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Abstract 

 

Polyglutamine (PolyQ) expansion diseases are a family of autosomal dominant neurodegenerative 

disorders that includes Huntington’s disease and spinocerebellar ataxias. These diseases are caused by 

an abnormal number of glutamines repeats in the affected proteins. Different in vitro and in vivo models 

have been developed to study these diseases; in this review, we will focus on the fruit fly, Drosophila 

melanogaster, as a model organism to study PolyQ diseases in humans, resulting in a better 

understanding of PolyQ pathologies and opening avenues to potential therapeutical treatments. 

 

Neurodegenerative disorders, Drosophila melanogaster, Animal models, Autosomal dominant 

diseases, Polyglutamine expansions 

 

Resumen 

 

Las enfermedades causadas por expansiones de poliglutaminas (PolyQ) son una familia de enfermedades 

neurodegenerativas autosómicas dominantes que incluyen la enfermedad de Huntington y las ataxias 

espinocerebelares. Estas enfermedades están causadas por un numero anormal de repeticiones de 

glutamina en las proteínas afectadas. Diferentes modelos in vitro e in vivo han sido desarrollados para 

estudiar estas enfermedades; en esta revisión, nos enfocaremos en la mosca de la fruta, Drosophila 

melanogaster, como modelo para el estudio de las enfermedades PolyQ en humanos, obteniendo un 

mejor entendimiento de estas patologías y abriendo nuevas avenidas para terapias potenciales.  

 

Enfermedades neurodegenerativas, Drosophila melanogaster, Modelos animales, Enfermedades 

autosómicas dominantes, Enfermedades poliglutamínicas 

 

1.1 Introduction 

 

Polyglutamine (PolyQ) expansion diseases encompass a family of forty autosomal dominant 

neurodegenerative disorders that affect neurons in the cerebral cortex, basal ganglia, the cerebellum, and 

sometimes the retina (Shao and Diamond, 2007; Srinivasan et al., 2023). These disorders share symptoms 

like chorea, ataxia, weakness, cognitive impairment, and eye degeneration among others (Takahashi et 

al., 2010). The most widely known PolyQ disease is Huntington’s Disease (HD), which affects 

approximately 41 000 people in the United States (Huntington’s Disease Society of America, 2022), and 

8000 people in Mexico (Instituto Nacional de Neurología y Neurocirugía MVS, 2018). Other PolyQ 

diseases are spinal bulbar muscular atrophy (SBMA), dentatorubral-pallidoluysian atrophy (DRPLA), 

and seven different spinocerebral ataxias (SCA) classified as 1, 2, 3, 6, 7, 8 and 17, depending on the 

affected protein (Shao & Diamond, 2007). SCA3, SCA2, and SCA6 are the most common ataxias 

worldwide; SCA17 is the rarest (Salas-Vargas et al., 2015; McIntosh et al., 2021). SCA7, although rare, 

has a high prevalence in Veracruz, México due to a founder effect, and it accounts for 7.4% of all SCA 

cases in the country (García-Velázquez et al., 2013; Salas-Vargas et al., 2015).  

 

These pathologies are caused by an increased number of CAG (glutamine) repeats in the affected 

proteins; healthy proteins contain between 35–50 glutamine repeats, whereas mutated proteins contain 

between 40 to more than 100 repeats (Table 1.1) (Cohen-Carmon and Meshorer, 2012). These expansions 

are unstable and, consequently, the number of repeats changes between different cells in the same 

individual. These diseases also show “genetic anticipation” meaning that the number of repeats increases 

with every generation, and with it the onset and severity of the disease (Cohen-Carmon and Meshorer, 

2012; Goswami et al., 2022; Srinivasan et al., 2023). In some cases, a non-pathological allele can expand 

to become pathological within a generation (McIntosh et al., 2021, Goswami et al., 2022). 
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Table 1.1 PolyQ expansions in human polyglutamine diseases 

 
Disease Protein affected PolyQ repeat length 

  Normal Pathogenic 

Huntington´s disease (HD) Huntingtin (HTT) 6-35 36-180 

Spinal and bulbar muscular atrophy (SBMA) Androgen receptor (AR) 9-36 38-65 

Dentatorubral-pallidoluysian atrophy (DRPLA) Atrophin 1 (ATN1) 6-36 49-80 

Spinocerebellar ataxia type 1 (SCA1) Ataxin 1 (ATXN1) 6-39 39-83 

Spinocerebellar ataxia type 2 (SCA2) Ataxin 2 (ATXN2) 14-32 32-200 

Spinocerebellar ataxia type 3 (SCA3) Ataxin 3 (ATXN3) 12-41 55-84 

Spinocerebellar ataxia type 6 (SCA6) Calcium channel α1A subunit (CACNA1A) 4-19 20-33 

Spinocerebellar ataxia type 7 (SCA7) Ataxin 7 (ATXN7) 4-35 37-306 

Spinocerebellar ataxia type 8 (SCA8) Ataxin 8 (ATXN8) 15-50 54-250 

Spinocerebellar ataxia type 17 (SCA17) TATA-binding protein (TBP) 25-44 46-63 

 

The molecular mechanism behind PolyQ diseases is not completely understood, but it is clear that 

the PolyQ regions are the common denominator for the diseases, given that the proteins involved differ 

in sequence, structure, and biological function (McIntosh et al., 2021). It is thought that, just like in the 

case of Alzheimer’s Disease and Parkinson’s Disease, protein aggregates might play a role in the toxicity 

that causes development of neurodegeneration (Takahashi et al., 2010). In this case, the conformational 

changes brought on by the PolyQ extensions would cause misfolded proteins to combine, and in turn, 

these aggregates would either sequester proteins, leading to a loss of function, or interfere with nuclear 

or neuronal function (Takahashi et al., 2010; McIntosh et al., 2021). Takahashi and colleagues (2010) 

claim that aggregation alone does not explain the pathological features of PolyQ diseases, but rather the 

interaction between mutated proteins with other proteins in the different neurons affected. 

 

In Huntington’s disease, the mutant huntingtin protein (mHTT) has an abnormally expanded 

polyglutamine repeat. Mutant huntingtin causes neuronal dysfunction and death due to aggregates that 

cause cell toxicity and interfere with neural processes like axonal transport, transcription, translation, and 

synaptic function. Medium spiny neurons (MSNs) of the striatum are the most affected by mHTT, 

resulting in the clinical marks of this disease like motor disturbances with prominent chorea in the early 

stages. Cognitive issues may present many years before symptoms start to show, and they are 

characterized by impaired visuospatial and executive function, processing speed, and emotion 

recognition (McColgan and Tabrizi 2017). It was recently reported that HD also affects peripheral tissues 

via a crosstalk with the nervous system (Gómez-Jaramillo, 2022) 

 

Spinal and bulbar muscular atrophy (SBMA) is a rare hereditary lower motor neuron disease 

characterized by progressive muscular weakness. This was the first evidence of a pathogenic expanded 

trinucleotide repeat causing a disease. The mutation responsible occurs in the androgen receptor gene 

(AR) with an expanded trinucleotide repeat (CAG > 37). In SBMA, toxicity is caused by the formation 

of nuclear inclusions of the mutant receptor. This impairs AR function, affecting both motor neurons and 

muscles, and causing endocrine manifestations such as gynecomastia and infertility (Breza and Koutsis, 

2018). 

 

Dentatorubral-pallidoluysian atrophy (DRPLA) is an autosomal dominant hereditary ataxia 

caused by mutation in the Atrophin-1 (ATN1) gene with a CAG trinucleotide repeat expansion (≥48 

tandem copies). DRPLA symptoms include epilepsy, ataxia, choreoathetosis, and dementia. Clinical 

presentation varies: in younger people, the disease is often characterized by seizures, and it more 

commonly presents with ataxia and cognitive impairment in older patients. Clinical symptoms are 

progressive, with life expectancy typically 8–16 years (Tsuji, 2012). 
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Spinocerebellar ataxias (SCAs) are a genetically heterogeneous conditions that can be inherited, 

and are autosomal dominant or recessive (Orr, 2012; Paulson et al., 2017). Patients present a cerebellar 

syndrome marked by loss of balance and coordination accompanied by cortical symptoms (seizures, 

cognitive impairment), peripheral neuropathy and slurred speech; onset most often occurs in adult life 

(Manto and Marmolino, 2009). SCA mutations cause cerebellar atrophy by prominent damage to 

Purkinje neurons. About 30 of these conditions have been described, however, only seven —SCA1, 

SCA2, SCA3, SCA6, SCA7, SCA8 and SCA17—are caused by an expanded polyglutamine region in 

the protein affected. The PolyQ proteins tend to accumulate in the nucleus or cytoplasm of cells, affecting 

gene expression, organization and cell function, and other functions. Some mutant PolyQ proteins 

responsible for SCAs are ataxin-1, -2, -3, -7, and -8 (SCA1, SCA2, SCA3, SCA7, and SCA8), the α1A 

subunit of the calcium channel CACNA1A (SCA6), and the TATA-binding protein (TBP) in SCA17 

(Orr and Zoghbi, 2007; Chongtham and Agrawal, 2016).  

 

1.2 Structure of PolyQ aggregates 

 

The conformation of the PolyQ expanded aggregates was discovered in 1994 by Perutz and collaborators; 

they reported that chemically synthesized expanded PolyQs, under normal physiological conditions, form 

rich aggregates of properly folded a-sheet structures (Figure 1.1). These a-sheet-rich monomers are 

preceded by a helical conformation and followed by a random coil that forms soluble oligomers. In the 

expanded protein, the PolyQ stretch folds into β-sheet-rich monomers that form soluble oligomers that 

aggregate in an insoluble amyloid-like structure (Perutz et al., 1994; Minakawa and Nagai 2021; Mier & 

Andrade-Navarro 2021). Normally, PolyQ fibers with a single, 20-glutamine helical twist are unstable 

and therefore removed, but a double stretch of 40 glutamines is held together by polar zippers formed by 

hydrogen bonds between amides of successive turns (Perutz et al., 1994). It has been described that α-

helical coiled-coil structures also contribute to PolyQ protein toxicity (Fiumara et al., 2010: Kwon et al., 

2018). It is not yet clear whether the aggregates adopt this conformation before or after polymerization, 

that is, whether the transition to a β-sheet conformation causes the PolyQ oligomerization or whether 

PolyQ oligomerization causes the conformational change (Hoffner and DJian, 2015). 

 

Figure 1.1 Expanded PolyQ aggregation and toxicity. A) Schematic representation of a protein 

containing a normal PolyQ extension, which is properly folded into an α-helix to perform its cellular 

functions in the brain. B) A disease-causing protein with an expanded PolyQ region undergoes aberrant 

folding from an α-helix-rich structure into a β-sheet-rich conformation state, followed by the formation 

of insoluble aggregates with amyloid-like structures. The insoluble aggregates lead to neural cell 

toxicity, and eventually neurodegeneration 
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Different microscopy techniques have been used to elucidate additional structures that could be 

present in these protein aggregates; this may contribute to describe not only structure or toxicity features, 

but also how the aggregates are formed within cells (Legleiter et al., 2010; Nucifora et al., 2012; Olshina 

et al., 2010). 

 

PolyQ diseases are being studied with in vitro and in vivo models. Microarrays and fluorescence 

resonance energy transfer (FRET) have been used to study gene expression and the interactions of 

mutated proteins in living cells, respectively (Luthi-Carter et al., 2002; Takahashi et al., 2010). 

Pluripotent stem cells are also a promising model to study these diseases (Cohen-Carmon & Mesroher, 

2012; Naphade et al., 2019). Transgenic mice have been used to study spinocerebellar ataxias (Burright 

et al., 1995; Bichelmeier et al., 2007; Watase, 2014; Meierhofer et al., 2016) and Huntington’s disease 

(Stack et al., 2005, Brooks & Dunnett, 2013, Yang et al., 2017, Dunnett & Brooks, 2018, Farshim & 

Bates, 2018, Kosior & Leavitt, 2018, Back et al., 2021). The fruit fly, Drosophila melanogaster, has also 

been used as a model to replicate the phenotypic characteristics of PolyQ diseases (Koon & Chan, 2017; 

Rosas-Arellano et al., 2018,) 

 

Model organisms have greatly increased our understanding of these pathologies, and in the 

development of potential treatments. In this review, we will focus on the fruit fly, Drosophila 

melanogaster, as an idoneous model organism for neurodegenerative diseases. 

 

1.3 Drosophila as a model for neurodegenerative diseases 

 

In 1900, entomologist Charles W. Woodworth proposed using Drosophila melanogaster as a genetic 

model organism. Nine years later, Prof. Morgan established his lab for genetic experiments using the 

fruit fly (Sturtevant, 1959). Since then, hundreds of studies have been carried out with D. melanogaster, 

consolidating it as a model organism and expanding the knowledge in crucial matters such as genes, 

chromosomes, and inheritance of genetic information. Its success as a model organism also relies on its 

small size, easy husbandry, and inexpensive maintenance and manipulation in the laboratory: D. 

melanogaster has a rapid life cycle and produces large amounts of genetically identical progeny in 

10 days at 25 °C, generating large amounts of data for statistical analyses. Another valuable characteristic 

is its external development which facilitates visualization (Yamaguchi & Yoshida, 2018). 

 

Genes between fruit flies and humans are highly conserved, moreover, the similarity does not 

stop at the genetic level: D. melanogaster possesses a complex nervous system and behaviors including 

social activity, learning and memory. Additionally, about 75% of the genes involved in human diseases 

have their homologue in D. melanogaster (Yamamoto et al., 2014), making it an excellent prospect for 

studying neuronal dysfunction and neuronal death derived from various neurodegenerative diseases 

(Chan & Bonini, 2000).  

 

Some neurodegenerative disorders studied in Drosophila include Alzheimer, Parkinson, 

tauopathies, ALS, prions (PrD), dystonia, noncoding expansions (SCA8, myotonic dystrophy), some 

recessive disorders including fragile X syndrome and Friedreich’s ataxia, and various polyglutamine 

disorders (Huntington disease, SCA1, SCA3, and spinobulbar muscular atrophy) (Xu et al., 2015; Tzou 

et al., 2022). 

 

Modeling of human neurodegenerative diseases in D. melanogaster is achieved through the 

"humanization" of the fly, which is modified using the UAS/GAL4 binary system (Brand & Perrimon, 

1993) to express the pathogenic human protein related to the disease in question (Marsh & Thompson, 

2006). Once “humanized”, D. melanogaster offers multiple advantages to study the molecular and 

cellular mechanisms involved in the disease to be studied: well-known anatomy, well-characterized gene 

promoters, and a wide variety of mutants (Venken & Bellen, 2005). In the next section, we will describe 

some Drosophila models for PolyQ diseases 
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1.4 Drosophila as a model for PolyQ diseases 

 

The first PolyQ diseases modeled in D. melanogaster were SCA1 and SCA3 (Warrick et al., 1998; 

Fernandez-Funez et al., 2000). The modeling of SCA1 in D. melanogaster elucidated the genetic and 

molecular mechanisms underlying neuronal degeneration by expressing the human SCA1 gene in 

Drosophila. According to the experiments, high levels of wild-type ATXN1 were found to cause 

degenerative phenotypes like those caused by expanded PolyQ proteins. In addition, the research team 

corroborated that flies that expressed high-levels of wild-type ATXN1 shared the same toxic effects of 

the ones expressing the ATXN1 protein with an expanded PolyQ region. This was patent in the negative 

geotaxis assay, were both cohorts of flies were unable to fly as high as the flies in the control group 

(Fernandez-Funez et al., 2000). Recently, by performing a cross-species genetic screening, a total of 22 

mutant regulators of ATXN1 were described in Drosophila melanogaster. Among them, 

transglutaminase 5 (TG5) stood out; in this case, TG5 preferentially regulated mutant ATXN1 over the 

wild-type protein. In physiological conditions, TG enzymes catalyze the cross-linking of ATXN1 in a 

polyQ-length-dependent manner, modulating mutant ATXN1 stability and oligomerization. When Tg 

expression was silenced in a Drosophila SCA1 model, mutant ATXN1 toxicity was modulated (Lee et 

al., 2022). 

 

Another D. melanogaster model was created for SCA3, where only a segment of the ATXN3 

protein containing the expanded polyglutamine region was expressed in the flies. This time, however, 

the protein was expressed in the photoreceptor neurons. This experiment allowed the researchers to 

observe the degeneration of the eye tissues in the fruit fly, which indicated cell degeneration. The most 

affected fly was the one expressing the protein with 78 glutamines, which presented abnormally thin and 

severely depigmented eyes, due to severe loss of eye cells (Xu et al., 2015). Another possible mechanism 

involved in SCA3 pathogenesis was thought to be non-AUG translation or also known as RAN 

translation which has been documented in polyglutamine (polyQ) disorders. However, when studied in 

a SCA3/MJD Drosophila model, there was no unconventional translation in fly neurons or glia (Johnson 

et al., 2022). 

 

Another model for SCA7 was attempted in D. melanogaster but the expanded PolyQ ATXN7 

protein remained stable regardless of the context in which it was expressed. Consequently, it was posited 

that, during evolution, selective pressure allowed D. melanogaster to develop robust mechanisms to 

maintain PolyQs within a controlled range, which has not been observed in mammals (Jackson et al., 

2005). 

 

Additionally, Jun Ma's group established a model of SCA17 in Drosophila, in which hTBP34, 54 

and 80Q was expressed in the eye. Transgenic flies expressing a mutant hTBP protein with an expanded 

PolyQ tract (hTBP80Q) show progressive degeneration in the ommatidia of the eye, a characteristic that 

was extrapolated with the neurodegeneration present in the brains of SCA17 patients. The authors 

focused mainly on gene expression, which they measured with PolyQ, found deregulations in 

transcription that suggested that the activity of the transcription factor Su(H) is involved in the 

pathological progression in SCA17 patients (Ren et al., 2011). 

 

SMBA has also been modeled in D. melanogaster, where it was observed that the androgen 

receptor (AR) protein with the expanded PolyQ region can translocate to the nucleus and activate AR-

dependent pathway transcription. Drosophila melanogaster loses motor neurons when the expanded 

PolyQ protein is expressed, hence, showing loss of climbing ability and affected gait (Nedelsky et al., 

2010).  

 

Last but not least, Huntington’s disease PolyQ has also been modeled in the fruit fly. This model 

displayed the same phenotypes as the other PolyQ: the degeneration of the eye and loss of climbing 

ability. Fly lines with the expanded PolyQs HD-Q75 and HD-Q120 had normal eye morphology and 

intact ommatids on hatching day (day 0), but by day 10, many rhabdomeres were disrupted, with more 

obvious and severe degeneration in HD-Q120 flies than in HD-Q75 (Zhang et al., 2010).  
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Gal4 producer line Reporter line 

GMR 
TATA 

Box 

GAL4 hTBP 34Q UAS 

hTBP 80Q UAS 

1.5 Humanizing the fly 

 

The “humanization” of flies—their capacity to express human proteins—is possible thanks to a system 

called UAS-GAL4. Andrea Brand and Norbert Perrimon standardized this method in flies in 1993 and it 

has been used to study the expression of genes ever since. The system consists of crossing a GAL4 

producer line or driver and a UAS reporter line. The producer line encodes and expresses the GAL4 

trans-activator protein under the control of a tissue-specific promoter or enhancer; the reporter line 

contains the gene encoding the protein of interest under the control of UAS (Upstream Activator 

Sequence) sequences where GAL4 binds to activate transcription (Fig. 1.2). When crossing both flies’ 

lines, the progeny that contains both transgenes, in a tissue-specific manner, will express the GAL4 

protein which in turn will bind to the UAS sequence and promote the transcription of the gene of interest 

only in the regions of the promoter’s specificity. 

 

Figure 1.2 Expression of human TBP gene through the UAS/GAL4 binary system. The GAL4 gene 

encodes a trans-activator protein introduced into D. melanogaster genome and its expression is 

regulated by a tissue-specific promoter in the producer line that will express GAL4 in specific tissues 

and cells. In this case, because GMR is the promoter, GAL4 will be expressed in the eye neurons of 

Drosophila melanogaster, where it will bind to the UAS sequences and allow the expression of hTBP 

34Q or hTBP 80Q 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In our laboratory, we modeled SCA17 in D. melanogaster to determine the cytotoxic effect of 

elongated glutamines in the TATA binding-protein (TBP). Using the UAS-Gal4 system (Fig. 1.2), we 

generated flies that, in their eyes, expressed human TBP with 34 (hTBP 34Q) and 80 (hTBP 80Q) 

glutamines and evaluated them for 50 days. We found that, in the flies with hTBP 80Q, the eyes 

degenerated more as the fly aged, as shown by eye color decrease and sometimes tissue disorganization 

(Fig. 1.3) (Cárdenas-Tueme, 2017).   
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Figure 1.3 Expression of hTBP34Q and hTBP80Q targeting the eyes of Drosophila melanogaster. 

Brightfield micrographs of the Drosophila eye show that GMR-directed expression of hTBP 34Q and 

hTBP 80Q causes impairments in the fruit fly eye. (A-B) Expression of hTBP 34Q at different times: 

Day 1 and 50 days after hatching, the phenotype caused by hTBP 34Q is not aggressive, a slight 

persistent discoloration is observed throughout the days in the perimeter of the eye. (C-D) Expression 

of hTBP 80Q at 1 and 50 days after hatching. (C) On day 1, depigmentation is seen around the eye's 

perimeter. (D) The discoloration has spread towards the center of the eye at day 50, so the hTBP 80Q 

protein appears to be more toxic 

 
1.6 Drug screening in Drosophila melanogaster 

 

Drug development has high failure rates, is extremely expensive (Wouters et al., 2018), and usually 

encompasses a long design and testing process. Alternative approaches for drug discovery, such as the 

use of D. melanogaster as a model to test new drugs, would greatly benefit the pharmaceutical industry.  

 

For instance, the efficacy of diverse drugs or chemical compounds against neurological diseases 

can be studied in Drosophila (Lawal et al., 2014). Humanized Drosophila may help to determine the 

adequacy of a drug at an early stage before it is tested in more expensive rodent assays and in clinical 

trials. 

 

The easiest and most common way to do this is to keep 10-15 flies in a vial and add the chemical 

or drug directly to the food where the flies are kept. The flies will be monitored for several days, and it 

will be documented whether the flies exposed to the chemical/drug have a shorter life expectancy than 

those that were not exposed. Behavioral changes, such as flying, can also be assessed. Furthermore, 

thanks to the genome structure of the fly and its reduced genetic redundancy, the molecular mechanism 

of drug action will be easier to elucidate.  

 

Even though Drosophila holds promise for drug discovery, there are limitations, particularly 

related to toxicity and pharmacodynamics that deserve attention, however this can be resolved sooner 

rather than later to benefit from this model organism.  

 

1.7 Acknowledgements 

 

We thank Consejo Nacional de Ciencia y Tecnología (CONACYT) for the financial support of this 

project. 

 

A 

C 

B 

D 

h
TB

P
 3

4
Q

 

Day 1 

h
TB

P
 8

0
Q

 

Day 50 



9 
 

 

1.8 Funding 

 

The present work was financed by CONACYT, project number CF-2019-2280. MCT received 

scholarship number 650620 from CONACYT. 

 

1.9 Conclusions 

 

Neurodegenerative diseases, including the polyQ disorders such as Huntington disease and 

spinocerebellar ataxias share the feature of abnormal protein accumulation. Here we contend that 

Drosophila is a promising model of polyQ diseases including HD, SCA1, SCA3 and SCA17 in the study 

of the pathological effects of polyQ expansions. In our lab, we created a SCA17 model in Drosophila 

using an expansion of a polyQ repeat in the TBP transcriptional factor. The transgenic flies expressing 

an expanded polyQ hTBP protein exhibited progressive neurodegeneration very similar to SCA17 

patients. The use of animal models, such as Drosophila may also open new therapeutic avenues for the 

diagnosis and treatment of PolyQ diseases. 

 

Since polyQ diseases remain uncurable, modeling of these diseases in organisms such as 

Drosophila presents great potential and advantages to examine numerous therapeutic strategies effective 

against polyQ diseases. Humanizing the fly allows to test pharmacological and biological molecules to 

block the early events of the aggregation process and inclusions, as well as degradation of toxic proteins 

and regulation of cellular function.  
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