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Polyglutamine diseases are a group of congenital neurodegenerative diseases categorized with genomic

abnormalities in the expansion of CAG triplet repeats in coding regions of specific disease-related genes.

Autophagy is defined as the degradation of intracellular components within the lysosome; self-eating.
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1. Introduction

Autophagy is defined as the degradation of intracellular components within the lysosome; self-eating . The main

element of autophagy machinery is lysosomes containing various types of enzymes, such as cellular hydrolases,

including lipases, proteases, glycosidases, and nucleotidases . Acidification of organelles is achieved by the ATP-

dependent proton pump, which is responsible for the functioning of the enzymes, as they need an acidic

environment for their activities. An acidic environment causes the unfolding proteins such as proteases to enter and

act on the material via the breaking of peptide bonds. These proteases convert proteins into di- and tripeptides,

and finally into amino acids. There are three significant areas of autophagy in mammalian cells: micro-autophagy,

chaperone-mediated autophagy (CMA), and macro-autophagy. There are also variants of autophagy based on

cargo degradation (mitophagy) deterioration of mitochondria, (pexophagy) deterioration of peroxisomes,

(lipophagy) deterioration of lipid droplets, and (aggregophagy) deterioration of aggregates . Through CMA, only

proteins can also be degraded, but through macro- and microautophagy, proteins and organelles can be degraded.

The cargo in the cytosol undergoes degradation through macroautophagy by sequestering under a double

membrane or autophagosome, which undergoes fusion with lysosome . The lysosomal acidic environment

activates acid hydrolase enzymes, which degrade the proteins and organelles. The discovery of lysosomes was

described with macroautophagy . Yeast genetic engineering showed the involvement of about 35 genes that

contributed towards autophagy and are known as autophagy-related genes, ATG. Each step of macroautophagy is

coordinated and regulated by autophagy proteins, which initiates the recruitment of different autophagy complexes

to the internal membranes of autophagosomes . The Mammalian target of rapamycin (mTOR) and target of

rapamycin complex 1 (TORC1) complex negatively regulates the process of autophagy in the cell. Different

phenomena (intracellular or extracellular) are recognized by ATP, mTOR, insulin, amino acids, hormones, stress

factors, and glucose, which can revert by modulating the process of autophagy .

2. Mechanism of Autophagy
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Autophagy is a degradation process that degrades intracellular components and has been preserved throughout

evolution . The autophagosomes, a double-membrane vesicle that catches cytoplasmic contents and merges

with lysosomes to produce autophagolysosomes, configurations in which cargo substrates are destroyed by

lysosomal enzymes, is formed during macroautophagy  (Figure 1).

Figure 1. Schematic representation of the protein degradation lysosomal pathway includes different steps of

autophagy and proteins involved in initiation of autophagy. (ULK1/2: unc-51-like kinase 1; FIP200: focal adhesion

kinase family-Interacting Protein of 200 kDa); ATG13: autophagy-related protein 13; p150: PI3-kinase 150; VPS34:

vacuolar sorting protein-34).

Chaperone-mediated autophagy is defined by the direct import of cytoplasmic components into the lysosome,

where they are destroyed. To digest intracellular cargo, all three kinds of autophagy depend on functioning

lysosomes . This complicated process may be broken down into five steps: initiation, elongation, maturation,

fusion, and destruction, all of which are regulated through a series of autophagy-related genes products (ATGs)

. A protein kinase complex that responds to upstream cues (ATG1 and ATG13 in yeast) is involved in the

commencement of the autophagy process. mTOR is a serine/threonine protein kinase that is part of the mTOR

complex 1 (mTORC1), which represses autophagy in nutrient-rich environments. Enzymes involved in the

synthesis of phosphatidylinositol 3-phosphate (PI3P) govern autophagosome nucleation and formation, including

phosphatidylinositol 3-kinase (C3PI3K), a class III phosphatidylinositol 3-kinase (PI3K) that regulates autophagy by

mediating the recruitment of other autophagy-regulatory proteins to the pre-autophagosomal structure. B-cell

lymphoma-2 (BCL-2), interacting protein (Beclin1), and other vital components, including VPS34 (C3PI3K), make
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up part of the nucleation complex. At the endoplasmic reticulum (ER) membrane, the anti-apoptotic proteins BCL-2

and BCL-XL suppress Beclin 1. ATG5/ATG7-independent autophagy has also been linked to Beclin 1 . ATG2A,

or ATG2B, WD repeat domain 45 (WDR45)/WD40 repeat protein interacting with phosphoinositide 4 (WIPI4), and

the transmembrane protein ATG9A, form the ATG9 trafficking system, which provides a membrane and assists in

the elongation of the phagophore, the initial sequestering compartment. Two ubiquitin-like (Ubl) conjugation

systems, involving the Ubl proteins ATG12 and ATG8-family proteins, are also involved in membrane expansion

(including the microtubule-associated protein 1 light chain 3 (LC3) and gamma aminobutyric acid receptor-

associated protein (GABARAP) subfamilies). ATG12 binds ATG16L1 after being conjugated to ATG5 by the E1 and

E2 enzymes ATG7 and ATG10, respectively. Phosphatidylethanolamine (PE), a membrane-resident lipid, is

coupled to ATG8-family proteins. The protease ATG4, the E1 enzyme ATG7, the E2 enzyme ATG3, and the E3

enzyme ATG12–ATG5–ATG16L1 complex must all work together to attach PE . The cargo sequestration is

accomplished throughout the maturation phase, and the autophagosomes merge with lysosomes to destroy their

cargo. Important components in autophagosomes’ maturation are SNARE (soluble N-ethylmaleimide-sensitive

fusion protein receptor) proteins, the endosomal coat protein complex (COPs), the endosomal sorting complexes

required for transport (ESCRT-III) complex, small GTPase-Rab proteins, members of the chaperone heat shock

protein 70 (HSP70) family, and tyrosine kinase protein 1 (TECPR1) . The cargos are digested in the

autolysosomes by lysosomal hydrolase, and the productions are delivered back to the cytosol by lysosomal

permease in the last stage. Those hydrolyzed proteins interact with vacuoles exhibiting autophagosomal and auto

lysosomal characteristics in a polyQ-length-dependent manner; that process attempts to establish a relationship

between autophagy and neurodegenerative disorders (polyQ diseases) .

3. PolyQ Diseases, Their Pathophysiology, and Therapeutics

Polyglutamine diseases are a group of hereditary neurodegenerative diseases categorized with genomic

abnormalities in the expression of cytosine–adenine–guanine (CAG) triplet repeats in coding regions of specific

genes related to disease . The CAG triplet codon codes for glutamine (one-letter code, Q), and its expansion in

the disease-causative genes causes the formation of amyloid proteins with a peculiar pathogenic extension of the

polyQ tract. Fischbeck and coworkers in 1991 for the first time observed the extension of CAG repeats in exon 1 of

the androgen receptor gene of spinal and bulbar muscular atrophy (SBMA)-affected patients, after which it has

been discovered in other different inherited neurodegenerative problems . A common characteristic of polyQ

ailments is the revolutionary deterioration of neurons in the specific regions of the brain, which cause impairment in

basic functioning, such as motor disturbances that depend on the part of the brain that is affected. The proteasome

and lysosome are unable to break down compact complexes made by these expanded polyQ tracts, which can

lead to abnormalities in various intracellular pathways and dysfunction in the neurons. Theoretically, an expanded

polyQ tract can result in protein misfolding and the formation of insoluble aggregates, which then gather inside

neurons as inclusion bodies. The expanded polyQ tract inside a target protein facilitates the harmful aggregate-

prone conformational change. It has been established that if polyQ is at least 37 residues long, it will

spontaneously fold into a β-helix structure. Perturbation of normal protein function, transcriptional dysregulation,

and organelle dysfunction may induce polyQ toxicity mutation. There are so far nine disorders in this group of
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diseases, which include Huntington’s ailment (HD); spinocerebellar ataxia (SCA) types 1, 2, 3, 6, 7, and 17; and

Dentatorubral pallidoluysian atrophy (DRPLA) . Since misfolding and aggregation of the expanded polyQ tract

are assumed to be the first events in the common pathogenic cascade of the polyQ diseases, suppression of the

polyQ aggregation is expected to have a wide-ranging impact on the functional abnormalities of many downstream

cellular processes that are impacted by the aggregation process of the polyQ proteins . Considering these

benefits, inhibition of polyQ protein misfolding and aggregation has received substantial research, being the

optimal therapeutic strategy for the creation of disease-modifying treatments for polyQ illnesses . In the

subsections that follow, two strategies for preventing polyQ protein aggregation will be concentrated on. One

strategy is to create powerful inhibitors, such as small chemical compounds and short peptides, which are intended

or chosen to bind specifically to the expanded polyQ tract and prevent polyQ protein aggregation. The alternative

strategy is to engage cellular defense mechanisms that stop the formation of aggregates and buildup of misfolded

proteins. Both methods effectively slow down the aggregation of enlarged polyQ proteins and the courses of illness

and animal model traits, demonstrating the efficacy of this therapeutic target for drug development .

4. Autophagy Dysfunction in Polyglutamine Disease

There are two degradation systems reported under the protein quality control system to get rid of these misfolded

proteins—the ubiquitin-proteasome system (UPS) or autophagy . In the eukaryotic system, these long polyQ

stretches structurally transform into misfolded proteins, which cannot be degraded by UPS machinery, as there is

the sequestration of UPS components, due to which delivery of misfolded proteins in polyQ disorders cannot reach

out to the nuclear proteasomes . Due to increases in UPS components and heat shock proteins in nuclear

inclusions, these systems are deficient, which causes aggravation of polyQ aggregates that become the substrates

for autophagy degradation. The autophagy process gets upregulated to counter the protein aggregates and

maintain protein homeostasis. The autophagy process is limited to the cytosol, unlike the UPS, which is active in

both the nucleus and the cytosol. Degradation of these aggregates in polyQ disorders by autophagy is directly

correlated with its localization (Figure 2). As autophagy machinery is activated only in the cytosol, the aggregates

present in the cytosol can be maintained, but in certain diseases, formation of aggregates takes place in the

nucleus, as in SCA1, SCA7, SCA17, and SBMA, where it becomes problematic. In HD, SCA3 and DRPLA

aggregates are distributed in both the cytoplasm and the nucleus . These reports suggest that the aggregates

formed in the cytosol can be degraded by autophagy, and autophagy upregulation degrades them and prevents

their uptake inside the nucleus. The nucleus plays a central role in the pathogenesis in a polyglutamine diseases.

Further on, detailed interaction between autophagy and various polyQ diseases is elucidated.
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Figure 2. Autophagy dysregulation in polyglutamine disorders: autophagy degrades polyglutamine-expanded

protein aggregates and also regulates them at different steps.

4.1. Huntington’s Disease

Among all nine polyQ-associated neurodegenerative diseases, the most frequent autosomal dominant disease is

Huntington’s disease (HD), in which there is an expansion of CAG repeats (≥36) . Most HD patients have a

functioning copy of wild type HTT (wtHTT) because they are heterozygous for the HTT mutation (mHTT). HTT

plays a crucial role in maintaining the health of neurons and is crucial for embryonic development. Adult-onset loss

of complete HTT causes neurodegeneration. While there have been several attempts to comprehend and create

novel treatments that can support pathways that can remove mHTT and its aggregates, it might be critical to do so

selectively without affecting wtHTT levels . This disease is characterized by involuntary motor movements,

cognitive decline, and psychiatric illness. There are increases in the expression of autophagy markers p62 (a

cargo-adaptor) and LC3-II in the brains of HD transgenic mice (an autophagosome membrane marker) .

Defects in autophagy machinery and in ubiquitin-proteasome system (UPS) are the hallmarks of many

neurodegenerative diseases, including HD . The polyglutamine tracts causing various toxicities are assumed to

hinder the autophagy-related functions of wild-type protein in HD . Similarly, the presence of aggregates of

mutated N- terminal Htt protein or inclusion bodies (IB) in the cell nucleus depicts the alterations in UPS which play

major roles in the removal of toxic protein aggregates, specifically in the nucleus . Various lines of evidence

suggest that the pathogenesis of HD is the outcome of defects in autophagy machinery and loss of normal protein

function in this cleaning crew and in the UPS system. The formation of autophagosomes and their clearance are

normal in HD, but these autophagosomes are usually empty due to failure in cargo trapping. The pathophysiology

of mutation in several autophagy-related genes is similar to the pathological findings associated with HD. Studies

on loss of wild-type protein functions in mouse and Drosophila models revealed several characteristics of disrupted
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autophagy. Both wild-type protein in association with HAP1 and the mutated one can alter the axonal trafficking of

autophagosomes and vesicles in neurons in vitro and in vivo . In Drosophila, the loss of wild-type protein during

embryogenesis results in viable embryos, but later in adult life, absence of it leads to several neurodegenerative

symptoms, reduced viability, mobility, reduced or collapsed thorax, etc. . Defects in starvation-induced

autophagy have also been reported in Drosophila larvae and Htt conditional knockout of mouse CNS, resulting in

accumulation of protein sequestosome 1 (p62/SQSTM) in striatum over time, a hallmark of disturbed autophagy. A

master regulator of autophagy, mTOR (mammalian target of rapamycin), is a serine-threonine kinase, and it is

sequestered with polyQ aggregates, which cause dysfunction in its kinase activity and induce autophagy in HD.

PolyQ-Htt aggregates impaired the formation of autophagosomes by requisite with Beclin-1 (an autophagy initiation

protein) . HD is an age-onset disorder, as the lysosomal clearance and autophagy activity decrease with age,

and the aggregates get exacerbated in the progression of HD .

4.2. Spinal and Bulbar Muscular Atrophy

It is also known as Kennedy disease and is an X-linked inherited neuromuscular disorder. It leads to weakness and

bulbar muscular atrophy . Pathways that control cellular proteostasis have drawn a lot of interest since the

unfolded mutant protein is the primary mediator of toxicity in SBMA. One of them is macroautophagy, often known

as “autophagy”, a highly conserved catabolic process in which misfolded or defective proteins and organelles in the

cytoplasm are encapsulated in double-membraned structures called “autophagosomes” . These

autophagosomes are transported to lysosomes and fused with them, allowing their intraluminal contents to

degrade. The coordinated lysosomal expression and regulation (CLEAR) network, which is one of the mechanisms

used to regulate autophagy, includes the transcription factor EB (TFEB), which controls the expression of hundreds

of genes relevant to lysosomes and autophagy . The main regulator of both autophagy and lysosomal

biogenesis is TFEB. Aside from promoting mTOR inhibition and dietary restriction, therapies that cause autophagy

also increase TFEB activity . Although there is evidence that SBMA alters the regulation of protein quality, it is

unclear how these regulatory transcription factors are impacted by illness . In contrast to the range of 8 to 34

polyQ stretches, there is an accumulation of LC3 puncta in polyglutamine androgen receptor (polyQ-AR) disease

. It is reported that there is an accumulation of AV and multivesicular body in fly model of AR, which causes

degeneration of the eye . In the mice model systems of AR, an increase in autophagy vacuoles at later stages

suggests an alteration in autophagy .

4.3. Spinocerebellar Ataxia Type 1

Cerebellar ataxia type 1 is a late-onset autosomal dominant neurodegenerative condition characterized by

cerebellar ataxia, oculomotor abnormalities, pyramidal and extrapyramidal characteristics, peripheral neuropathy,

and cognitive impairment to varying degrees . Ataxin 1 (ATXN1), the protein that causes spinocerebellar ataxia

type 1, has an ataxin-1 and HMG-box protein 1 (AXH) sequence, which was initially discovered in the high-mobility

group transcription activator HMG1, gave the first evidence tying ATXN1 to transcription. The AXH domain has

been found to interact with at least one trans-activator, SP1, to control transcription directly . SCA1 is defined by

a gradual loss of motor coordination, which generally begins with a shaky stride and balance and cognitive
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difficulties. The mutant ATXN1 protein promotes SCA1 degeneration in cerebellar Purkinje cells and neurons in the

brainstem and spinal cord. Overexpression of the chaperones has been proven to slow the course of illness. One

of the most common cellular chaperone proteins is heat shock protein 90 (Hsp90). A recent study has found that

Hsp90 inhibitors reduce misfolded protein aggregation and toxicity by affecting the autophagy-lysosome pathway

(ALP) .

4.4. Spinocerebellar Ataxia Type 2

Spinocerebellar ataxia type 2 (SCA2) is the most common polyQ ataxia in Cuba, India, Mexico, and southern Italy,

and it has a vast geographical spread. The length of the CAG repeat expansion determines the age of onset in

SCA2 and other polyQ diseases: the longer the polyQ expansion, the earlier the onset of disease. In SCA2, the

average age at the beginning of symptoms is around 35 years . The autophagic protein WD repeat and FYVE

domain containing 3 protein (WDFY3) was shown to be overexpressed in patients with SCA2. Due to autophagy

malfunction, the STAU1 (staufen1) protein was elevated in SCA2 patients’ fibroblasts . When ubiquitin-labelled

proteins amass and assemble, a selective lysosomal-mediated degradation mechanism, autophagy, destroys

them. This mechanism requires the presence of microtubule-associated protein 1 light-chain 3 (LC3), p62, and

autophagy-linked FYVE domain protein (Alfy). LC3 (gene MAP1LC3) is an autophagy adaptor protein that is

necessary for autophagosome formation and maturation. P62 (gene SQSTM1) connects ubiquitinated cargo to the

nascent autophagosomes, allowing it to mature and fuse with lysosomes. Alfy (gene WDFY3) is an autophagy

scaffold protein that binds p62 and is essential for the autophagic degradation of cytoplasmic ubiquitin-positive

inclusions .

4.5. Spinocerebellar Ataxia Type 3

Spinocerebellar ataxia type 3 (SCA3) is also known as Machado–Joseph disease or MJD . Progressive ataxia,

peripheral amyotrophy, muscular atrophy, parkinsonian symptoms, dystonia, and spasticity are the predominant

clinical characteristics . Major clinical symptoms include dysarthria, eyelid retraction, ocular motility

abnormalities, and dystonia. PolyQ-ATXN3 in soluble form can be degraded by autophagy induction .

A number of stresses, including as the presence of cytotoxic protein aggregates, can cause autophagy, which

controls nutrient recycling during times of nutritional scarcity and ensures cell survival .

Phosphatidylethanolamine (PE) conjugation and autophagosomal anchoring of six closely related ubiquitin-like

modifiers from the Atg8 family—LC3A, LC3B, LC3C, GABARAP, GABARAPL1, and GABARAPL2—control the

beginning, development, and elongation of the autophagosomal membrane . By directly engaging with these

proteins through conserved LC3-interacting areas, LC3s and GABARAPs play key roles in aiding the recruitment of

cargo receptors and other autophagy proteins to autophagosomes (LIRs) . The portion of LC3/GABARAP

located on the luminal side of autophagic vesicles is destroyed in the lysosomes together with cargo receptors and

substrates, whereas LC3/GABARAP located on the cytosolic face is released by Atg4 protease after fusion with

lysosomes . It was observed that a defect in autophagy increased retinal toxicity in the degeneration model of

Drosophila polyQ-ATXN3 . Interestingly, numerous members of the heat-shock protein (Hsp) chaperone family
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were discovered to be dependent on intact autophagy function and were identified as genetic modifiers of polyQ-

ATXN3 toxicity in an eye degeneration model . In the Drosophila model, genetically inhibiting autophagy can

greatly worsen polyQ-neurotoxicity ataxin-3 on retinal cells, pointing to autophagy’s protective function in SCA3. By

blocking mTOR, the autophagy inducer rapamycin can increase autophagy’s activity and encourage the

breakdown of ataxin-3 aggregation .

4.6. Spinocerebellar Ataxia Type 7

In 1995, the gene responsible for SCA7 was discovered on chromosome 3p12-21.1. The ATXN7 gene was

discovered two years later after library screening for CAG repeat sequences. The ATXN7 gene is made up of 13

exons that span 140 kb of genomic DNA and encodes a polymorphic polyQ stretch in the amino terminus. CAG

expansions are a dynamic type of mutation that can occur in both germline and somatic tissues. SCA7 CAG

repeats have the most potential to increase the following transmission among CAG/polyQ diseases . The adult-

onset type is caused by the majority of SCA7 alleles, which have 36–55 CAG repeats and proceed over several

decades until death . ATXN7 is a component of the transcriptional co-activator complex SPT-TAF-ADA-GCN5

acetyltransferase (STAGA), which remodels chromatin and exhibits histone acetyltransferase activity. Only a few

studies have looked at the function of autophagy dysregulation in SCA7 before recently. However, studies from

other polyQ illnesses suggested that polyQ-ATXN7 toxicity might target autophagy. In the context of SCA-7, ATXN7

is a recognized component of the multiprotein SAGA complex, a transcriptional coactivator that has been

conserved from yeast to humans. This transcriptional activator (RNAPII) depends on SAGA’s chromatin modelling

activity, which directly correlates with the lysosomal membrane degradation (microautophagy) . Proteasome

components, protein chaperones, and ubiquitin were found in nuclear inclusions in SCA7 patient brains. When

polyQ-ATXN7 is overexpressed in cells, the number of autophagic vesicles increases (AVs) .

4.7. Spinocerebellar Ataxia Type 17

SCA17 is a neurodegenerative illness caused by the extension of a CAG/CAA repeat in the TATA box-binding

protein (TBP) gene’s coding region beyond 43–45 units. That TBP interacts with other protein factors, including

high mobility group box 1 (HMGB1), to regulate gene expression . HMGB1 was found to be sequestered into

polyQ-TBP aggregates in vitro, leading to impaired starvation-induced autophagy. HMGB1 is an important

autophagy regulator, raising the prospect of a general mechanism for autophagy dysfunction in all polyQ diseases

via HMGB1 inhibition . SCA17 has a complicated and changeable clinical phenotype that, in some situations,

resembles Huntington’s disease; as a result, it is also known as Huntington’s disease-like 4 (HDL-4). The disease

usually appears in the third or fourth decade, with the presenting symptoms being either mental problems such as

behavioral changes and mood swings or neurological characteristics such as ataxia and mobility difficulties. A

common early complaint is cognitive impairment (77%) . Chaperones are known to protect neurons against

cellular stress and acute and chronic stresses that occur in neuronal cells in the brain as people age . Reduced

brain chaperone concentrations presumably reduce cellular capacity to refold polyglutamine proteins and protect

against oxidative stress as people age, causing age-related neuropathology. Although it has been claimed that

increasing chaperone activity in brain cells might minimize misfolded protein toxicity, the complexity of chaperones
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has made pinpointing precise targets for successful therapy problematic. This emphasizes the need to identify

possible treatment targets by decoding the transcriptionally dysregulated pathways in SCAs .

4.8. Dentatorubral Pallidoluysian Atrophy (DRPLA)

The amplification of a CAG stretches in the atrophin-1 gene causes dentatorubral–pallidoluysian atrophy (DRPLA),

a human polyQ ataxia . Atrophin-1 (ATN1) is a bimodal transcriptional cofactor that is attracted to regulatory

regions by a variety of transcription factors. It is involved in various physiological activities. A method called

nucleophagy is triggered to damage abnormal nuclear constituents by macroautophagy. By binding to autophagy

adaptor proteins such as p62/SQSTM1, certain cargos are prepared for destruction. The lipidated version of

microtubule-associated protein 1 light chain 3b (LC3B-II) is likewise bound by these adaptors. An autophagosome

is a vesicle with a protein attached in its growing double membrane . After vesicle occlusion, autophagosomes

continue to develop and merge with lysosomes to form autolysosomes, where the cargo is broken down and

recycled by lysosomal hydrolases. Autophagy controls axonal homeostasis and eliminates cytoplasmic

aggregation-prone proteins, which reduces the etiology and progression of neurodegenerative illness.

Nucleophagy is a kind of autophagy linked with the destruction of lamin B1, a constituent of the nuclear lamina, by

direct contact with LC3B-II . The fruit fly Drosophila melanogaster is one of the invertebrate models for DRPLA

neurodegeneration. When a human disease allele is introduced, it causes age-dependent neuronal death that may

be brought on by issues with lysosomal autophagy and accumulation of the poly-Q repeat protein . Autophagy is

a process in which cytosol and organelles are encapsulated in double-membrane vesicles that convey the contents

to the lysosome/vacuole for breakdown and recycling of the resultant molecules, which occurs in all eukaryotic

cells. It normally occurs long-lived macromolecules and organelles to maintain homeostasis, differentiation, and

tissue remodeling .
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