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Recently a broad range of phenotypic abnormalities related to the neurodevelopmental and neurodegenerative disorder NEDAMSS (Neurodevelopmental Disorder with Regression, Abnormal Movements, Loss of Speech, and Seizures) have been associated with rare single-nucleotide polymorphisms (SNPs) or insertion and deletion variants (Indel) in the intron-less gene IRF2BPL. Up to now, 34 patients have been identified through whole exome sequencing carrying different heterozygous pathogenic variants spanning the intron-less gene from the first polyglutamine tract at the N-terminus to the C3HC4 RING domain of the C-terminus of the protein. As a result, the phenotypic spectrum of the patients is highly heterogeneous and ranges from abnormal neurocognitive development to severe neurodegenerative courses with developmental and seizure-related encephalopathies. While the treatment of IRF2BPL-related disorders has focused on alleviating the patient’s symptoms by symptomatic multidisciplinary management, there has been no prospect of entirely relieving the symptoms of the individual patients. Yet, the recent advancement of CRISPR-Cas9-derived gene editing tools, leading to the generation of base editors (BEs) and prime editors (PEs), provide an encouraging new therapeutic avenue for treating NEDAMSS and other neurodevelopmental and neurodegenerative diseases, which contain SNPs or smaller Indels in post-mitotic cell populations of the central nervous system, due to its ability to generate site-specific DNA sequence modifications without creating double-stranded breaks, and recruiting the non-homologous DNA end joining repair mechanism.
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1 Introduction

In humans, mutations in IRF2BPL lead to a neurodevelopmental disorder called NEDAMSS (Neurodevelopmental Disorder with Regression, Abnormal Movements, Loss of Speech, and Seizures; OMIM-#618088). NEDAMSS is a new, ultra-rare, severe neurodegenerative disorder with neurological symptoms that deteriorate during infancy and early childhood. Patients with NEDAMSS initially develop normally before an eventual regression and loss of skills. Typical symptoms include loss of motor skills (e.g., crawling and walking), loss of speech, abnormal movements, and seizures. The disorder is caused by a variety of de novo genetic mutations of the Interferon Regulatory Factor 2 Binding-Like (IRF2BPL) gene (Marcogliese et al., 2018; Skorvanek et al., 2019; Tran Mau-Them et al., 2019).

IRF2BPL, located on chromosome 14q24.23, is an intron-less gene that encodes a 796 amino acids protein and a transcript of 4,166 nucleotides(ENSEMBL IRF2BPL [30.04.2024]) belonging to the IRF2BP family, where it acts as a transcriptional regulator localized almost exclusively to the nucleoplasm. (The Human Protein Atlas [30.04.2024]) Similar to its paralogues, IRF2BP1 and IRF2BP2, IRF2BPL contains two conserved domains: a coiled-coil DNA binding domain at its N-terminus and a C3HC4 RING finger domain at its C-terminus (Rampazzo et al., 2000), suggesting IRF2BPL transcriptional regulatory functions, either as a trans activator or repressor, depending on the target promoter and interacting partners (Shimono et al., 2000). Additionally, IRF2BPL contains polyalanine (Poly-A) and polyglutamine (Poly-Q) regions at its N-terminus, along with a Nuclear Localization Signal (NLS) towards the C-terminus. Notably, Poly-Q motifs are primarily found in transcription factors and serve as domains for regulating transcriptional processes by mediating interactions with other transcriptional regulators. IRF2BPL also contains multiple putative proline, glutamic acid, serine, and threonine-rich (PEST) sequences in the variable region between its highly conserved domains, suggesting the potential post-translational regulation of this protein (Marcogliese et al., 2018).

Currently, the precise biological function of IRF2BPL is unknown. Nevertheless, it has been associated with various physiological processes, whereas its involvement or role in both neuronal development and maintenance has recently gained awareness (Sabitha et al., 2021). The diagnosis of NEDAMSS patients typically begins with a physical examination. During this process, it is important to exclude conditions such as multi-organ involvement, behavioral/psychiatric problems, post-infectious autoimmune encephalitis, perinatal HIV infection, and infantile spasms to avoid misdiagnosis with the IRF2BPL variant syndrome. As trio-based whole exome sequencing (WES) or whole genome sequencing (WGS) is the gold standard for identifying the molecular etiologies of these disorders (Marcogliese et al., 2018; Shelkowitz et al., 2019; Tran Mau-Them et al., 2019; Prilop et al., 2020; Pisano et al., 2022), Sanger sequencing is often performed to confirm the underlying mutation in the IRF2BPL gene. This approach facilitated the diagnosis of the first two NEDAMSS patients in 2018, followed by the identification of an additional 32 patients to date. Brain Magnetic Resonance Imaging (MRI) is performed to check for abnormalities (Shelkowitz et al., 2019; Skorvanek et al., 2019; Tran Mau-Them et al., 2019; Ginevrino et al., 2020; Prilop et al., 2020; Pisano et al., 2022), where the majority of patients mainly display focal or diffuse cortical/subcortical atrophy, cerebellar atrophy, and thinning of the corpus callosum (Pisano et al., 2022). An electroencephalogram (EEG) is also regularly performed (Marcogliese et al., 2018; Tran Mau-Them et al., 2019; Ginevrino et al., 2020; Pisano et al., 2022) since many patients tend to suffer from seizures or have epileptic manifestations, due to spontaneous electrical activities in the brain, including irregular theta activity (Skorvanek et al., 2019).

However, comprehension of the molecular characteristics of IRF2BPL-related disorders presents several key challenges due to the absence of a significant association between the genetic variants with the severity of the phenotype and the age of onset. This limitation is further enhanced by the restricted availability of neural tissues for in-depth study, a lack of comprehensive information regarding the disease’s natural progression, the rarity of affected individuals, and the absence of specific in vitro and animal models for research purposes (Sabitha et al., 2021). Yet the accelerated advances in genome sequencing have emerged with a greater awareness of the human genome in disease prevention and treatment of individual patients, contrasting the current focus on alleviating the patient’s symptoms by symptomatic multidisciplinary management. This revolution is tightly linked to CRISPR-Cas9-derived technologies such as base- and prime editors, which have expanded the therapeutic potential of genomic engineering in neuronal and non-neuronal cell populations of the CNS, potentially leading to the correction of the pathogenic variants that cause NEDAMSS in patients in the future.



2 IRF2BPL function in neurodevelopmental and neurodegenerative disorders

Clinical reports have documented 34 patients with pathogenic variants, constituting 19 nonsense, 2 missense, and 12 frameshift variants across IRF2BPL with 1 patient having both a nonsense and missense mutation in the gene (Figure 1). In particular, nonsense variants display the most severe developmental disability (Tran Mau-Them et al., 2019). Yet no significant association and correlation have been established between the location of the pathogenic variations and the severity of the phenotype (Pisano et al., 2022), which may be due to the limited number of documented cases, aligning with the absence of therapeutic avenues for NEDAMSS or the role of the patient’s genetic background.
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FIGURE 1
 IRF2BPL Landscape. Distribution of known mutations across the length of IRF2BPL, including known functional domains. Mutations are named for the resultant nucleotide change, as well as the affected amino acid residue (first letter), position (number), and the resultant change to the residue due to the mutation (following letter).


The establishment of an appropriate model system for NEDAMSS to shed additional light on the biological function of IRF2BPL is therefore crucial, leading to the generation of Drosophila, zebrafish, and in vitro human models.



3 Model organisms

Various heterogeneous de novo mutations have been observed in IRF2BPL, resulting in characteristic phenotypes depending on the induced variant in the NEDAMSS patients. Ubiquitous overexpression of the reference IRF2BPL or Pits in Drosophila at low temperatures (Act-Gal4 at 18°C, PitsTG4/+) caused lethality. The same was observed upon the null mutation of Pits, resulting in unsuccessful survival past the early larval stage or even embryonic lethality, suggesting the gene is very dosage sensitive and greatly regulated in vivo. However, overexpression of three nonsense variants (Gln127*, Glu172*, and Arg188*) generating a premature termination of translation did not display any toxicity, whereas the missense variants Lys418Arg and Pro372Arg displayed various effects upon overexpression, indicating the position and amino acid change impact the protein sequence toxicity upon overexpression. Additionally, the reduction of Pits in the fruit fly, mimicking the nonsense IRF2BPL variants in NEDAMSS patients resulted in a bang-sensitive phenotype and a progressive decline in climbing activity only seen in adulthood flies, which is particularly similar to the seizures-like paralysis, known as epilepsy and progressive motor dysfunction observed in adolescence patient with NEDAMSS. Reduction of Pits also affected the photoreceptors, leading to a decrease and age-dependent deficit of neuronal integrity, equivalent to the cerebral symptoms and atrophy observed in patients. This indicates the requirement of Pits expression in the neurons of the antennal mechanosensory and motor center to acquire accurate balance, auditory and motor coordination, supporting the essential function of IRF2BPL and Pits in the development and maintenance of the CNS (Marcogliese et al., 2018).

Recently, a covalent interaction was identified between Pits/irf2bpl/IRF2BPL and wg/wnt1/WNT1 in Drosophila, zebrafish, and humans with the reduction of Pits/irf2bpl/IRF2BPL, leading to an increase in wg/wnt1/WNT1 transcript and protein expression. Consequently, the partial loss of Pits in neurons of adult flies, mimicking the IRF2BPL nonsense allele variations, displayed a shortened lifespan, progressing climbing defects, and progressive degradation of the peripheral axons, normally associated with overexpression of wg in flies. Yet, reversion of the neurobehavioral phenotype was observed by the overexpression of Casein kinase 1 alpha (CK1α) (CSNK1A1 in humans) (Marcogliese et al., 2022), a regulator of signal transduction pathways, playing a significant role in the WNT signaling pathway through phosphorylation of β-catenin (Jiang et al., 2018), which IRF2BPL is known to targeting for proteasomal degradation (Higashimori et al., 2018). As a result, IRF2BPL is implied to interact and colocalize with CSNK1A1 in the cytoplasm, promoting the entering into the nucleus, where the complex acts as a strong transcriptional repressor of the Wnt/β-catenin signaling pathway (Marcogliese et al., 2022).



4 Human astrocytes/neurons

To draw a parallel between the phenotypic changes observed within Drosophila and Zebrafish, with the orthologous proteins pits and irf2bpl respectively, a human in vitro model was developed, elucidating the role of de novo nonsense mutations Glu172*, Tyr173*, Arg188*, and the missense variant A708Fs59 in the haploinsufficiency of the IRF2BPL gene. Healthy controls and patient fibroblasts were directly converted into induced neurons (iNs) confirming the cellular localization of IRF2BPL to the nucleus with a vague signal in the cytoplasm of the patient iNs. The protein expression level was remarkably similar between healthy controls and patients with NEDAMSS with an exception for the adult patient cell line, containing the Arg188* variant, which displayed a significant reduction in the expression level of full-length IRF2BPL. Yet, a general decrease in neurite length was noticed in patient iNs (Sinha Ray et al., 2022), suggesting an inefficient migration and maturation into axons and dendrites, affecting the connection and communication with other neurons (Prem et al., 2020), leading to neuronal loss (Marcogliese et al., 2022).

Since the CNS is a highly complex network with a great variety of cell populations of both neuronal and non-neuronal cells, hereof glial cells with the most predominant subtype being astrocytes. The cellular phenotype of astrocytes in NEDAMSS was therefore studied by the induction of healthy controls and patient fibroblasts into astrocytes (iAs). As a result, patient iAs exhibited a distinct phenotype from the healthy iAs with altered morphology, abnormal mitochondrial activity, and greater GFAP expression, which is frequently linked to activated astrocytes. Besides that, the IRF2BPL protein was primarily mislocalized as aggregates in the cytoplasm in the form of dimers between the truncated and full-length protein isoforms in the four patient iAs compared to the healthy control, whereof the expression of IRF2BPL was predominantly located to the nucleus. This was additionally confirmed by a similar transcription level of truncated IRF2BPL mRNA to endogenous full-length IRF2BPL mRNA levels in the patient iAs, displaying stable expression for translation. Consistent with a single exon transcript there is no protein decay of the nonsense variants upon the introduction of a premature stop codon and transcription aberration (Marcogliese et al., 2018; Qian et al., 2021), resulting in the dissociation between the truncated and the endogenous full-length IRF2BPL protein and its mislocalization in the cytoplasm (Sinha Ray et al., 2022). Co-culturing of mouse neurons and patient iAs, exhibiting an abnormal morphology and alteration in the GFAP expression level were inadequate to support the survival of mouse neurons compared to healthy iAs, indicating insufficient maturation and plasticity of synaptic transmission (Perea et al., 2009; Prem et al., 2020; Liu et al., 2021).



5 Treatments and therapeutic strategies for NEDAMSS

Nevertheless, the treatment of IRF2BPL-related disorders based on the current understanding of the biological function of IRF2BPl has been limited, as the main focus is still on alleviating the patient’s symptoms by symptomatic multidisciplinary management rather than curing them. Controlling of the seizures has thereby been accomplished by the use of antiseizure medication, including sodium valproate, perampanel levetiracetam, sulthiame, topiramate, lamotrigine, zonisamide, and carbamazepine (Pisano et al., 2022; Gardella et al., 2023; Khan et al., 2023), whereas patients with epileptic manifestation received levetiracetam and clonazepam, lamotrigine, carbamazepine, oxcarbazepine, topiramate, valproic acid, zonisamide, and perampanel (Pisano et al., 2022; Khan et al., 2023). Further, levetiracetam, topiramate, lamotrigine, clobazam, and high doses of primidone partially improved the myoclonus of patients (Costa et al., 2023; Gardella et al., 2023).

Recently, a new potential candidate for the treatment of NEDAMSS was discovered. CuII(atsm) (diacetylbis(4-methylthiosemicarbazonato) copperII) (CuATSM) is a small molecular weight, artificial, orally bioavailable drug that can pass the human blood–brain barrier. CuATSM is thought to exert neuroprotective effects in disease-affected regions of the CNS in ALS, PD, and more (Soon et al., 2011; Hung et al., 2012; Kuo et al., 2019;Nikseresht et al., 2020; Sinha Ray et al., 2022). The literature suggests that CuATSM’s potential mechanisms involve the restoration of mitochondrial function, including the correction of increased fractionation and mislocalization of mitochondria observed in NEDAMSS patient cells (Sinha Ray et al., 2022). The drug is safe for use in humans and is currently in clinical trials for hypoxic imaging, ALS treatment (Dennys et al., 2023), and Parkinson’s disease (Nikseresht et al., 2020; Sinha Ray et al., 2022). In the phase I clinical trial of ALS, the drug slowed down disease progression and improved the respiratory and cognitive function of the patients (Sinha Ray et al., 2022). However, its exact mechanism of action is still unknown (Sinha Ray et al., 2022; Dennys et al., 2023). Sinha Ray et al. (2022) showed that treatment of patient-derived induced iAs with 1 μM CuATSM for four consecutive days, before neuron-glia co-culture, significantly increased neuronal survival. However, it did not rescue the mislocalization of IRF2BPL to the cytoplasm in patient iAs. Further, CuATSM treatment reduced the elevated levels of mitochondrial respiration to normal control levels in three out of four patient iAs. In addition, the transcriptional profile of treated iAs shows upregulation of metal ion homeostasis pathways which is important for cellular viability. The authors suggest that selective metal homeostasis could improve mitochondrial respiration resulting in neuroprotection. In their Drosophila model of heterozygous PitsTG4/+ flies, they observed that the ones treated with CuATSM displayed decreased time to climb, indicating that the drug is at least partially neuroprotective in ameliorating climbing defects at 35 days after eclosion (Sinha Ray et al., 2022).

Within the last decade, gene therapies gained attention as a promising tool to not only treat but also cure the patient’s symptoms. Gene therapies provide the opportunities to introduce, remove, or change DNA and/or RNA in patient cells to treat the genetic disorder (Nerkar and Chakraborthy, 2021). Several types of gene therapies are currently clinically available, including Short synthetic antisense oligonucleotides (ASOs) approved to treat spinal muscular atrophy (Nusinersen, Spinraza™) by modulating the splicing of the SMN2 gene to increase the quantity of the stable full-length SMN protein (Jensen et al., 2021). Another example is Tofersen (Qalsody™) for the treatment of amyotrophic lateral sclerosis (ALS) by inhibiting transcription of the mutated superoxide dismutase 1 (SOD1) gene (Blair, 2023). Gene Replacement Therapies involve the introduction of a healthy gene copy to complement a defective one such as Zolgensma® which is FDA-approved for spinal muscular atrophy (Jensen et al., 2021). Recently, the first gene editing therapy CASGEVY® has been approved for the treatment of sickle cell disease, through CRISPR-Cas9 targeting and correction of BCL11A in patient hematopoietic stem, followed by the infusion back into the patient (Philippidis, 2024). Regarding gene editing strategies, nuclease-independent ones such as Base- and Prime Editing have advantages over double-strand break (DSB)-based strategies by minimizing the probability of unwanted large-scale alterations of an organism’s genome with the possibility of improving gene editing efficiencies (Alves et al., 2023).

Base editors (BEs) are in principle an excellent tool for the treatment of genetic diseases like NEDAMSS and have already been reviewed extensively (Anzalone et al., 2020; Porto et al., 2020; Newby and Liu, 2021; Tran et al., 2022; Yu et al., 2022). BEs have several advantages over conventional CRISPR-Cas9-associated methods. Since they are associated with base excision repair (BER) and mismatch repair (MMR) that occur extensively in most cell-cycle phases, BEs can be applied in non-dividing cell populations like neurons and astrocytes that are affected in patients suffering from NEDAMSS. Further, they do not require a donor template, making them less toxic and easier to deliver. So far, there are four ongoing clinical trials with BEs, but none of them are targeting the CNS (Porto and Komor, 2023).

Adenine base editors (ABEs) (Gaudelli et al., 2017), which convert Adenine (A) to Guanine (G), are of particular interest in the field of precision medicine. This is because mutations of a G•C base pair to an A•T base pair, which can be corrected by adenine base editing, represent ~47% of disease-associated point mutations. Regarding NEDAMSS, ~42% of mutations, representing 16 out of 34 reported patients, could theoretically be corrected using ABEs. Recently Cytosine (C) to Guanine Base Editors (CGBEs) (Chen et al., 2021) have been developed, which catalyze the conversion of a C•G to a G•C base pair. The application of CGBEs, can therefore correct three mutations affecting five NEDAMSS patients. However, there are only a few studies investigating CGBEs and they are suspected to generate double-strand breaks causing deletion, transversion, and translocation, resulting in their less favorable utilization in gene therapy (Huang et al., 2024).

Prime editors (PEs) on the other hand consist of a Cas9 nickase fused to a reverse transcriptase enzyme, along with a prime editing guide RNA (pegRNA), providing them with the ability to insert or delete SNPs or smaller indels. It has been studied in different cell types and diseases which are reviewed here (Newby and Liu, 2021; Chen and Liu, 2023; Zhao et al., 2023). Theoretically, PEs can correct all possible base-to-base conversions and indel which is 89% of all human pathogenic genetic variants (Anzalone et al., 2019; Chen and Liu, 2023). However, PE is a relatively new technology and the editing efficiency is usually low. Further, there are safety concerns regarding the off-target activity of the reverse transcriptase.



6 Discussion

One of the underlying reasons for the absence of therapeutic avenues for NEDAMSS is the new and ultra-rare nature of the disease. Hence, understanding the specific molecular characteristics of the disorder during neurodevelopment would be of invaluable significance for gaining knowledge of the pathogenic process related to the neurodegenerative aspect of the disease and in particular to the treatment of NEDAMSS. Yet, neurological disorders remain a challenging task due to the lack of patient-derived brain tissues to investigate and recapitulate the phenotypes associated with the function of IRF2BPL during early human neurodevelopment, as patient biopsies usually represent the endpoint of the disease and do not reveal the causative mechanisms (Sidhaye and Knoblich, 2021). Common questions remain unsolved regarding the examination of early neurodevelopmental components such as the initial mislocalization and aggregation of mutant IRF2BPL protein, plausible defects in neuro progenitor cell polarity and differentiation, and changes in mitosis or cell cycle progression. Therefore, the majority of model organisms predominantly rely on evolutionary distanced animals, such as Drosophila, zebrafish, and rodents to mimic complex biological processes, as they are significantly simpler, and provide greater accessibility for gene manipulation and insight into signaling pathways in the initial stages of development (Jennings, 2011; Adhish and Manjubala, 2023). To date, rodent and mouse models in particular are considered the golden standard for research, due to the sharing of the common brain functions, making them invaluable models for behavioral studies from the onset to the end stage of the disorder (Gurumurthy and Lloyd, 2019). Unfortunately, no rodent model system has been generated to study the behavioral pattern of the various pathogenic variants in IRF2BPL, limiting the correlation of specific mutations and their location to visible phenotypic traits.

Nevertheless, continued advancement in stem cell technology has paved the way for three-dimensional (3D) brain organoids, which can recapitulate the spatiotemporal organization and function of various cell populations found in the human brain during neurodevelopment (Jacob et al., 2021; Shafique, 2022). Especially, patient-derived brain organoids can in the future provide insights into the individual pathogenic variants of IRF2BPL’s effect on the downstream transcriptomic mechanisms, aggregation, and/or mislocalization, resulting in crucial information on pathways affected by the disease that can be pharmacologically targeted, which has not possible with animal models. To achieve this goal, a tight integration of clinical and basic research is essential.

While new drugs like CuATSM might slow down the disease progression and improve patient behavior, only gene editing has the potential to permanently correct the disease-causing mutations. However, due to the broad heterogeneity of mutations in IRF2BPL, editing strategies must be developed specifically for each patient. Even though precision medicine is a rising field, it means a lot of effort and high costs.

In addition to the common challenges regarding gene therapy (Porto et al., 2020; Newby and Liu, 2021; Porto and Komor, 2023), delivery methods to the human brain that can pass the human blood–brain barrier remain a challenge. Also, it is not clear yet, which is the latest time point of intervention, meaning if correction of the mutations in the developed brain restores the healthy phenotype.

Taken together, a lot of research has been done since the diagnosis of the first NEDAMSS patient in 2018. The growing awareness of the disease and improvements in the diagnosis constantly lead to the identification of new patients with new phenotypes (Vanagunas and Pena, 2024). Further, the development of animal models as well as 3D brain organoids will help fill the gaps of IRF2BPL in neurodevelopment and accelerate the generation of new drugs and gene therapies.
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