


PolyG (polyglycine) repeat and human diseases-an update on the Biology, diseases mechanisms and current therapeutic interventions.

Abstract 
Nucleotide repeats known as short tandem repeats (STRs) can be found in both coding and non-coding areas of the human genome such a polyglutamine (polyQ), polyglycine (polyG) and polyalanine (PolyA). PolyG repeat expansions, are caused by GGC repeat expansions leading to numerous neurodegenerative illnesses, including as myotonic dystrophies (DM1 and DM2), Fragile X-associated tremor/ataxia syndrome (FXTAS), and some Spinocerebellar ataxias (SCAs). They are also linked to other organ ailments that representing the wider range of diseases. The central and peripheral neurological systems as well as the muscular system are the main organs affected by the polyG diseases, which are adult-onset, slowly progressing, multi-system neurodegenerative disorders. Given the significance of polyG diseases and existing knowledge gaps, the goal of present review is to update the current knowledge and understanding of polyG illnesses. Since this class of repeat induced human diseases have received less attention in comparison to other triplet repeats expansion diseases. Using published literature from public databases, thesis and journals we provide a back ground to the basics of STR distribution and their role in the human genome. The impact of STR repeat on the transcription and translation forms the second chapter. The central part of the review is focussed on pathology, biology and markers of the disorders. The impact of these repeats on human multi-organ diseases is covered in two sections. Finally, the current therapeutic applications to treat these diseases provide an update on the current methods. With the advancements in next-generation sequencing technology several polyG disorders and their causative genes are being discovered at higher pace. An update of the current knowledge which provide objectives and aims for research on the illnesses thus enabling identification of more potent downstream targets of the polyG proteins. Further, it is envisaged that it will provide a better diagnosis, intervention and treatment options. 
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1.0. Introduction to simple tandem repeats (STRs)
There are numerous repeating nucleotide sequences in the human genome. The complexity of these repetitive sequences ranges from simple sequences consisting of one or a few base pairs to entire genes, like the ribosomal RNA genes (Liao et al., 2023). Repeat sequences can be physically arranged in a variety of ways, from tandem arrays of simple sequence composition to widely distributed copies of a very long and complex sequence (Wang et al., 2022). Dinucleotide repeats, which generally have the nucleotides AC on one DNA strand and GT on the other, are among the most basic and prevalent repeats (Zhang et al., 2013). Other simple tandem repeats (STRs) that involve repeating units of mono-, tri-, tetra-, and pentanucleotides exist (Chaushevska et al., 2025).
Short, repeating DNA sequences called STRs are found in many genomes and are distinguished by their high diversity and mutation rates (Reinar et al., 2024; Verbiest et al., 2022). They are useful instruments in genetics for applications like DNA profiling, population studies, and disease research because of their variety (Forouzesh et al., 2022; Han et al., 2022). Additionally, STRs have a significant impact on chromosomal integrity and gene regulation in the organization and evolution of the genome (Wright et al., 2023). They provide a substantial contribution to individual genetic variation despite their simplicity. To sum up, STRs are crucial molecular markers that shed light on genetic variation and biological function. 
In human populations, the copy number of many STR repeat sequences is polymorphic. As a result, these are a rich source of DNA polymorphisms that have been extensively used in human genome research (Jin et al., 2018). The repeating unit of many STRs has flaws, and the length of a perfect repeat is typically strongly correlated with the degree of instability of such repeats (Verbiest et al., 2022). Although sequence-specific DNA-binding proteins have been found for di and trinucleotide repeats (Helma et al., 2019), and one of the repeats can operate as a favoured location of nucleosome assembly in vitro, STRs have not yet been assigned a defined function (Verbiest et al., 2022). STRs are divided into two categories based on the repeat structure: imperfect repeats (complex repeats), which are made up of various composition repetitions, and perfect repeats (simple repeats), which have just one repeated unit (Jam et al., 2023).
The trinucleotide STRs' capacity for dynamic mutation is one of their characteristics (Chintalaphani et al., 2021). Several characteristics set it apart from traditional (or static) mutational events: (i) Compared to the original DNA sequence, the result of a dynamic mutation has a different chance of changing further. (ii) The quantity of perfect repeating units determines the likelihood of dynamic mutation of a STR. (iii) A DNA-repeat sequence's dynamic mutation from a benign copy-number polymorphism to an unstable DNA sequence that causes disease is a process that usually involves several (sometimes minor) modifications (Hujoel et al., 2026).
Despite the fact that STRs are found in many different animals, the majority of them are considered "junk DNA" and have no biological function (Chantzi et al., 2025). Nonetheless, a number of intriguing theories indicate that STRs may be crucial for a variety of animals. Some "contingency genes" are found in STR sequences in many bacteria that cause illness (Jayaraman, 2011). Gene with STRs may result in frameshift mutations, which alter how some proteins are expressed (Wang et al., 2022). Certain STRs might be involved in controlling transcription (Wright et al., 2025). Many proteins involved in transcriptional control, from yeasts to humans, have trinucleotide repeats that encode polyglutamine sequences and glutamine-rich domains (Pereira et al., 2023).
Few studies that demonstrated that certain STRs can control the transcription of the PIG3 gene, the tyrosine hydroxylase gene, and the epidermal growth factor gene (Horton et al., 2023). There are only two trinucleotide repeats that have been demonstrated to undergo dynamic mutation resulting in genetic disease. These are CCG and AGC repeats (Pan et al., 2021). In Fragile X syndrome, the most prevalent kind of familial mental impairment, is a dynamic mutation of a STR. The 5'-untranslated region of the FMRI gene contains a CCG trinucleotide repeat that is dynamically mutated, causing this illness (Wen et al., 2023).
Depending on how many repeat motifs they include, disease-associated STRs are divided into several allelic groups. Additionally, the sequence compositions of the repetition tracts may vary, with non-canonical or interrupting motifs frequently exhibiting locus-specific distribution patterns. Allele stability and illness age at onset, severity, penetrance, or expression are influenced at some loci by the presence or kind of interrupting repeats interacting with the overall number of repeat motifs (Rajan-Babu et al., 2024).
Finally, a condition called "stutter" causes many STR loci to be mapped reads supporting more than two potential allele lengths in a single individual. Stutter makes it difficult to assign diploid genotypes with confidence because it produces a spread of potential STR sizes around the original allele, particularly for longer alleles and loci with shorter motifs (Agudo, 2022). Higher genotyping error rates can result from library preparation using PCR amplification, which can cause more stutter than PCR-free procedures. Several genotyping methods (like HipSTR) compute locus-specific error models to assist account for stutter. However, it can be difficult to distinguish between technical stutter and real biological stutter, which happens in somatic variation and mosaicism (Tanudisastro et al., 2024).
2.0. Mechanisms of STR mediated transcription and translation
The transcription and translation of repetitive DNA are unique in several ways. The mechanism is described briefly to give a background to the topic. With reference to transcription many of the known repeat expansions, including the Oculopharyngeal myopathy with leukoencephalopathy-1 (OPML1)-associated gene LOC642361/NUTM2B-AS1 and RILPL1 in Oculopharyngodistal myopathy-4 (OPDM4), have the unusual characteristic of being bi-directionally transcribed from both DNA strands (Shi et al., 2024; Zeng et al., 2022). The creation of aberrant RNA and protein aggregates, which have been thoroughly examined, is one of the complex mechanisms by which transcribed DNA repeat expansions cause cellular disease. It's interesting to note that many genes with repeat expansions encode proteins with transcription factor activity, according to thorough investigation of their functions by several researchers (Goodman et al., 2022). Four primary phases comprise the process of DNA transcription: (1) start, (2) promoter-proximal pause, (3) elongation, and (4) termination (Webster et al., 2021). In eukaryotes, the transcription of genes that code for proteins is carried out by RNA Polymerase II (RNA Pol II) (Rodríguez-Molina et al., 2023). The mediator complex, which enhances the recruitment of Preinitiation Complex (PIC) components to the promoter and mediates PIC interaction with RNA Pol II, is also a key component of the machinery (Farnung et al., 2022). If the promoter is methylated at CpGs, PIC assembly is disrupted, resulting in gene silencing, as seen in CGG repeat expansion diseases like Fragile X syndrome (FXS) (Schröder et al., 2022). Alternatively, if the repeat expansion induces histone modifications characteristic of repressed genes, transcription initiation and/or elongation can be impaired, as seen in Friedreich's ataxia (FRDA) (Napierala et al., 2015). In the case of repetitive sequences, RNA Pol II encounters many challenges, either due to the creation of DNA tertiary/quaternary structures or the extension of repetitive tracts. In fact, transcriptional abortion has been described in various repeat expansion disorders, including Frontotemporal Dementia  and Amyotrophic Lateral Sclerosis (FTD/ALS) and Familial Adult Myoclonic Epilepsy-1 (FAME1) (Depienne et al., 2022). RNA Pol II must deal with repeat expansions by engaging with the DRB-sensitivity inducing factor (DSIF) and PAF1 complexes, which solve DNA structures and allow RNA Pol II to slide more efficiently through the DNA molecule (Amith et al., 2025). The maintenance of the molecular characteristics required to preserve condensate dynamics is critical for gene expression regulation (Niu et al., 2023). Research has demonstrated that numerous proteins with repetitive tracts expressing polyglutamine, including as Ataxin-1(ATXN1), Ataxin-2(ATXN2), Ataxin-3(ATXN3), and  TATA-box binding protein (TBP), create abnormal protein aggregates when enlarged, causing neurodegenerative disorders. Polymorphic CAG repeats expansions in Huntington disease (HD) and poly-Q Spino-cerebral ataxia (SCAs) encode lengthy poly-glutamine stretches as well as the translation of polyQ-domain proteins (Gonzalez et al., 2025). These promote misfolding/aggregation, block interactions with physiological binding protein partners, and cause aberrant interactions with other proteins, resulting in both harmful protein loss- and gain-of-function (Brezic et al., 2025). SCA8 was first discovered with enlarged CUG repeats in the 3′-UTR of the ATXN8OS (ATXN8 Opposite Strand) gene in the non-polyQ disease (Kumar et al., 2023). Later, bidirectional expression of CAG expansion transcripts from ATXN8 was discovered to result in the expression and accumulation of a polyQ protein that forms neuronal inclusions (Ryu et al., 2019). Loss of function in the genes containing the repeat expansions can have a direct impact on the pathophysiology of microsatellite repeats. Over 200 CGG repeats in FMR1's 5′-UTR create FXS, the most prevalent inherited form of intellectual disability, due to transcriptional silence caused by DNA methylation of the CGG trinucleotides and loss of the Fragile X Mental Retardation Protein (FMRP) (Liu et al., 2018). Loss-of-function is the most likely pathogenic cause of disorders characterized by repetitive expansions in promotors, such as fragile-XE mental retardation (FMR2 gene) (Annear et al., 2023) and myoclonus epilepsy of the Unverricht-Lundborg type (CYSTB gene) (Zerovnik, 2024). According to research, CAG-repeat transcripts that lack standard AUG start codons are translated into homo-polymeric proteins in all frames (poly-glutamine, poly-serine, and poly-alanine) using repeat-associated non-AUG (RAN) translation (Das et al., 2023). Repeat-associated non-AUG translation (RAN)-translated poly-alanine proteins derived from ATXN8 CAG-repeat transcripts are studied in SCA8 mice and human brain tissue (Ayhan et al., 2018). Interestingly, poly-alanine repeat proteins can also be generated in transfected cells by RAN translation of ATXN8OS CUG-repeat transcripts with the 5′UTR (Sakamoto et al., 2026). Since this discovery, RAN translation of non-coding transcript regions has been highlighted to occur from CGG repeats in Fragile X-associated tremor/ataxia syndrome (FXTAS), which produce toxic poly-glycine FMRpolyG and poly-alanine FMR polyA proteins, and from bi-directionally transcribed GGGGCC repeats in all frames in C9ORF72-ALS/FTD to generate five cytotoxic sense and antisense dipeptide-repeat proteins (DPRs) (poly-glycine-alanine, poly-glycine-arginine, poly-glycine-proline, poly-proline-alanine, and poly-proline-arginine) (Glineburg et al., 2018; McEachin et al., 2020). In Eukaryotes, translation occurs through three unique mechanisms: (i) canonical AUG-driven cap-dependent initiation for the vast majority of mRNAs; (ii) IRES-mediated cap-independent translation; and (iii) canonical translation employing alternative near-cognate codons (Robert et al., 2020). RAN translation is the process of translating short repeating RNA sequences in sense and/or antisense transcripts in numerous frames, independent of AUG (Guo et al., 2022). However, it is unclear how RAN translation happens and which sets of elements are necessary for initiation, elongation, and putative regulatory controls, albeit some aspects appear to be similar with conventional and/or Internal ribosome entry site (IRES) mediated initiation. An enhanced knowledge of the mechanisms underlying RAN translation has emerged recently, including a clear involvement for general translation initiation factors such eIF4A, a DEAD-box RNA helicase (Li et al., 2025). It is proposed that the translation of mRNAs with complex secondary structures like G-quadruplexes in the 5′-UTR of various neurodegenerative disorders does not involve the canonical mechanism. Interestingly, Drosophila screens involving sense C9ORF72-repeat and FXTAS CGG-repeat transcripts identified eIF4B and eIF4H as disease modifiers of RAN translation (Goodman et al., 2019). The results implicate down-regulation of eIF4B or eIF4H leading to reduced RAN translation and associated toxicity, improves Drosophila eye neurodegenerative phenotypes and life span (Nitta et al., 2022). Research implicates the sequestration of Eukaryotic translation initiation factor 4H  (eIF4H) by GGGGCC-repeat sequences (McGurk et al., 2021), also the ribosomal protein RPS25, which is involved in IRES translation, responds differently during RAN translation of FXTAS CGG-repeats and C9ORF72-repeats (Tutak et al., 2025). Results of the model and human studies implicate suppressing RPS25 in an FXTAS Drosophila model increased RAN-translated protein synthesis and related toxicity, whereas suppressing RPS25 reduced DPR production and reversed associated toxicity (Yamada et al., 2019; Tseng et al., 2024). Table-1 lists few repetitive DNA associated disorders, illustrating the repeats and range of diseases. In summary the previously assigned STR “junk DNA” of the genome has now been associated with several human diseases. Their size, physical structure, alignment in the genome is now associated with several cellular functions.

3.0. Cellular mechanisms, pathology and biological roles of polyG repeat proteins
The PolyG associated pathology affects at the DNA, RNA and protein levels. PolyG is a homopolymeric protein composed of repeated glycine amino acids, usually produced from nucleotide repeat expansions (like GGC repeats) through abnormal translation. In the following paragraphs we summarise the current knowledge about the cellular mechanisms of polyG-related toxicity. At the cell membrane level, the polyG toxicity is primarily driven by electrostatic interactions between the positively charged polyG and negatively charged cell membranes. This interaction facilitates the insertion of polyG into the lipid bilayer, leading to membrane disruption through pore formation and subsequent leakage of cellular contents. Cholesterol plays a modulatory role in this process and ganglioside GM1 (GM1) has no significant effect on the membrane-disrupting activity of polyG (Ho et al., 2025). The cellular mechanism of polyG toxicity arises from abnormal translation of expanded CGG repeats, even in non-coding regions of the genome. In disorders such as Fragile X-associated tremor/ataxia syndrome and NIID, the repeats produce toxic polyG proteins via AUG or near-cognate start codons (Boivin et al., 2022). These proteins misfold and accumulate in the nucleus, forming intranuclear inclusions disrupting cellular functions. polyG toxicity leads to protein aggregation and impaired nuclear and cytoplasmic processes, affecting the cell homeostasis (Liufu et al., 2022). The shared features of repeat expansion diseases suggest common pathogenic pathways.  A major effect is disruption of the nuclear lamina, affecting nuclear structure and gene regulation. This results in damage to neuronal and muscular cells (Sellier et al., 2017). Overall, polyG aggregation and interference with nuclear processes drive disease progression, though exact mechanisms remain unclear. The second cellular mechanism of polyG toxicity involves polyG-containing proteins produced from expanded GGC repeats interacting with Family with Sequence Similarity 98 Member B (FAM98B) protein and sequestering the tRNA ligase complex (tRNA-LC). This sequestration reduces tRNA ligase activity, impairing proper tRNA splicing. As a result, there is reduced production of mature tRNA and accumulation of splicing intermediates. This disruption of tRNA processing leads to cellular dysfunction and neurodegeneration (Yang et al., 2025). Further, the polyG proteins accumulate in cells and form p62-positive inclusions, disrupting normal cellular functions. Their aggregation leads to neuronal and muscle cell dysfunction, contributing to neurodegeneration. Experimental models show that expression of these proteins causes locomotor and skeletal muscle defects. Targeting polyG protein expression, such as with TMPyP4 a cationic porphyrin, may help reduce toxicity and provide a potential therapeutic approach (Kurihara et al., 2023). In another mechanism related to the genome and open reading frame (ORFs). The NOTCH2NLC GGC repeats are embedded in a small upstream open reading frame (uORF) located ahead of the main N2C ORF and encodes a small protein referred to as uN2C. The translation of the polyglycine stretch, results in expression of an uN2C polyglycine-containing protein (uN2CpolyG) in NIID. Antibodies developed against uN2CpolyG reveal its presence in the typical intranuclear inclusions in skin and brain sections of individuals with NIID. Furthermore, expression of uN2CpolyG in cell and animal models drives formation of p62-positive inclusions. Finally, expression of uN2CpolyG in mice is toxic, resulting in locomotor alterations, neuronal cell loss, and a reduced lifespan. Figure1- illustrates key mechanisms associated with polyG diseases. These results are reminiscent of FXTAS, where an expansion of GGC repeats is embedded in a small upstream ORF, resulting in expression of a polyG containing protein that, like uN2CpolyG, forms intranuclear inclusions and is toxic in cell and animal models (Hukema et al., 2015; Sellier et al., 2017; Todd et al., 2013). These data suggest the existence of a novel class of human genetic diseases where expanded GCC repeats are translated into pathogenic polyG proteins (Boivin et al., 2021). Through the glycine-rich intrinsically disordered region (IDR), polyG sequesters and depletes the human tRNA ligase complex (tRNA-LC), disrupting tRNA processing. As a result, aggregate-associated FAM98B depletion and an accumulation of abnormal tRNA splicing intermediates were found in patient tissues. Furthermore, FAM98B depletion in adult mice caused progressive motor coordination deficits and hindbrain pathology. Results suggest that the FAM98B glycine-rich IDR mechanistically links previously disparate neurodegenerative disorders of protein aggregation and tRNA processing (Mora et al., 2025).
The pathological hallmarks of polyG in human diseases arise from CGG repeat expansions that are aberrantly translated into toxic polyG proteins in conditions such as Fragile X-associated tremor/ataxia syndrome and NIID. The proteins accumulate and contribute to similar clinical and histopathological features across related disorders like OPDM and OPML. Thus, the polyG toxicity primarily affects the central and peripheral nervous systems and muscles, causing diverse clinical symptoms (Derbis et al., 2018).
Certain genetic variants (e.g., CASP8-GGGAGA-AD-R1) increase susceptibility by elevating toxicity and aggregate formation. Nguyen et al., 2025 pathological study describe a novel mechanism in Alzheimer’s disease (AD) involving poly-glycine-arginine (polyGR) aggregates. The abnormal proteins accumulate in brain cells and contribute to disease progression by increasing pathological tau phosphorylation (p-Tau), a key feature of AD. The production of these toxic proteins is enhanced under cellular stress, further promoting aggregation and neuronal damage. The polyG protein accumulates in the nucleus, forming intranuclear inclusions that disrupt cellular function. This leads to neuronal cell loss, locomotor defects, and progressive neurodegeneration. The presence of polyG aggregates correlates with clinical features such as cognitive decline, sensory disturbances, and characteristic neuroimaging abnormalities which are key features of neurodegenerative diseases (Furuta et al., 2023). These proteins accumulate in both soluble and aggregated forms, forming inclusions that disrupt neuronal function. Their presence contributes to neurodegenerative symptoms such as tremor, ataxia, and cognitive decline. Finally, the aggregation behaviour of FMRpolyG plays a key role in cellular toxicity. Thus, polyG accumulation and aggregation are central to disease progression in FXTAS (Derbis et al., 2018).
The pathology of polyG in NIID is characterized by the formation of ubiquitin-positive intra-nuclear inclusions in multiple tissues (Wan et al., 2026). This widespread accumulation leads to neurodegeneration, muscle weakness, and multisystem involvement. Clinically, it results in cognitive decline, tremor, ataxia, and autonomic dysfunction. Thus, polyG aggregation contributes to systemic pathology and progressive disease severity in NIID (Ehrlich et al., 2021). PolyG interacts with proteins like fused in Sarcoma (FUS), disrupting stress granule formation and altering microRNA regulation. These changes lead to neuronal dysfunction and contribute to neurodegeneration (Wang et al., 2024).
PolyG aggregation includes different biochemical pathways with little overlap in chaperone regulation, in contrast to polyQ disorders. Research indicates that when overexpressed, chaperone proteins such as DNAJC7 might decrease polyG aggregation, suggesting possible therapeutic targets (Ramani et al., 2026).
The effect of polyG repeat expansion on transcription factors mediated gene expression is exemplified by the GGC repeats encoding polyG tracts in the androgen receptor (AR). These structural features are crucial structural elements of transcription factors that aid in controlling gene expression (Meszaros et al., 2022). Partial androgen resistance may result from variations in the length of these repeats, which can affect AR activity. Reduced receptor activity is indicated by longer polyG tracts, which are linked to higher levels of circulating testosterone. Additionally, they also exhibit a correlation with bone mineral density, indicating a function in skeletal physiology. In androgen signaling, polyG repeats generally have a modulatory rather than a primary pathogenic function (Bhasin et al., 2025). At the RNA level the effect of the polyG repeats on RNA is linked to RNA foci formation, disrupting normal cellular processes (Guo et al., 2022). Also, by functioning as a hazardous protein in cells the protein of FMRpolyG is produced by RAN translation, which connects protein-mediated neurodegeneration to repeat expansions. 
In diseases like Fragile X-associated Tremor/Ataxia Syndrome, polyG accumulation impairs the normal cellular function and increases neuronal toxicity through several mechanisms. Since ribosomal proteins control the synthesis of polyG they are a crucial component and possible treatment target in repeat expansion disorders (Tutak et al., 2025). Neurodegenerative illnesses are significantly impacted by polyG-related dipeptide repeats, especially poly (GA), which are generated from expansions in the Chromosome 9 Open Reading Frame 72 (C9orf72 gene). They are the most prevalent genetic cause of FTD and ALS (Smeyers et al., 2021). These harmful proteins cause early cellular dysfunction by building up in neurons and interfering with synaptic proteins. The pathology of the disorders entails both protein loss and harmful increase of function. Finally, the poly (GA) repeats specifically affect the synaptic pathology, as evidenced by drastic alterations in synaptic integrity (Steffke et al., 2024). 
4.0. polyG repeat expansion and human diseases
In this section using examples of few Human diseases, we describe briefly the disease mechanisms, causes and pathology. The human AR (Androgen Receptor) gene harbours two types of trinucleotide repeats—CAG and GGC—that translate into polyQ and polyG sequences within the N-terminal region of the receptor a critical region for the receptor's function (Ciarloni et al., 2025). Expansion of repeats into longer length reduce the ability of the receptor to activate gene expression, thereby lessening its inhibitory effects on tissues related to steroids, and increase the risk of cancer development in areas such as the breast, endometrium, and ovaries. However, differences in the distribution of world population are observed in the occurrence of these steroid-related cancers. Japanese individuals are less common to harbour the repeat in comparison to the Caucasians. The results demonstrate that they could account for the occurrence of estrogen-related cancers in these groups (Sasaki et al., 2003). Non-coding repeat expansions are responsible for causing several neuromuscular diseases, such as myotonic dystrophies, fragile X tremor/ataxia syndrome, certain types of SCA, ALS, and benign adult familial myoclonic epilepsies (Klockgether et al., 2019). The study by Ishiura et al. (2019), found similar non-coding CGG repeat expansions in two other diseases, the OPML which involves the gene LOC642361/NUTM2B-AS1 a rare adult-onset neuromuscular disease, associated with repeat expansions in the 5' untranslated region (Gu et al., 2024). And the OPDM4, which is associated with the gene LRP12. The protein is   a transmembrane protein belonging to the LDLR family, functioning as a tumor suppressor and a transmembrane inactivator of alpha- integrin, which regulates cell migration and adhesion (Huang et al., 2023).
 NIID is a slowly developing neurodegenerative condition that is marked by the presence of eosinophilic inclusions within the nuclei of cells in the nervous system and various internal organs (Zheng et al., 2025). The symptoms associated with NIID can differ greatly from one individual to another, and there are both inherited and non-inherited forms of the disease that have been documented (Tian et al., 2019). Patients with NIID often demonstrate eye abnormalities; however, the exact causes of these issues are not fully understood. Mouse models that express the NOTCH2NLC gene with 98GGC repeats throughout the body helped to discover that long stretches of glycine, formed from the expanded GGC repeats. Two main markers Paired box 6(PAX6) and RNA-binding protein with multiple splicing (RBPMS) accumulate in cells linked to damage and thinning of the retina, especially in the inner layers (Li et al., 2026).
NIID is regarded as a diverse condition due to its wide range of clinical symptoms, making it challenging to diagnose before death. Sone et al. (2016), conducted a study where they used skin biopsies to diagnose NIID. Their research found that dementia was the most common initial symptom, which was referred to as the 'dementia dominant group,' followed by miosis (excessive constriction of the pupil), ataxia, and unconsciousness. Muscle weakness is common and other categorized symptoms include sensory disturbance, bladder dysfunction. Common clinical features of NIID are becoming more widely recognized with advancement in diagnosis and detection methods. They include such as leukoencephalopathy, essential tremor, multiple system atrophy, changes in the retina and retinopathy, amyotrophic lateral sclerosis (ALS), AD, or Parkinson's disease (PD) (Sun et al., 2024).
OPDM is a rare condition that affects muscles and is marked by symptoms involving the eyes, throat, face, and the muscles in the outer parts of the limbs. Research findings have identified that the disease is caused by specific genetic changes, namely expansions of CGG or CCG repeats in several genes, including LRP12, LOC642361/NUTM2B-AS1, GIPC1, NOTCH2NLC, RILPL1, and ABCD3 (Ishiura, 2025). Table-2 is a list of polyG diseases and their genetic, phenotypic and pathological features.
5.0. Therapeutic interventions of polyG
There is still a lack of effective treatment for several polyG diseases since the pathology and affected organs are diverse. Further, since majority of the diseases affect the brain, access to the affected cells is difficult due to several anatomical, physiological and pathological reasons. However, researchers have developed several methods to treat these disorders. The current section is not an exhaustive review, but representative collation of the literature. Antisense oligonucleotides (ASOs) have been successfully applied for treating neurodegenerative diseases caused by repeat expansions (Hebatalla, 2025). ASOs are chemically synthesized single stranded nucleic acids that can bind RNA targets and prevent them from forming secondary structures and sequestrating the RBPs, which are degraded by RNaseH (Bhuiyan, 2024). Recent achievements include ALS fibroblast or induced pluripotent stem cell (iPSC)-derived neuron models which were rescued by reducing formation of RNA foci and glutamate excitotoxicity (Du et al., 2023). Further, results of the clinical trials of ASO implicate it could relieve the symptoms in patients with ALS and Huntington’s disease (HD) partly. The method has been tested as a therapy in FXTAS, and the results suggest that, specific ASOs greatly improve the clinical and pathological phenotypes in FXTAS mice models (Derbis et al., 2021). Another intervention targeting RNA toxicity mechanism in neurodegenerative diseases is the RNA interference (RNAi) strategy. The rationale of the method includes degrading target mRNA and reducing protein expression with a range of RNA molecules including microRNA (miRNA), small interfering RNA (siRNA), and short hairpin RNA (shRNA) (Bhati et al., 2025). In C9ALS/FTD, siRNA effectively has demonstrated to reduce the GGGGCC repeat-containing transcripts and RNA foci formation in cells and a mouse models (Liu et al., 2023). Further in HD, miRNA has been applied and successfully reduced transcript of Huntington gene (HTT) levels, leading to improvement in neuropathology (Sogorb-Gonzalez et al., 2024). In FXTAS, research evidences show that using siRNA against RNA using the gypsy retrotransposon could modulate neurodegeneration in Drosophila models (Xu et al., 2021).
Other methods include use of chaperone proteins such as DNAJC7 which could decrease polyG aggregation, suggesting possible therapeutic targets (Ramani et al., 2026), and use of Lacosamide as a key therapeutic molecule for reducing disease progression (Singh et al., 2025). Several attempts directed at repairing the DNA levels are important, however the intervention is risky since the repeat are associated with instability, and thus lead to genome mutations or further expansion of the repeat itself. The expanded repeats excised from DNA (Agtmaal et al., 2017) and expression of the FMR1 by CRISPR/Cas9 technology to edit the FMR1 full mutation allele (CGG repeats > 200) in FXS iPSCs are the two examples (Liu et al., 2018). There are still issues even if this genome editing strategy offers a lot of promise for treating CGG repeat illnesses. First, off-target effects are difficult to detect, leading to potential disturbance of the genome and the risk for permanent off-target genetic alterations at the DNA level. Further research is needed to verify the RNA-targeting CRISPR in the CGG repeat diseases.
Several small molecules can interact with CGG repeat RNAs such as 9-hydroxy-5,11-dimethyl-2-(2-(piperidin-1-yl)ethyl)-6H-pyrido[4, 3-b] carbazol-2-ium, which bind to CGG repeats in vitro are demonstrated to improve FXTAS-associated splicing defects, and reduce the size and number of pathologic protein aggregates (Qurashi et al., 2012; Licata et al., 2022). In comparison to ASOs, small molecules have several advantages over ASOs such as smaller size, better blood-brain barrier permeability and binding to CGG repeat RNAs without inhibiting translation of the downstream open reading frame.  Other small molecules include the phospholipase A2 inhibitors, naphthyridine carbamate dimer, piperine, geldanamycin, and spironolactone (Hagihara et al., 2012; Verma et al., 2019).
6.0. Discussion
DNA short tandem repeats, also called microsatellites, are brief sequences of 3 to 6 nucleotides that are repeated many times throughout the genome (Robertson et al., 2020). These repeats constitute 2 to 3% of the human genome. Short tandem repeat (STR) variations have been identified as a contributing factor in several neurodegenerative conditions, such as myotonic dystrophy types (DM1and DM2), fragile X tremor/ataxia syndrome, certain spinocerebellar ataxias, and amyotrophic lateral sclerosis linked to the C9ORF72 gene (Depienne et al., 2022).  The range of severity for DM1 varies greatly, from life-threatening effects seen in infancy to mild symptoms that appear later in life. Although DM1 often develops in adulthood and affects multiple body systems in a progressive manner, it can also impact fetal development and postnatal growth in people who have significant genetic expansions (Kuntawala et al., 2025). Also, the combination of developmental and degenerative characteristics, along with the different ways the disease affects various body systems, differs significantly from one person to another. DM2 is not noticeable, and the symptoms are similar to a mild or slow-progressing type of limb-girdle dystrophy (Meola et al., 2015). While the condition generally progresses slowly, some individuals may experience a faster worsening of symptoms after the age of 50. DM2 primarily impacts the muscles around the shoulders and hips, the neck flexors, and the muscles that straighten the elbows (Jacques et al., 2023). A range of parkinsonian symptoms have been seen in people with FXTAS. These include mild slowness of movement, stiffness in the upper limbs during mirror movements, and tremors that occur at rest (Salcedo-Arellano et al., 2020). FXTAS is marked by a progressive and varying intention tremor, difficulty with walking coordination, and dementia, often occurring along with gradual loss of cognitive abilities, symptoms nerve damage in the peripheral nerves, and symptoms related to body's automatic functions (Robertson et al., 2020). These specific phenotypes, along with population specific disease, mutations and diverse variable symptomology has thwarted progress into the therapeutics. 
The mechanism through which the repeated DNA led to cellular dysfunction include expansions of the DNA sequences leading to the shutdown of gene expression include the GGC, CGG, and GAA repeated patterns found within specific regions of the XYLT1, FMR1, and frataxin genes (Rodriguez et al., 2019). These regions include the promoter, the 5′ untranslated region (5′UTR), and the first intron. These expansions are linked to specific genetic disorders such as Baratela-Scott syndrome (BBS), fragile X syndrome (FXS), and Friedreich ataxia (FA), respectively (LaCroix et al., 2019; Groh et al., 2014). PolyG chain of repeat are made up of repeating glycine units. The expansion and related mechanisms have potential to revolutionize technology and provide insights into the basic biological processes (Perisanu et al., 2025).
Research insights into the pathogenesis and hallmarks of the repeat expansion disorders implicate diverse observations. Foremost is the neuronal damage a key feature of several neurodegenerative disorders such as FXTAS (Kim et al., 2022). Another key feature is that the cells accumulate proteins in both soluble and aggregated (inclusion) forms (Lashuel et al., 2021). Similarly, in NIID repeats are translated into a hazardous polyG protein creates intranuclear inclusions (Wang et al., 2026). In certain neurodegenerative illnesses, these repeats can be inappropriately translated into polyG proteins even though they are located in non-coding areas (such the 5′UTR). These polyG proteins tend to misfold and accumulate inside cells, generating hazardous inclusions, notably in neuronal nuclei impairing cellular functions and leading to neuronal injury (Ochneva et al., 2022). Compartmentalization of biomolecules is a vital feature of living cells, allowing for spatiotemporal regulation of biological processes. Aberrant polyG-containing proteins enable transformation of liquid-like condensates into solid, aggregate states, which is associated with disease (Ahmad et al., 2022). Hybrid repeat proteins such poly(GR)n(GE)n(RE)n, which are created by repeat expansions, congregate and cause cellular toxicity are key features associated with  AD brains, (Nguyen et al., 2025). Cellular functions as transcription, transport, and protein degradation are hampered by polyG-induced disruptions in biomolecular condensates (Zhang et al., 2023). PolyG proteins are harmful since they cause ubiquitin-positive intranuclear inclusions and lead to neuronal injury in animal models (Kurihara et al., 2023). polyG causes cells' autophagy to be impaired and rise in ZFHX3 protein levels. Normal autophagy is restored when ZFHX3 is reduced by siRNA, indicating a potential treatment strategy (Figueroa et al., 2024). OPDM2-specific intranuclear and cytoplasmic inclusions are formed by polyG-containing proteins, which are especially prone to aggregation. They have a substantial harmful role in the development of disease because their accumulation causes cellular damage through nuclear structural disruption, mitochondrial dysfunction, and cell death (Jiao et al., 2025).
A unique feature of repeat expansion disorders is that they can be translated even from previously believed non-coding areas and from aggregation-prone protein stretches. Experimental models have demonstrated the toxicity and it is closely associated with neuronal injury. Therefore, the development of neurodegenerative disorders is probably influenced by the synthesis of polyG from repeat expansions (Yang et al., 2025). Expanded CGG repeat RNA in the FMR1 build up in neuronal cells in FXTAS leading to neurodegeneration (Singh et al., 2025). The most prevalent repeat protein in the brains of FTD and ALS patients is polyGA. Experimental mice models with lengthy polyGA repeats (GA)₄₀₀ expressed in the spinal cords demonstrate protein changes impacting cellular functions (Rudich et al., 2020). Aggregation-prone proteins such as the polyG have a propensity to misfold and form intracellular aggregates (Ajmal et al., 2023). 
In the therapeutic research of these disorders, current trend is the application of small molecules that can be expanded as a nanoprobe to detect CGG repeats in the early diagnosis of CGG repeat disorders. For example, carboxyl-functionalized Fe3O4 magnetic nanoparticles (Xu et al., 2021). Overall, the design of CGG hairpin structure-specific small molecules may be of great therapeutic and diagnosis interest, but low binding specificity which could lead to higher risks of off-target effects. Also, the potential immune responses caused by small molecules could also be a concern. Another strategy is genome editing through Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR). CRISPR-based therapy is a promising strategy for many genetic disorders and already being assessed in clinical trials. Several studies targeting the repeat expansion disorders suggest that the repeats can be excised from DNA by CRISPR/Cas9 technology (Agtmaal et al., 2017).
Conclusion
The polyG repeat expansion disorders form a unique class of human disorders with diverse symptoms, few overlapping and affecting diverse organs. Their importance in leading to dysfunctions of cellular protein homeostasis and accumulation in the cell, further highlights their unique toxicity. Understanding the diseases at several levels such as model organisms, stem cells, mutation detection and biochemistry is envisaged to better insights into the pathology and biology. These will pave way for better and enhanced therapeutic strategies to treat the disorders.
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Table-1. List of few repeats and associated disorders-position, inheritance and repeat expansion. (Figueiredo et al., Cells 2023)

	Repeat Unit
	Gene and position of the repeat in the gene
	Disease
	Inheritance pattern
	Symptomatic range, no. of repeats

	ATTCT
	ATXN10, intron
	Spinocerebellar ataxia 10 (SCA10)
	Autosomal dominant
	500–4500

	
	DAB1; intron
	Spinocerebellar ataxia 37 (SCA37)
	Autosomal dominant
	46–71

	CAG
	ATXN1, coding sequence
	Spinocerebellar ataxia1 (SCA1)
	Autosomal dominant
	
41–83


	
	CACNA1A, coding sequence
	Spinocerebellar ataxia6 (SCA6)
	Autosomal dominant
	
20–33


	
	ATN1, coding sequence	
	Dentatorubral-pallidoluysian atrophy, Naito-Oyanagi disease (DRPLA)
	Autosomal dominant
	49–88

	
	HTT, coding sequence
	Huntington disease (HD)
	Autosomal dominant
	36–121

	
	AR, coding sequence
	Spinal and bulbar muscular atrophy (SBMA)
	X-linked recessive
	>38

	
	GLS, 5′-UTR
	Glutaminase deficiency (GD)
	Autosomal recessive
	400–1500

	CCCCGCCCCGCG
	CSTB, 5′-UTR
	Progressive myoclonus epilepsy of the Unverricht--Lundborg type (EPM1)
	Autosomal recessive
	38–77

	CCTG	
	CNBP, intron
	Myotonic mystrophy2 (DM2)
	Autosomal dominant
	75–11,000

	CTG
	DM1, 3′-UTR
	Myotonic mystrophy1 (DM1)
	Autosomal dominant
	50–5,000

	
	ATXN8, intron
	Spinocerebellar ataxia8 (SCA8)
	Autosomal dominant
	90–250

	
	TCF4, intron
	Fuchs endothelial corneal dystrophy
	Autosomal dominant
	>50

	GAA
	DMD, intron
	Duchenne muscular dystrophy (DMD)
	X-linked recessive
	59–82

	
	FXN, intron
	Friedreich ataxia 1 (FRDA)
	Autosomal recessive
	>70

	CGG
	XYLT1, 5′-UTR
	Baratela--Scott syndrome (BSS)
	Autosomal recessive
	100–800

	
	DIP2B, 5′-UTR
	Mental retardation, associated with fragile site FRA12A
	Autosomal dominant
	>150

	
	CBL, 5′-UTR	
	Jacobsen syndrome
	Not inherited
	>100

	
	NOTCH2NLC	
	Neuronal intranuclear inclusion disease (NIID)
	Autosomal dominant
	60–959

	GCN
	RUNX2, coding sequence	
	Cleidocranial dysplasia
	Autosomal dominant
	27

	
	PRDM12, coding sequence
	Congenital insensitivity to pain (CIP)
	Autosomal recessive
	18–19

	
	HOXD13, coding sequence
	Synpolydactyly 1
	Autosomal dominant
	22–29

	
	ARX, coding sequence
	Epileptic encephalopathy, early infantile, 1
	X-linked recessive
	
17–23


	
	ZIC2, coding sequence
	Holoprosencephaly 5
	Autosomal dominant
	25

	GGCCTG	
	NOP56, intron
	Spinocerebellar ataxia 36 (SCA36)
	Autosomal dominant
	650–2500

	TGGAA
	BEAN1, intron
	Spinocerebellar ataxia 31 (SCA31)
	Autosomal dominant
	500–760

	TTTCA/TTTTA
	TNRC6A, intron	
	Familial adult myoclonic epilepsy6 (FAME6)
	Autosomal dominant
	
>22


	
	MARCH6, intron
	Familial adult myoclonic epilepsy3 (FAME3)
	Autosomal dominant
	
791–1035


	
	STARD7, intron
	Familial adult myoclonic epilepsy2 (FAME2)
	Autosomal dominant
	
40–1000


	AAGGG	
	RFC1, intron
	Cerebellar ataxia, neuropathy and vestibular areflexia syndrome
	Autosomal recessive
	400–2000











Table-2. List of few polyG diseases and genetic, phenotypic and pathological features.
( Liufu et al. Acta Neuropathologica Communications 2022)
	
	FXTAS
	NIID
	OPML
	OPDM1
	OPDM2
	OPDM3
	OPDM4

	Mode of inheritance 
	XL
	AD
	AD
	AD
	AD
	AD
	AD

	Affected gene/location
	FMR1
	NOTCH2NLC
	NUTM2B-AS1
	LRP12
	GIPC1
	NOTCH2NLC
	RILPL1

	CGG expansion location
	5’UTR
	5’UTR
	Non-coding Transcript
	5’UTR
	5’UTR
	5’UTR
	5’UTR

	Pathological repeat numbers
	55–200
	60–300
	50–60
	85–289
	73–164
	60–300
	139–197

	Age of onset (years)
	>50
	most>50
	15–40
	30–50
	20–60
	20–50
	15–40

	Movement disorders
	+  +  +
	+
	+
	+
	+
	+
	+

	Cognitive deficit
	+
	+  +  +
	±
	−
	+
	+
	−

	Autonomic dysfunction
	+  +  +
	+  +  +
	+
	−
	−
	+
	−

	Muscle-weakness
	+
	+
	+
	++
	++
	++
	++

	Brian atrophy
	+
	+
	+
	−
	−
	+
	−

	Leukoencephalopathy
	+
	+
	+
	−
	+
	+
	−

	Eosinophilic inclusions
	+
	+  +  +
	−
	+
	+
	+
	+

	Ubiqutin- or p62- positive
	+
	+
	N/A
	+
	+
	+
	+

	PolyG-positive
	+
	+
	(polyG)?
	(polyG)?
	(polyG)?
	+
	(polyG)?


AD Autosomal dominant; XL X-linked dominant; AR Autosomal recessive; N/A not available; UTR untranslated region +  +  +, most positive; +  +, some positive; +, a few positive; ±, occasionally positive; −, negative FXTAS fragile X-associated tremor ataxia syndrome; NIID neuronal intranuclear inclusion disease; OPML oculopharyngeal myopathy with leukoencephalopathy; OPDM1 oculopharyngodistal myopathy type 1–4; polyG polyGlycine peptide toxicity.
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Figure-1. Mechanisms associated with polyG diseases. A,B.
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