum, we first tested whether silencing of ATG14L in the STHdhQ7/Q7 striatal 

neuron cell line using a CRISPR Cas9 approach leads to an inhibition of MA (1, 15, 200, 202-204). 

We measured two things: (i) the expression levels of p62 (a marker of MA which associates with 

ubiquitinated cargo to target them to the autophagosome and is normally degraded during autophagy), 

and (ii) the ratio of LC3-II to LC3-I (LC3-II is the membrane bound form of the LC3 protein present 

on autophagosome membranes which interacts with the p62-cargo complex, while LC3-I is the 

cytosolic form of the LC3 protein) (191, 233, 234). An increase in p62 expression would indicate an 

inhibition of MA, while an increase in the ratio of LC3-II to LC3-I expression can indicate an 

inhibition of MA (191, 233, 234). We found that ATG14L-/-xSTHdhQ7/Q7 cells (ATG14L KO) 

exhibited a significant increase in expression of p62 in comparison to STHdhQ7/Q7 cells (WT) 

(Figure 3.2E, K, 3.3D, I, and 3.4D, I). This indicates that p62 is not being degraded in KO cells as it 

is in WT cells, suggesting that MA induction is inhibited in the ATG14L KO cells, while it is active in 

WT cells containing ATG14L. ATG14L KO cells also exhibited an abnormal accumulation of LC3-

II compared to WT cells, as shown by an increase in LC3-II:LC3-I, which could indicate an inhibition 

of MA (Figure 3.2D, J). Taken together, the increase in p62 and LC3-II:LC3-I expression suggests 

that MA is inhibited in ATG14L KO cells. 

 

3.3 Silencing of ATG14L in STHdhQ7/Q7 cells results in a beclin-1 modification 

Beclin-1 is a member of vps34 complexes which are responsible for mediating the production of PI3P, 

which is critical for autophagosome formation (124, 126). Therefore, the regulation of beclin-1 by a 

variety of upstream signaling pathways regulates autophagosome formation, and thus MA as a whole 

(235). Regulation of beclin-1 occurs through a variety of post-translational modifications, some of 



 38 

which serve to activate MA, and others which inhibit MA (235). These modifications include 

phosphorylation, ubiquitination, acetylation, and cleavage (235). For example, phosphorylation by 

ULK1 at the S15 site in beclin-1 leads to activation of MA, while phosphorylation at the S234 and 

S295 sites by AKT1 leads to inhibition of MA (235).  

 

Since beclin-1 is a key player in MA, and is known to interact with ATG14L, we wanted to test whether 

CRISPR-Cas9 induced silencing of ATG14L would cause any changes in beclin-1 expression (124, 

126). Western blot analysis of beclin-1 revealed a band directly above the band corresponding to 

unmodified beclin-1 in the ATG14L KO cells which was not present in WT cells (Figure 3.2C, H, I, 

3.3C, G, H, and 3.4C, G, H). These double bands were observed under all experimental conditions in 

ATG14L KO cells, but no conditions were capable of causing the appearance of the second band in 

WT cells. Therefore, this second band likely represents a post translational modification of beclin-1 

caused by the silencing of ATG14L.  

 

Western blot analysis revealed that beclin-1 expression was significantly increased in ATG14L KO 

cells compared to WT cells (Figures 3.2C, H, I, 3.3C, G, H, 3.4C, G, H). Reduced beclin-1 expression 

is typically associated with an inhibition of autophagy, and therefore this increase in beclin-1 

expression in ATG14L KO cells may represent an attempt by the cells to initiate autophagy in the 

absence of ATG14L (115, 236).  

 

3.4 Silencing of ATG14L in STHdhQ7/Q7 cells has no impact on pGSK3b and ZBTB16 

We have previously described a novel pathway of MA regulation which is dependent on GSK3b (115). 

In this proposed pathway, GSK3b regulates ZBTB16, which in turn regulates ATG14L (115). Briefly, 

when GSK3b is phosphorylated at the S9 site (pGSK3b), it is unable to interact with ZBTB16, 

allowing ZBTB16 to interact with and ubiquitinate ATG14L, leading to the degradation of ATG14L 

and the inhibition of MA (115, 195). Conversely, when GSK3b is not phosphorylated, it 
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phosphorylates ZBTB16 and prevents its interaction with ATG14L, thereby allowing MA to occur 

(115, 195). Given the novelty of this pathway, we wanted to test whether changes in ATG14L were 

able to cause changes in the upstream proteins of this pathway, GSK3b and ZBTB16, in a feedback 

manner. Specifically, we were interested in whether loss of ATG14L would result in a feedback 

inhibition of pGSK3b and ZBTB16 in an attempt by the cell to activate MA (i.e. result in changes in 

their expression consistent with activation of MA). We found that CRISPR Cas9-induced silencing of 

ATG14L in striatal neurons did not cause any significant changes in either pGSK3b levels or ZBTB16 

levels (Figure 3.2A, B, F, G, 3.3A, B, E, F, 3.4A, B, E, F). Therefore, the loss of ATG14L does not 

cause changes in these upstream proteins of this pathway of MA.  

 

3.5 Transfection of mutant huntingtin in STHdhQ7/Q7 and ATG14L-/-xSTHdhQ7/Q7 cells 

has no impact on mGluR5, ZBTB16, beclin-1, and p62 expression 

The accumulation of huntingtin aggregates has previously been shown to correlate with increased 

pGSK3b, ZBTB16, and p62 expression in zQ175 HD mice, which suggests that an inhibition of 

aggrephagy mediated by this novel GSK3b pathway may contribute to HD pathology (115). Since we 

found that transfection of Q138 in WT cells led to an increase in pGSK3b, we expected these cells to 

also exhibit corresponding changes in other components of the GSK3b-mediated pathway of MA 

consistent with an inhibition of MA. More specifically, we expected to see an increase in ZBTB16 

expression, and an increase in p62 expression. Surprisingly, WT cells transfected with Q138 exhibited 

no significant changes in expression of ZBTB16 or p62 in comparison to non-transfected and Q15 

transfected WT cells (Figure 3.4B, C, D, F, G, H, I, 3.6B, C, E, F). Additionally, we also observed no 

changes in beclin-1 expression between cells transfected with Q138, and non-transfected and Q15 

transfected cells (Figure 3.4B, C, D, F, G, H, I, 3.6B, C, E, F). Taken together, these results seem to 

reject the notion of impaired MA in response to mutant huntingtin. They may also call into question 

the roles of each component of the GSK3b-mediated pathway of MA, at least in the context of HD 

(i.e. insofar as some portions of this pathway may not interact with each other in a way we would have 
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predicted); however, it is also possible that the experimental conditions could account for these 

observations.  

 

Given that we also observed a greater increase in pGSK3b expression in ATG14L KO cells, we next 

tested whether any changes in ZBTB16, beclin-1, and p62 expression were caused in ATG14L KO 

cells due to the transfection of Q138. Since these cells lack ATG14L, which is necessary for MA to 

occur, we did not expect to see a change in p62 expression. Indeed, we observed no change in p62 

expression in ATG14L KO cells transfected with Q138 compared to non-transfected and Q15 

transfected ATG14L KO cells (Figure 3.4D, I). Additionally, we did not observe any changes in 

ZBTB16 and beclin-1 expression in ATG14L KO cells transfected with Q138 compared to non-

transfected and Q15 transfected ATG14L KO cells (Figure 3.4B, C, F, G, H). 

 

We have previously shown that mGluR5 may regulate the GSK3b-mediated pathway of MA (115). 

Given that mGluR5 has been implicated in HD pathology, we wanted to test whether transfection of 

Q138 caused any changes in mGluR5 expression in both WT and ATG14L KO cells. To this end, we 

observed no significant changes in mGluR5 expression between non-transfected, Q15 transfected, 

and Q138 transfected cells of both WT cells and ATG14L KO cells (Figure 3.8). 
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Figure 3.2. Effect of CRISPR Cas9 induced silencing of ATG14L in STHdhQ7/Q7 cells treated with the group 

I mGluR agonist DHPG. (A-E) Representative western blots for pGSK3b (n=6), ZBTB16 (n=6), Beclin-1 (n=6), 

Beclin-1 top band (n=6), LC3-II/LC3-I (n=4), and p62 (n=6) with the corresponding loading controls in cell lysates 

from STHdhQ7/Q7 wild type (WT) and ATG14L-/-xSTHdhQ7/Q7 cells (ATG14L KO) after treatment with either 

DHPG (10 µM) or HBSS. (F-K) Quantification of blots represented in (A-E) shown as the mean ± SEM for fold change 

in protein expression relative to the loading control. * p<0.05, *** p<0.001, and **** p<0.0001 by two-way ANOVA 

and Fisher’s LSD comparisons. 
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Figure 3.3. Effect of CRISPR Cas9 induced silencing of ATG14L in STHdhQ7/Q7 cells treated with the 

mGluR5 NAM CTEP. (A-D) Representative western blots for pGSK3b (n=6), ZBTB16 (n=5), Beclin-1 (n=6), Beclin-

1 top band (n=6), and p62 (n=6) with the corresponding loading controls in cell lysates from STHdhQ7/Q7 wild type 

and ATG14L-/-xSTHdhQ7/Q7 cells after treatment with either CTEP (10 µM) or HBSS. (E-I) Quantification of blots 

represented in (A-D) shown as the mean ± SEM for fold change in protein expression relative to the loading control. 

** p<0.01, *** p<0.001, and **** p<0.0001 by two-way ANOVA and Fisher’s LSD comparisons. 
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Figure 3.4. Effect of mutant huntingtin transfection in STHdhQ7/Q7 wild type and ATG14L-/-xSTHdhQ7/Q7 

cells treated with the group I mGluR agonist DHPG. (A-D) Representative western blots for pGSK3b (n=5), 

ZBTB16 (n=5), Beclin-1 top band (n=3), Beclin-1 (n=3), and p62 (n=5) with the corresponding loading controls in cell 

lysates from STHdhQ7/Q7 wild type (WT) and ATG14L-/-xSTHdhQ7/Q7 cells (ATG14L KO) with no transfection, 

transfection with Q15, and transfection with Q138, after treatment with either DHPG (10 µM) or HBSS. (E-I) 

Quantification of blots represented in (A-D) shown as the mean ± SEM for fold change in protein expression relative 

to the loading control. * p<0.05, ** p<0.01, and **** p<0.0001 by two-way ANOVA and Fisher’s LSD comparisons. 
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3.6 Silencing of ZBTB16 in STHdhQ7/Q7 cells results in an increase in ATG14L expression 

and activation of autophagy 

We have previously observed a correlation between increased ZBTB16 levels and decreased ATG14L 

levels in a zQ175 HD mouse model (115). Therefore, we wanted to test whether CRISPR Cas9-

induced silencing of ZBTB16 was sufficient to cause an increase in ATG14L expression, and an 

activation of MA. As expected, we found that ZBTB16-/-xSTHdhQ7/Q7 cells (ZBTB16 KO) 

exhibited a significant increase in ATG14L expression, and a significant decrease in p62 expression in 

comparison to WT cells (Figure 3.5, 3.6C, F). Since p62 is degraded when MA is active, and ATG14L 

is critical for autophagosome formation, these results indicate an activation of MA as a result of the 

genetic silencing of ZBTB16 in striatal neurons (124, 126).  

 

3.7 Silencing of ZBTB16 in STHdhQ7/Q7 cells has no impact on pGSK3b and beclin-1 

expression 

It has previously been demonstrated that GSK3b regulates MA via regulation of ZBTB16 (115, 195). 

Given the novelty of this GSK3b-mediated pathway, we wanted to test whether changes in ZBTB16 

were able to cause changes in the upstream GSK3b in a feedback manner. We found that CRISPR 

Cas9 induced silencing of ZBTB16 in STHdhQ7/Q7 striatal neurons did not cause any significant 

changes in p-GSK3b expression (Figure 3.6A, D). Therefore, loss of ZBTB16 does not cause any 

changes in expression of the upstream p-GSK3b.  

 

We wanted to test whether the loss of ZBTB16 in STHdhQ7/Q7 cells would have any impact on 

levels of beclin-1, a key player in autophagosome biogenesis (124, 126, 235). We observed no 

significant changes in the expression of beclin-1 in ZBT16 KO cells in comparison to WT cells (Figure 

3.6B, E). This suggests that while both ATG14L and beclin-1 are critical to autophagosome formation, 

ZBTB16 interacts with only ATG14L, and likely not with beclin-1. 
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3.8 Transfection of mutant huntingtin in ZBTB16-/-xSTHdhQ7/Q7 cells has no impact on 

mGluR5, beclin-1, and p62 expression 

Given that silencing of ZBTB16 in STHdhQ7/Q7 cells led to clearance of Q138, we wanted to test 

whether this correlated with changes in expression of members of the GSK3b-mediated pathway of 

MA upstream of ZBTB16, and in markers of MA. Since we have shown that loss of ZBTB16 

expression results in an activation of autophagy, as shown by a decrease in expression of the marker 

of MA p62, we did not expect transfection of Q138 in ZBTB16 KO cells to cause any changes in p62 

expression. Unsurprisingly, no significant changes in p62 expression in ZBTB16 KO cells were 

observed in response to transfection of Q138 (Figure 3.6C, F). Additionally, we did not observe any 

significant changes in beclin-1 expression between ZBTB16 KO cells transfected with Q138, and 

those non-transfected and Q15-transfected counterparts (Figure 3.6B, E).  

 

Since no changes in expression of mGluR5 were observed in either WT or ATG14L KO cells as a 

result of Q15 or Q138 transfection, we did not expect to observe any changes in mGluR5 expression 

in Q15 and Q138 transfected ZBTB16 KO cells. Indeed, we did not observe any significant changes 

in mGluR5 expression between non-transfected, Q15 transfected, and Q138 transfected ZBTB16 KO 

cells (Figure 3.8B, D).  
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Figure 3.5. Effect of CRISPR Cas9 induced silencing of ZBTB16 in STHdhQ7/Q7 cells treated with the group 

I mGluR agonist DHPG on ATG14L expression. (A) Representative western blots for ATG14L (n=4) with the 

corresponding loading controls in cell lysates from STHdhQ7/Q7 wild type and ZBTB16-/-xSTHdhQ7/Q7 cells after 

treatment with either DHPG (10 µM) or HBSS. (B) Quantification of blots represented in (A) shown as the mean ± 

SEM for fold change in ATG14L expression relative to the loading control. * p<0.05 by two-way ANOVA and Fisher’s 

LSD comparisons. 
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Figure 3.6. Effect of mutant huntingtin transfection in STHdhQ7/Q7 wild type and ZBTB16-/-xSTHdhQ7/Q7 

cells treated with the group I mGluR agonist DHPG. (A-D) Representative western blots for pGSK3b (n=5), ZBTB16 

(n=5), Beclin-1 top band (n=3), Beclin-1 (n=3), and p62 (n=5) with the corresponding loading controls in cell lysates from 

STHdhQ7/Q7 wild type (WT) and ZBTB16-/-xSTHdhQ7/Q7 cells (ZBTB16 KO) with no transfection, transfection with 

Q15, and transfection with Q138, after treatment with either DHPG (10 µM) or HBSS. (E-I) Quantification of blots 

represented in (A-D) shown as the mean ± SEM for fold change in protein expression relative to the loading control. * 

p<0.05, and ** p<0.01 by two-way ANOVA and Fisher’s LSD comparisons. 
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3.9 Phosphorylation of the S9 site in GSK3b is increased in STHdhQ7/Q7 cells following 

transfection of mutant huntingtin 

Phosphorylation at the S9 site in GSK3b was increased in the zQ175 HD mouse model in comparison 

to WT mice (115). Phosphorylation at this site is correlated with an inhibition of autophagy (115, 195). 

This increase in pGSK3b in zQ175 mice correlated with an inhibition of aggrephagy and the 

accumulation of huntingtin aggregates (115). Therefore, we wanted to test whether transfection of the 

Q138 mHtt construct, which contains 138 glutamine repeats, would cause an increase in pGSK3b 

expression in STHdhQ7/Q7 striatal neurons. We compared cells transfected with Q138, to cells 

transfected with Q15 (a WT Htt construct containing 15 glutamine repeats) and non-transfected cells. 

As expected, we found that pGSK3b expression was significantly increased in cells transfected with 

Q138 in comparison to non-transfected cells and cells transfected with Q15 (Figure 3.4A, E). In 

addition, cells transfected with Q15 exhibited no change in p-GSK3b expression in comparison to 

non-transfected cells (Figure 3.4A, E). Therefore, this increase in p-GSK3b expression is a result of 

mHtt, and not WT Htt.  

 

Given that transfection of Q138 in WT cells causes an increase in pGSK3b expression, we wanted to 

test whether the transfection of Q138 in ATG14L KO cells and ZBTB16 KO cells would still cause 

an increase in pGSK3b expression. As expected, the transfection of Q138 did cause a significant 

increase in pGSK3b expression in ATG14L KO cells and ZBTB16 KO cells compared to non-

transfected and Q15 transfected counterparts (Figure 3.4A, E, 3.6A, D). GSK3b is upstream of both 

ZBTB16 and ATG14L, and therefore the silencing of their expression was not expected to result in 

changes in pGSK3b compared to WT cells in response to the transfection of Q138.  
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3.10 Silencing of ATG14L expression in STHdhQ7/Q7 cells causes an accumulation of 

mutant huntingtin 

We expected ATG14L KO cells to have greater levels of Q138 in comparison to WT cells, given that 

MA is impaired in the ATG14L KO cells. Increased accumulation of Q138 could indicate impaired 

aggrephagy. Indeed, we observed a significant increase in levels of Q138 in ATG14L KO cells 

compared to WT cells (Figure 3.7D, H). Since we have observed that zQ175 HD mice exhibit 

decreased ATG14L expression, impaired aggrephagy, and accumulation of huntingtin aggregates, this 

accumulation of Q138 in ATG14L KO cells gives support to the possibility that impaired aggrephagy 

is, at least in part, responsible for mHtt accumulation (115).  

 

3.11 Silencing of ZBTB16 expression in STHdhQ7/Q7 cells leads to clearance of mutant 

huntingtin 

We have previously shown that HD motor and cognitive symptoms and accumulation of huntingtin 

aggregates in zQ175 HD mice correlated with an increase in ZBTB16 expression and an inhibition of 

aggrephagy (115). Therefore, we were interested in whether CRISPR Cas9-induced silencing of 

ZBTB16 would result in a decrease in levels of Q138. Loss of ZBTB16 was expected to result in a 

clearance of Q138, as a result of activated aggrephagy. As expected, this is what we observed. We 

found a significant decrease in levels of Q138 in ZBTB16 KO compared to WT cells (Figure 3.7E, I). 

This supports our observations in zQ175 HD mice, as this confirms a role for ZBTB16 in aggrephagy 

in the context of HD, and underlines the potential therapeutic significance of silencing ZBTB16 for 

treatment of HD.  
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Figure 3.7. Silencing of ATG14L in STHdhQ7/Q7 cells results in accumulation of Q138, while silencing of 

ZBTB16 in STHdhQ7/Q7 cells results in clearance of Q138. (A) WT, ATG14L KO, and ZBTB16 KO cells transfected 

with either Q15 or Q138. (B-E) Representative western blots for Q15 (YFP antibody) (n=4), and Q138 (polyQ antibody) 

(n=4) with the corresponding loading controls in cell lysates from STHdhQ7/Q7 wild type (WT), ATG14L-/-

xSTHdhQ7/Q7 cells (ATG14L KO), and ZBTB16-/-xSTHdhQ7/Q7 cells (ZBTB16 KO) with no transfection, transfection 

with Q15, and transfection with Q138, after treatment with either DHPG (10 µM), CTEP (10 µM), or HBSS. (F-I) 

Quantification of blots represented in (B-E) shown as the mean ± SEM for fold change in protein expression relative to the 

loading control. * p<0.05, ** p<0.01, and **** p<0.0001 by two-way ANOVA and Fisher’s LSD comparisons. 
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3.12 Silencing of ATG14L and ZBTB16 expression result in decreased mGluR5 expression  

Both ATG14L and ZBTB16 are key components of the GSK3b-mediated pathway of MA (115, 195). 

We have previously shown that mGluR5 may regulate this pathway of MA, and therefore the 

expression of these proteins. However, it was unknown whether these proteins are able to in turn 

regulate mGluR5 expression. Therefore, we wanted to test whether silencing of ATG14L and 

ZBTB16 would result in any changes in mGluR5 expression. Interestingly, we found that CRISPR 

Cas9 induced silencing of both ATG14L and ZBTB16 in STHdhQ7/Q7 cells resulted in a significant 

decrease in mGluR5 expression compared to WT cells (Figures 3.8). This may indicate that both 

ATG14L and ZBTB16 play a role in the regulation of mGluR5 expression.  
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Figure 3.8. Silencing of ATG14L and of ZBTB16 in STHdhQ7/Q7 cells results in reduced mGluR5 expression. 

(A-B) Representative western blots for mGluR5 (n=4) with the corresponding loading controls in cell lysates from 

STHdhQ7/Q7 wild type (WT), ATG14L-/-xSTHdhQ7/Q7 cells (ATG14L KO), and ZBTB16-/-xSTHdhQ7/Q7 cells 

(ZBTB16 KO) with no transfection, transfection with Q15, and transfection with Q138, after treatment with either DHPG 

(10 µM), CTEP (10 µM), or HBSS. (E-I) Quantification of blots represented in (A-D) shown as the mean ± SEM for fold 

change in protein expression relative to the loading control. * p<0.05, and ** p<0.01 by two-way ANOVA and Fisher’s LSD 

comparisons. 
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3.13 Treatment of STHdhQ7/Q7, ATG14L-/-xSTHdhQ7/Q7, and ZBTB16-/-xSTHdhQ7/Q7 

cells with DHPG and CTEP was ineffective 

We have previously shown that chronic blockade of mGluR5 with the NAM CTEP correlates with 

the activation of MA via regulation of several pathways of MA, one of which is the GSK3b-mediated 

pathway (115). Briefly, chronic blockade of mGluR5 in zQ175 HD mice resulted in a decrease in 

pGSK3b, which correlated with a decrease in ZBTB16, an increase in ATG14L, and a decrease in p62 

(115). This correlated with an improvement of HD symptomology and a clearance of huntingtin 

aggregates (115). Therefore, it is likely that mGluR5 directly regulates the GSK3b-mediated pathway 

of aggrephagy, and that ZBTB16 and ATG14L are direct effectors of mGluR5. However, direct 

evidence supporting this hypothesis was lacking. In order to elucidate the role of ZBTB16 and 

ATG14L in mGluR5-mediated regulation of MA, we treated non-transfected, Q15 transfected, and 

Q138 transfected WT, ATG14L KO, and ZBTB16 KO cells with the group I mGluR agonist DHPG, 

or the mGluR5 NAM CTEP.  

 

Prior to treatment with either DHPG or CTEP, we starved the cells for two hours with sterile HBSS 

(pH 7.4). We then treated cells with either 10 µM of DHPG for 10 minutes, or with 10 µM of CTEP 

for 30 minutes. The concentrations and treatment times were previously established by members of 

our laboratory. We used pGSK3b expression as a measure of whether the treatments were working: 

for DHPG, an increase in pGSK3b compared to non-treated conditions would signify that the 

treatment is working, while for CTEP, a decrease in pGSK3b compared to non-treated conditions 

would signify that the treatment is working. While DHPG treatments resulted in a trend of increasing 

pGSK3b expression, these increases were not statistically significant. Surprisingly, neither DHPG or 

CTEP resulted in any significant changes in expression of the members of the GSK3b-mediated 

pathway of MA, in markers of MA (p62 and LC3-II:LC3-I), or in Q138 levels in WT, ATG14L KO, 

and ZBTB16 KO cells (Figures 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8). Therefore, we cannot draw any 
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conclusions on the role of mGluR5 in regulating the GSK3b-mediated pathway of aggrephagy. It 

remains unknown if ZBTB16 and ATG14L are indeed direct effectors of mGluR5. Additional 

experiments will be required to continue investigating this.  
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Chapter 4: Discussion 

Treatment of HD is currently palliative, in that it largely focuses on symptom management; to date, 

there exist no disease-modifying treatments (1, 3). Therefore, furthering our understanding of HD 

pathology is critical in order to identify potential therapeutic approaches for the treatment of HD. The 

accumulation of misfolded aggregates of mHtt is a pathological hallmark of HD (7-10). MA is an 

important degradative pathway active in neurons, and is responsible for clearing misfolded protein 

aggregates (aggrephagy), among other constituents (7, 121). Impaired aggrephagy has been implicated 

in HD, and thus targeting aggrephagy may represent a promising therapeutic approach in treating HD 

(7, 200, 202-204). The present study confirms a key role for ATG14L in aggrephagy in striatal neurons, 

and identifies ZBTB16 as a key regulator of ATG14L, and of aggrephagy. Additionally, our data 

elucidates the relationship of both ATG14L and ZBTB16 with mHtt protein. 

 

We have previously shown that ATG14L expression is decreased in a zQ175 HD mouse model, and 

this correlated with the accumulation of mHtt aggregates and worsening HD motor and cognitive 

symptoms (115). Therefore, we wanted to further explore the role of ATG14L as it relates to HD. 

Given that the striatum is the most severely impacted region of the brain in HD, we decided to use 

the STHdhQ7/Q7 striatal neuron model for our investigations (1, 15, 16). This model contains seven 

glutamine repeats, and thus encodes WT Htt protein.  

 

In order to further characterize the role of ATG14L in aggrephagy in striatal neurons, we utilized a 

CRISPR Cas9 approach to silence (i.e. knockout) ATG14L expression. CRISPR Cas9 was utilized as 

opposed to other gene modification techniques such as TALEN, Zinc finger endonucleases as it is 

highly efficient, cheaper, and more straightforward than these other methods (230, 231). We opted 

out of using RNA interference, as CRISPR Cas9 allows the generation of a permanent genetic 

modification which can be passed on throughout generations (232). CRISPR is a cutting-edge 

technique, and is being used more and more in scientific endeavours (230, 231). Our utilization of 

CRISPR Cas9 was highly successful, and resulted in the generation of several ATG14L KO cell lines.  
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ATG14L plays a key role in both the induction of mammalian MA, and in the fusion of 

autophagosomes with lysosomes (124, 126, 160, 165). As a key component of vps34 complexes, which 

mediate the production of PI3P critical to developing autophagosomes, ATG14L is crucial for 

autophagosome formation (124, 126). In mediating the interaction of the STX17 and SNAP29 

complex with Vamp8, ATG14L promotes autophagosome-lysosome fusion (160, 165). Therefore, 

ATG14L plays a key role in various steps of MA, and it is thus unsurprising that the loss of ATG14L 

expression is associated with impaired MA (115, 195).  

 

Since ATG14L plays a major role in MA, it is unsurprising that our data indicate that silencing of 

ATG14L expression in STHdhQ7/Q7 striatal neurons resulted in an inhibition of MA. We have 

shown that ATG14L KO cells exhibit a large increase in expression of p62, and in LC3-II:LC3-I 

expression. p62 is a widely used marker of MA, as it binds ubiquitinated cargo and targets it to the 

autophagosome via an interaction with LC3-II (which is bound to the autophagosome membrane) 

and is degraded upon autophagosome-lysosome fusion with the contents of the autophagolysosome 

(189-191). Therefore, when MA is inhibited, p62 accumulates in the cytoplasm, and when MA is active, 

p62 is degraded and its cytoplasmic expression decreases (189-191). Therefore, the increase in p62 

expression that we have observed in the ATG14L KO cells compared to WT STHdhQ7/Q7 cells 

represents an inhibition of MA, as expected, given that ATG14L is essential for autophagosome 

formation. During autophagosome membrane formation, the cytosolic form of LC3, LC3-I, is 

conjugated to PE, to form the membrane-bound form, LC3-II, which is present on both the outer 

and inner membranes of the developing autophagosome (234, 237). Upon maturation of the 

autophagosome, PE is removed from LC3-II by ATG4, thereby removing LC3-II from the outer 

membrane (234, 237). Thus, upon autophagosome maturation, LC3-II is removed from the outer 

membrane, but remains on the inner (luminal) membrane (237). LC3-II expression levels correlate 

with autophagosome numbers, and the ratio of LC3-II:LC3-I is often used as a marker of MA activity 

(234, 237, 238). Our data indicate an abnormal accumulation of LC3-II in ATG14L KO cells in 

comparison to WT STHdhQ7/Q7 cells, as shown by an increase in the LC3-II:LC3-I ratio. However, 
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while LC3-II is degraded during MA, interpreting LC3-II data can be difficult, as an increase in LC3-

II:LC3-I can mean one of many possibilities: first, it may represent an increase in autophagosome 

formation (which could indicate an activation of MA), or second, it may represent a decrease in 

autophagosome fusion with lysosomes, and therefore a decrease in degradation of autophagic cargo 

(237, 238). However, because our data indicate that the ATG14L KO cells also exhibit an increase in 

p62, which indicates an inhibition of MA, and it is known that ATG14L plays a role in autophagosome 

and lysosome fusion, we believe this increase in LC3-II:LC3-I observed in the ATG14L KO cells 

represents an impairment in autophagosome-lysosome fusion and, in effect, degradation of autophagic 

cargo, resulting in an overall impairment of MA. However, use of more robust and sensitive LC3-

II:LC3-I assays should be used in the future to confirm or deny this theory.  

 

In addition to ATG14L, beclin-1 is a critically important component of vps34 complexes responsible 

for PI3P production, and is thus vital for autophagosome biogenesis (124, 126, 235). In addition to 

its role in vps34 complexes, beclin-1 also forms a complex with UVRAG (in place of ATG14L) 

important for autophagosome maturation and endocytosis, and with RUBICON, which promotes 

inhibition of MA (235). Beclin-1 contains many domains, allowing it to interact with many different 

proteins which act to regulate beclin-1 activity, and thereby MA as a whole (235). Therefore, beclin-1 

is considered a platform by which many upstream signaling molecules interact to exert their effects 

on MA via regulation of beclin-1 (235). In MA, this regulation of beclin-1 occurs through post-

translational modifications, including acetylation, phosphorylation, ubiquitination, etc. (235). 

Depending on the location and type of modification, MA may be either inhibited or activated.  

 

In the present study, we have shown that beclin-1 expression is increased in ATG14L KO cells in 

comparison to WT STHdhQ7/Q7 cells. Increased beclin-1 expression indicates an activation of MA, 

while decreased beclin-1 expression indicates an inhibition of MA (236). Since we have shown that 

silencing of ATG14L expression in STHdhQ7/Q7 cells resulted in the inhibition of MA, we were 

expecting a decrease in beclin-1 expression that would be consistent with an inhibition of MA. 
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However, the increased beclin-1 expression that we have observed in ATG14L KO cells may indicate 

an attempt by the neurons to compensate for the inhibition of MA caused by loss of ATG14L by 

increasing beclin-1 levels. In addition, we consistently observed a band present above the band 

corresponding to beclin-1 on western blot membranes. This band is likely too large to be due to a 

phosphorylation event, and is more likely due to a ubiquitination event (ubiquitin groups are larger 

than phosphate groups). Several ubiquitination post-translational modifications of beclin-1 have been 

identified to date, some of which activate MA, and others which inhibit MA (235). Given that we have 

observed an increase in beclin-1 expression, and an increase in beclin-1 expression typically represents 

an activation of MA, we believe that this second band seen on the blots could represent an MA-

activating ubiquitination, caused by the neurons attempting to trigger MA and compensate for the 

inhibition of MA due to loss of ATG14L expression. Future experiments using a pan-ubiquitin 

antibody on the western blots will be useful in confirming whether this band indeed represents a 

ubiquitination.  

 

ZBTB16 is a core component of the ZBTB16-Cullin3-Roc1 E3 ubiquitin ligase recently identified as 

a key player in GSK3b-mediated regulation of MA (195). Zhang et al have previously shown that this 

GSK3b-mediated pathway of MA is under the regulation of GPCRs, and Abd-Elrahman et al have 

identified a specific GPCR, mGluR5, which may regulate this pathway (115, 195). Upon activation of 

mGluR5, GSK3b is phosphorylated at the S9 site, thus inhibiting the ability of GSK3b to 

phosphorylate and inhibit ZBTB16 (115). This leaves ZBTB16 free to interact with and ubiquitinate 

ATG14L, leading to the degradation of ATG14L (115). Given that ATG14L is essential for both 

autophagosome formation and autophagosome-lysosome fusion, it is no surprise that this leads to the 

inhibition of MA (115). Conversely, when mGluR5 is not activated, or is actively inhibited, GSK3b 

does not undergo the S9 inhibitory phosphorylation, and is able to phosphorylate ZBTB16 at the S184 

and T282 sites, resulting in autoubiquitination of ZBTB16 and its degradation (115). This results in 

increased ATG14L, and therefore an activation of MA (115).  
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Since increased ZBTB16 expression was correlated with an inhibition of aggrephagy, the accumulation 

of huntingtin aggregates, and the worsening of HD motor and cognitive symptoms in the zQ175 HD 

mouse model, while decreased ZBTB16 expression was correlated with the opposite, we wanted to 

further investigate the role of ZBTB16 in the striatal neuron cell model, STHdhQ7/Q7 (115). As with 

the generation of our ATG14L KO cell line, we successfully utilized CRISPR to silence ZBTB16 

expression in STHdhQ7/Q7 cells. 

 

Our data indicate that silencing of ZBTB16 in STHdhQ7/Q7 striatal neurons results in an activation 

of MA, as shown by a decrease in the expression of p62, and an increase in the expression of ATG14L. 

As previously discussed, p62 is a widely used marker of autophagy, as it binds cargo and is degraded 

with it when MA is active (189-191). Therefore, the large decrease in expression of p62 in ZBTB16 

KO cells is indicative of an activation of MA. Decreased ATG14L expression has previously been 

correlated with inhibition of MA, while increased ATG14L expression has been correlated with 

activation of MA (115, 195). Therefore, the increase in ATG14L expression observed in the ZBTB16 

is indicative of activation of MA. Taken together, these results indicate that loss of ZBTB16 results in 

activation of MA, and that ZBTB16 likely regulates MA by modulating ATG14L levels.  

 

Interestingly, silencing of ZBTB16 did not cause any significant changes in beclin-1. Since loss of 

ZBTB16 resulted in changes in both p62 and ATG14L consistent with an activation of MA, we 

expected to observe an increase in beclin-1 expression. Given that the sample size for beclin-1 western 

blot analysis was only three (n=3), it is possible that a larger sample size may reveal significant trends 

we were not able to observe due to a low sample size. 

 

Homeostasis is critical in neurons, and MA plays a crucial role in maintaining neuronal homeostasis 

(7, 121, 198). In many important molecular signaling pathways, feedback mechanisms exist (both 

negative and positive) to maintain cellular homeostasis. Therefore, we believed that it was possible 
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that both ATG14L and ZBTB16 could exert effects on upstream proteins involved in the GSK3b-

mediated pathway of MA. In the case of ATG14L, these upstream proteins include ZBTB16 and 

GSK3b, while for ZBTB16, GSK3b is the only known upstream protein. If ATG14L and ZBTB16 

exert any effects on upstream proteins, we posited that the loss of their expression may result in 

changes in expression of the upstream proteins. However, no changes in ZBTB16 or pGSK3b were 

observed in ATG14L KO cells, and no changes in pGSK3b were observed in ZBTB16 KO cells. 

Therefore, the loss of ATG14L and ZBTB16 expression has no impact on upstream protein 

expression in the GSK3b-mediated pathway of MA. While this does provide some evidence that 

ATG14L and ZBTB16 do not exert any effects on upstream proteins in a feedback manner, it certainly 

does not rule out this possibility. 

 

Many dysfunctions in aggrephagy have been identified in neurodegenerative disorders, including HD 

(121, 200, 202-204). Since aggrephagy is, to date, the only degradative pathway active in neurons 

capable of degrading large, toxic, misfolded protein aggregates, these deficits in aggrephagy are 

thought to result in devastating consequences (189). These consequences include the accumulation of 

aggregates, which is believed to contribute to HD symptomology (126, 189). Additionally, WT Htt is 

believed to play a role in selective MA (15, 54, 64, 65, 209). Loss of WT Htt function has previously 

been associated with the accumulation of protein and autophagosomes, and mHtt is capable of 

inhibiting normal MA via several mechanisms, including sequestering of the cargo receptor p62, 

sequestering of beclin-1, and impaired autophagosome-lysosome fusion (7, 15, 54, 194, 212-219). 

 

As previously discussed, Abd-Elrahman et al. have also shown that the accumulation of Htt aggregates 

and worsening of HD symptoms in the zQ175 HD mouse model correlated with the inhibition of the 

GSK3b-mediated pathway of MA, of which ZBTB16 and ATG14L are key components (115). 

Therefore, we wanted to investigate the effect of both ATG14L and ZBTB16 KO’s on the expression 

level of an mHtt fragment, Q138. In the present study, we demonstrate a clear link between 



 67 

aggrephagy and both ATG14L and ZBTB16. The accumulation of mHtt aggregates is a pathological 

hallmark of HD. Previous studies have demonstrated a correlation between clearance of mHtt 

aggregates and improved HD symptomology in HD mouse models (115, 195). In addition, these 

studies support a role for GSK3b-mediated aggrephagy in clearing these toxic aggregates (115, 195). 

Here, our data show that the loss of ATG14L results in a significant accumulation of mHtt (Q138), 

while the loss of ZBTB16 results in a significant clearance of mHtt (Q138). This demonstrates a direct 

link between two key players of the GSK3b-mediated pathway of MA, and aggrephagy of mHtt. Our 

results show that aggrephagy is, at least in part, necessary for the clearance of mHtt. Since it is clear 

that both ATG14L and ZBTB16 play significant roles in mHtt aggrephagy, in the future it would be 

interesting to further investigate their impact on not only the number, but the size, of mHtt aggregates 

and inclusions characteristic of HD.  

 

In addition to the accumulation of mHtt aggregates, neuronal cell death is a defining feature of HD 

pathology, especially of the MSN’s of the striatum (15). Since ATG14L and ZBTB16 impact 

aggrephagy of mHtt, it would be interesting to investigate the results of silencing each of these proteins 

on cell death. Given that silencing of ATG14L causes the accumulation of mHtt aggregates in 

STHdhQ7/Q7 striatal neurons, it is reasonable to assume this accumulation of mHtt may lead to the 

activation of neurotoxic cell signaling pathways resulting in neuronal cell death. For example, mHtt is 

known to sensitize NMDARs containing NR1A/NR2B subunits, which can lead to an influx of 

calcium (91, 92). This influx of calcium can trigger apoptosis and contribute to mitochondrial 

dysfunction, both of which can contribute to the neuronal cell death observed in HD (4, 89, 90). On 

the other hand, since silencing of ZBTB16 leads to clearance of mHtt aggregates in STHdhQ7/Q7 

cells, it is possible that fewer neurotoxic signaling pathways triggered by mHtt which contribute to 

neuronal cell death are activated. This would lead to a reduction in neuronal cell death associated with 

HD.  
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An increase in pGSK3b has previously been shown to correlate with an accumulation of Htt 

aggregates and worsening of HD symptoms, in addition to an inhibition of aggrephagy (115). This 

suggests a role for GSK3b in HD-related inhibition of aggrephagy. Our data confirm our previous 

findings, as we observed an increase in pGSK3b expression in WT STHdhQ7/Q7 cells transfected 

with the Q138. This increase in pGSK3b was also observed in both ATG14L and ZBTB16 KO cells. 

This indicates that the presence of mHtt (Q138) causes an increase in phosphorylation of GSK3b in 

STHdhQ7/Q7 striatal neurons.  

 

While transfection of Q138 was not expected to impact the expression of p62 in either ATG14L or 

ZBTB16 KO cells, we did expect to observe changes in p62 in WT STHdhQ7/Q7 striatal neurons. 

Since the transfection of Q138 caused a significant increase in pGSK3b expression, and increased 

pGSK3b expression has previously been correlated with an increase in p62 expression, indicating an 

inhibition of MA, in zQ175 HD mice, we expected to observe a similar increase in p62 in WT 

STHdhQ7/Q7 cells transfected with Q138 (115). Surprisingly, we did not observe this. While this 

may indicate that pGSK3b does not directly regulate aggrephagy, we cannot completely rule out the 

possibility that it does, as our experimental design may not have been the most effective for observing 

sensitive changes in MA proteins. This is in part due to the challenges of attempting to study both 

glutamate signaling and MA simultaneously. However, the fact that we did not observe the expected 

increase in p62 expression in WT cells upon transfection of Q138, may be explained by the fact that 

mHtt is known to sequester p62, which may have resulted in there being no observable change in p62 

expression between WT non-transfected and Q138 transfected counterparts (7). Unfortunately, we 

also did not observe any significant changes in beclin-1 or ZBTB16 expression upon transfection of 

Q138. An increase in pGSK3b was expected to result in an increase in ZBTB16 expression, and the 

fact that it did not may reflect a flaw in the experimental approach, or it may indicate that another 

protein regulates ZBTB16 levels in addition to GSK3b. No change in beclin-1 expression may have 
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been caused by the fact that the starvation reduced autophagic load in non-transfected WT cells, 

meaning MA would be occurring at a very low level and changes in MA proteins would have been 

difficult to observe. Since mHtt sequesters beclin-1, the levels of beclin-1 would have also been low 

in Q138 transfected WT cells (7). Therefore, beclin-1 expression would be low in both Q138 

transfected and non-transfected WT cells, making it difficult to observe changes due to Q138 

transfection on beclin-1 expression. 

 

Our lab has previously shown that blocking mGluR5 signaling with the mGluR5 specific NAM CTEP, 

resulted in an activation of GSK3b-mediated aggrephagy (as shown by a decrease in p62, an increase 

in beclin-1, an increase in ATG14L, a decrease in ZBTB16, and a decrease in pGSK3b), which 

correlated with clearance of Htt aggregates and improvement of HD motor and cognitive symptoms 

(115). We therefore hypothesized that mGluR5 regulates the GSK3b-mediated regulation of 

aggrephagy. In this study, we attempted to confirm a direct link between mGluR5 and this pathway 

of MA, and to show that ZBTB16 and ATG14L are effectors of mGluR5. Unfortunately, neither 

treatment with the group I mGluR agonist DHPG, or CTEP was successful. DHPG and CTEP 

effectiveness was measured by pGSK3b expression in WT cells: DHPG should have caused an 

increase, while CTEP should have caused a decrease. However, neither DHPG or CTEP caused any 

significant changes in pGSK3b expression, in any other proteins believed to be part of the GSK3b-

mediated pathway of MA, or in markers of MA. Both DHPG and CTEP have previously been used 

in our lab to investigate other signaling pathways regulated by mGluR5, but never in a study where 

aggrephagy was investigated. Perhaps the protocol we used was not the best in terms of investigating 

both glutamate signaling and MA. Changes in MA may have been difficult to observe upon treatment 

with CTEP as nutrient starvation (achieved by starvation with HBSS) is known to induce MA (167-

174). Therefore, having already been induced by starvation conditions, treatment with CTEP, which 

was predicted to activate MA, would not have shown any significant changes to the non-treated cells. 

In addition, we wanted to observe changes in MA caused by DHPG and CTEP, not those caused by 
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nutrient starvation. Therefore, this long starvation step may have prevented us from successfully 

achieving this.  

 

Alternatively, it is also possible that, because the long two-hour HBSS starvation would have resulted 

in the removal of culture medium containing cellular debris and waste products, then in cells without 

transfection of Q138 there would not have been a significant load/cargo for the cells to degrade via 

aggrephagy. Therefore, treatment with DHPG, which was predicted to inhibit MA, would not have 

shown any significant changes in comparison to non-treated cells. The same is true of treatment with 

CTEP. While that certainly may help to explain why the treatments appeared ineffective in non-Q138 

transfected cells, it does not fully explain why DHPG and CTEP treatment had no impact on WT 

cells transfected with Q138. Q138 should have acted as autophagic cargo. Perhaps for the Q138 

transfection experiments, since Q138 was expected to impact MA, a long starvation was not 

appropriate (as starvation affects MA, as previously discussed) as we did not want to observe starvation 

effects on MA, but the effects of DHPG and CTEP on aggrephagy related to Q138. This might also 

explain why Q138 transfection with no treatment also did not cause any changes in markers of MA, 

or in members of the GSK3b-mediated signaling pathway aside from pGSK3b. While HBSS 

starvation of the cells was necessary in order to ensure that the effects observed were due to mGluR5 

activation or inhibition, perhaps the starvation was too long in order to efficiently evaluate aggrephagy 

of Q138. Another lab studying mGluR5 signaling with DHPG has used a starvation time of 20 minutes 

(113). To conclude, it would appear that our lab’s protocol for DHPG and CTEP treatment requires 

modifications in terms of studying aggrephagy-related changes. As such, knowing whether mGluR5 

regulates GSK3b-mediated regulation of aggrephagy, and whether ATG14L and ZBTB16 are direct 

effectors of mGluR5, remains unknown and requires further investigation. 

 

While we could not provide evidence that ZBTB16 and ATG14L are direct effectors of mGluR5, our 

data do indicate that silencing of ZBTB16 and ATG14L in STHdhQ7/Q7 cells impacts mGluR5 



 71 

expression. Surprisingly, both ZBTB16 KO and ATG14L KO cells demonstrate a significant decrease 

in mGluR5 expression compared to WT STHdhQ7/Q7 cells. ZBTB16 is a known transcription factor 

involved in immune responses, and in repression of cell cycle control (239, 240). Given that mGluR5 

stimulation is associated with inhibition of aggrephagy, perhaps ZBTB16 acts as a transcription factor 

which upregulates mGluR5 to further exert its inhibitory effects on aggrephagy, in addition to 

decreasing ATG14L levels (115). If this is the case, loss of ZBTB16 could result in a reduction of 

mGluR5 expression, which would contribute to a greater increase in activation of aggrephagy observed 

in ZBTB16 KO cells. ATG14L KO cells exhibiting a decrease in mGluR5 is quite surprising, but 

perhaps the decrease in mGluR5 activation, which is correlated with inhibition of aggrephagy, is an 

attempt by the cell to compensate for the inhibition of aggrephagy caused by the loss of ATG14, as 

we theorized to explain the increase in beclin-1 expression. Nevertheless, it is clear that further studies 

investigating the relationship between mGluR5 and ZBTB16 and ATG14L, respectively, are 

necessary.  

 

To conclude, we provide evidence that ATG14L is essential for aggrephagy in STHdhQ7/Q7 striatal 

neurons, and that ZBTB16 is a critical regulator of aggrephagy through the regulation of ATG14L. 

Specifically, we have shown that loss of ATG14L results in the accumulation of mHtt, while loss of 

ZBTB16 results in the clearance of mHtt, indicating an important role for both in the context of HD. 

However, whether they are direct effectors of mGluR5 remains elusive, and will require further 

investigation. Both ATG14L and ZBTB16 play important roles in aggrephagy in STHdhQ7/Q7 cells, 

and modulation of their expression represents an attractive potential therapeutic approach for the 

treatment of HD. Future studies will determine whether this is a viable, therapeutic approach in the 

effort to find novel and effective treatments for HD.  
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