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Editorial on the Research Topic 
Rare diseases research and diagnosis in low- and middle-income countries


Rare diseases (RDs) encompass more than 7,000 described disorders characterized by a low prevalence in the general population. Collectively, these disorders affect between 6% and 8% of the world population. The majority of RDs involve an underlying genetic component, and more than 6,000 conditions have been linked to a known molecular cause. In the last 15 years, the adoption of human genomic sequencing has enabled the more efficient and accurate diagnosis and research of rare genetic disorders. Genomic sequencing has become a first-tier diagnostic test for many patients with congenital syndromes and suspected genetic disorders in high-income countries, as well as an effective method for the study of undiagnosed and novel genetic disorders in the research arena. The implementation of massive parallel sequencing technologies, in the form of candidate gene panels, exome, or whole genome sequencing, has dramatically changed the diagnosis and research of rare diseases in high-income countries. In contrast, the reality in low- and middle-income countries (LMICs) is strikingly different, where disparities in access to these technologies exist. The high cost of genomic sequencing and other genetic analysis technologies remains a limiting factor for the implementation of these methods for diagnosis and research of rare diseases in resource limited settings. The study of rare genetic diseases in LMICs remains significantly underrepresented compared to large-scale genomic studies conducted in high-income countries. Despite some being carried out under resource-constrained conditions, these efforts often receive limited visibility in the scientific literature. As a result, there is a disproportionate lack of data from LMICs, which restricts the global understanding of the genetic and phenotypic diversity of RDs and contributes to the persistent underrepresentation of non-European populations in genomic research.
In this Research Topic focused on Rare Diseases Research and Diagnosis in Low- and Middle-Income Countries we have captured some of the efforts undergoing in LMICs to bridge the gap of access to diagnosis and research investigating RDs. Clinicians and researchers from 20 different LMICs contributed work that spanned interesting case reports for rare diseases in diverse populations to efforts for the implementation of genomic sequencing programs in resource limited settings. Case reports in this Research Topic report a first diagnosed patient with Fabry disease in North Macedonia (Gjorgjievski et al.), a patient from Colombia with vascular Ehlers–Danlos syndrome (Valencia-Cifuentes, et al.), a Malaysian patient with ESCO2 associated disorder (Tae et al.), and patients with mitochondrial DNA depletion syndrome, primary ciliary dyskinesia, and spastic paraplegia due to rare novel variants in RRM2B, RSPH4A and WASHC5, respectively, in China (Wang et al.; Shen et al.; Gao et al.).
Larger implementation efforts reported here include those from Yilmaz et al. describing the results of a pilot study for the implementation of rapid genome sequencing in a hospital setting in Turkey to provide accurate and timely diagnoses for critically ill patients in neonatal and pediatric intensive care units. Zharmakhanova et al. present a study protocol outlining the design of an upcoming study to assess the prevalence of inborn errors of metabolism among children in Kazakhstan using the LC-MS/MS method. Other efforts have been directed at the diagnosis of some specific rare diseases, such as syndromic deafness, mitochondrial diseases, and monogenic diabetes in Tunisia (Mkaouar et al.; Gouiza et al.; Kheriji et al.), neurofibromatosis type 1 in South Africa (Mudau et al.), or syndromic short stature in patients from China (Sun et al.).
Importantly, biases in the diagnosis of certain conditions in some populations versus others can delay diagnosis and appropriate treatment and management of patients with RDs. Such is the case of cystic fibrosis in patients from North African and other non-European populations where prevalence and genetic epidemiology information is scarce and clinical overlap with other conditions complicate the diagnosis of this condition in the absence of molecular and genomic testing technologies as reviewed by Makhzen et al. Similarly, Campbell et al. evaluated the utility of singleton clinical exome sequencing for the diagnosis of South African infants from two state hospitals, achieving an overall 22% diagnostic rate in a population where the lack of representation presents a challenge for the accurate interpretation of genomic variants. The analysis of underexplored populations is also of great interest for identifying new variants not previously reported, as, for example, reported by Abdulkareem et al. in the analysis of the genetic causes of epilepsy in consanguineous families of Pakistani origin.
Molecular investigations of patients with suspected genetic disorders are important to determine the exact molecular causes of RDs; however in many LMICs, patients living with RDs rarely have access to molecular testing. Even in cases of well-characterized genetic disorders, it is most relevant to perform molecular testing, as shown by Brito et al. through their study of patients with a clinical diagnosis of Rett syndrome where 42.8% were found to have pathogenic variants in MECP2, whereas 28.5% of patients had pathogenic variants in other genes associated with neurodevelopmental disorders. Additional articles in this Research Topic focused on the characterization of the clinical and variant spectrum of certain RDs, such as Kabuki syndrome (Boniel et al.), and merosin-deficient congenital muscular dystrophy type 1a in Vietnamese patients (Khanh Tran et al.). Other reports explore more in depth the mechanisms of certain rare diseases, such as dysregulation of endoplasmic reticulum stress-related genes in dilated cardiomyopathy (Chen et al.), abnormal expression of genes in patients with CTCF neurodevelopmental disorder (Tan et al.), or the aberrant splicing that results in an abnormal protein in a patient with Stickler syndrome type I (Gong et al.). Studies of variation causing rare diseases can have implications for families, enabling genetic counseling and testing for family planning as shown by Wu et al. with the identification of genetic variants for citrullinemia type-1 and by Tian et al. studying a novel splicing variant associated with hereditary spherocytosis for preimplantation genetic testing in a Chinese family.
Other reviews included in this Research Topic cover the advantages and challenges of incorporating CNV analyses from exome data to improve the yield of exome sequencing in resource-constrained settings (Louw et al.) where the availability and affordability of whole genome sequencing is still lagging. Additionally, Giugliani et al. review the current landscape and challenges of newborn screening programs in Latin America. Despite demonstrated to be a highly-effective public health strategy, newborn screening is still not broadly implemented in Latin America and other LMICs in the world. Early and accurate detection of rare diseases is fundamental to reduce mortality and morbidity associated with RDs and ensure quality of life for patients.
In summary, the wide array of papers published as part of this Research Topic highlight that even in resource constrained settings, molecular genetic testing, including genomic sequencing, for rare disorders is extremely valuable for diagnosis, research, management and counseling of patients and families living with RDs. Efforts should continue and increase to make these technologies more broadly available and affordable to be successfully implemented in LMICs. This Research Topic adds to the rapidly expanding knowledge coming from historically underrepresented populations and countries and should be welcomed by all those in the field who wish to see genetic and genomic data from global populations represented in international genomic databases.
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Rare diseases (RDs) cause considerable death and disability in Latin America. Still, there is no consensus on their definition across the region. Patients with RDs face a diagnostic odyssey to find a correct diagnosis, which may last many years and creates a burden for caregivers, healthcare systems, and society. These diagnostic delays have repercussions on the health and economic burden created by RDs and continue to represent an unmet medical need. This review analyzes barriers to the widespread adoption of newborn screening (NBS) programs and early diagnostic methods for RDs in Latin America and provides recommendations to achieve this critical objective. Increasing the adoption of NBS programs and promoting early diagnosis of RDs are the first steps to improving health outcomes for patients living with RDs. A coordinated, multistakeholder effort from leaders of patient organizations, government, industry, medical societies, academia, and healthcare services is required to increase the adoption of NBS programs. Patients’ best interests should remain the guiding principle for decisions regarding NBS implementation and early diagnosis for RDs.
Keywords: newborn screening, early diagnosis, rare diseases, diagnostic odyssey, Latin America, genetics, genomics, molecular diagnosis

1 INTRODUCTION
Latin America (LATAM) spreads over 20,000,000 km2 across 20 countries, plus 13 countries in the Caribbean region (Box 1), with approximately 620 million inhabitants overall (CELAC International, 2022). The region is vastly diverse culturally, geographically, politically, ethnically, and economically between and within countries, which is reflected in healthcare delivery and health-related indicators. Wealth distribution varies from countries with high Human Development Index (HDI), such as Chile, to low HDI, like Haiti (United Nations, 2020).
Box 1 The 33 countries included in Latin America and the Caribbean by Region.
	North America: Mexico
	Central America: Belize, Costa Rica, El Salvador, Guatemala, Honduras, Nicaragua, and Panama
	South America: Argentina, Bolivia, Brazil, Colombia, Chile, Ecuador, Guyana, Paraguay, Peru, Suriname, Uruguay, and Venezuela
	Caribbean: Antigua and Barbuda, Bahamas, Barbados, Cuba, Dominica, Granada, Haiti, Jamaica, Dominican Republican, San Cristobal and Nieves, San Vicente and the Granadinas, Santa Lucía, and Trinidad and Tobago

The definition of rare disease (RD) varies globally. In LATAM, there is no consensus on the definition of RDs. Some countries such as Bolivia, Ecuador, Paraguay, Peru, and Venezuela do not have a specific RD definition. Others, such as Brazil, consider RDs based on the World Health Organization (WHO) definition as affecting 65 or less per 100,000 individuals (Minister of Health, 2014). Argentina, Chile, Mexico, Panama, and Uruguay adhere to the European Union’s definition of <1 per 2,000 affected individuals (EURORDIS.Rare diseases, 2005), and Colombia defines RD as affecting <1 per 5,000 individuals. These diverse definitions also translate into the number of people living with a given RD varying across the region depending on whether their condition meets the different thresholds (Encina et al., 2019). The absence of a unified definition for the region creates challenges in estimating prevalence, creating standard policies and guidelines, integrating programs or registries, and allocating research funding.
An estimated 7,000–9,000 conditions are considered RDs, affecting around 6–8% of the world’s population (Ferreira, 2019). Although these disorders are individually infrequent in the general population, they affect roughly 300–350 million people worldwide (United Nations General Assembly, 2021). In LATAM, an estimated 35 million people live with a RD (Nguengang Wakap et al., 2020). If family members, caregivers, and health professionals are included, the number of people impacted by RDs is substantially higher. A genetic cause has been identified for over 6,000 of these disorders, providing the potential to determine a molecular genetic diagnosis. Therefore, it is possible to provide early detection, accurate diagnoses, and implement interventions to reduce the morbidity and mortality associated with these diseases (Gonzaga-Jauregui and Lupski, 2021).
Multiple efforts have been made for RDs from international entities, including a resolution in November 2021 by the United Nations calling for the implementation of national strategies to provide universal health coverage for patients with RDs, ensure access to diagnosis and treatment, increase research on RDs, and overcome inequality and exclusion gaps (United Nations General Assembly, 2021). However, despite advances in awareness of the medical and social issues surrounding RDs, inequality in the distribution of healthcare resources remains a reality for patients living with RDs in LATAM. Thus, the Americas Health Foundation (AHF) convened a panel of experts on RDs from Argentina, Brazil, Chile, Colombia, Mexico, and Panama for a multi-day conference to develop recommendations for increasing access to newborn screening programs (NBS) and early diagnosis of RDs in LATAM. This review aims to analyze the barriers to the widespread adoption of NBS programs and early diagnosis methods for RDs in LATAM and provide recommendations on achieving this critical objective.
2 METHODS
AHF identified eight experts in RDs with backgrounds in newborn screening methods, genetics, and bioethics from Argentina, Brazil, Chile, Colombia, Mexico, and Panama. They were convened for a three-day virtual meeting on January 17-19 2022, to discuss the need for widespread access and adoption of newborn screening for RDs in LATAM. To select the panel, AHF conducted a literature review using PubMed, MEDLINE, and EMBASE to identify scientists and clinicians from the above countries who have had publications relating to RDs and molecular testing panels since 2016. Augmenting this search, AHF contacted LATAM opinion leaders from the medical field to corroborate the list of individuals who adequately represented the necessary fields of study. All the experts who attended the meeting are named authors of this paper. An AHF staff member moderated the discussion. The authors retain complete control over the content of the article.
AHF conducted a literature review using PubMed, MEDLINE, and EMBASE for any publications on newborn screening and molecular testing for RDs. The following search terms were used: “rare diseases,” “early diagnosis,” “newborn screening,” “Latin America,” “Mexico,” “Colombia,” “Argentina,” “Brazil,” “NBS,” “Panama,” and “molecular testing,” from 01/01/2016 to 04/10/2021. The identified articles were in English, Portuguese, and Spanish. Particular attention was paid to identifying literature and research in LATAM.
AHF developed specific questions to address the issues related to NBS for RDs in LATAM and assigned one to each panel member. A written response to each question was drafted by individual panel members based on literature review and personal expertise. The entire panel reviewed and edited each narrative during the three-day conference through numerous rounds of discussion until consensus was reached. For issues with disagreement among the panel, additional dialogues were held until all panel members agreed to the content included in this manuscript. The recommendations developed were based on the evidence collected, expert opinion, and professional experience and were approved by the entire panel. After the conference, the final manuscript was distributed by email to the panel for review and approval.
3 RESULTS
3.1 Newborn screening and early diagnosis of rare diseases
RDs usually appear early in life, with approximately 70% having onset in the pediatric age, while an additional 12% can have onset in childhood or adulthood (Nguengang Wakap et al., 2020). Genetic RDs are the leading cause of death in children under 10 years of age (Harrison and Goodman, 2015). They are the leading cause of mortality and morbidity in neonatal and pediatric intensive care units in the United States, with a likely similar impact in LATAM (Harrison and Goodman, 2015).
RDs have the commonality of an extensive timeline to reach an accurate diagnosis, often referred to as a “diagnostic odyssey.” Although variable, the average delay between symptom onset and getting a diagnosis for many RDs is between 5 and 10 years (Vieira et al., 2008) during which time the health of these patients may deteriorate, and treatment opportunities may be missed. In countries where clinical genomic sequencing has been implemented, the diagnostic odyssey has been shortened by up to half for patients with suspected genetic disorders; however, with the traditional approach to diagnosis in most of LATAM, this delay has not decreased substantially despite increased awareness about RDs (Kuiper et al., 2018). An accurate and early diagnosis of RDs is essential for the patient, their family and healthcare systems. Even well-known RDs are diagnosed with unacceptable delays in many LATAM countries.
Obtaining a diagnosis is a determining factor for proper medical care, including treating symptoms, accessing therapies, and avoiding unnecessary interventions. On a personal level, a diagnosis allows patients with RDs and their families to make life-planning decisions, including on reproduction. A diagnosis also impacts a patient’s ability to be visible and recognized by public institutions. This may mean eligibility and access to social benefit programs, patient organizations (POs), and other support services, which may be diagnosis dependent. Health and social benefits include providing better care based on diagnostic-informed disease management, preventing comorbidities, facilitating access to social care and support, improving quality of life (QoL), and potentially increasing life span. Beyond individual outcomes, an early and accurate diagnosis remains imperative for epidemiology and planning for healthcare systems (Esquivel-Sada and Nguyen, 2018). Studies have demonstrated the utility of early and precise molecular diagnoses of newborns and children with RD to guide treatment and improve patient outcomes in the healthcare system (Pezzoli et al., 2021; Smedley et al., 2021).
NBS is a public health strategy conducted on newborns to identify potentially serious disorders before symptom onset or early enough to warrant a therapeutic intervention, reducing morbidity and mortality, and improving QoL. NBS is an essential vanguard for infant care and has provided vast improvements in the early diagnosis of many congenital diseases. In addition to advances in health outcomes, the severe clinical expression of the disease may be prevented and a reduction of healthcare expenditure with a benefit from a cost-effectiveness perspective may be achieved in some disorders (Cabello et al., 2021). However, varying limitations exist from country to country, which may range from continuity of care for the patient to cost and availability of these screening tests as budgets vary.
The importance of improving care from birth through the first week to decrease morbidity and mortality in children under 5 years was highlighted in the WHO’s recent objectives to ensure that every child in the world “survives and thrives to reach their full potential” [(World Health Organization, 2020), (Newborn Health, 2022)]. Congenital anomalies, either structural or functional, encompassing metabolic disorders, are a leading cause of neonatal death worldwide and contribute to chronic illness and disability in children. Along with comprehensive NBS programs, establishing or strengthening national programs for RD management is encouraged, emphasizing international reference networks, and the development of unified approaches for the prevention and care of congenital disorders (World Health Organization, 2010; Ferreira, 2019).
Currently, most NBS programs focus on the biochemical profiling of abnormal metabolites in newborn blood samples. The use of tandem mass spectrometry (TMS) has expanded biochemical panels, allowing the simultaneous screening of more than 50 inborn metabolic disorders (Friedman et al., 2017). Additionally, physical examinations and tests performed shortly after birth, such as pulse oximetry and hearing screenings, can identify congenital cardiac or hearing abnormalities in newborns that frequently have genetic underpinnings.
3.2 The landscape of newborn screening in Latin America
The implementation of NBS programs is generally delayed in low- and middle-income countries compared to higher-income nations due to economic, technical, and logistical constraints on top of each country’s social, cultural, and political background challenges. NBS originated in 1963 when Dr. Robert Guthrie created an assay to detect phenylketonuria (PKU). In the mid-1970s, the first NBS programs in LATAM began in Mexico and Brazil (Borrajo, 2021). More comprehensive NBS programs in the region were implemented in the mid-1980s, with Cuba launching a national NBS program in 1986. NBS pilot programs were started in other LATAM countries in the same decade. Later, national programs were implemented in Costa Rica (1990), Chile (1992) and Uruguay (1994) (Borrajo, 2007). Several other countries followed the same path and now NBS is a public health strategy covering a significant part of the newborns in the region, albeit with notable differences in terms of access, scope, and technologies (Queiruga et al., 2021).
Borrajo classified the NBS status of LATAM countries considering the following indicators: start dates, implementation modalities as organized programs, the panel of diseases screened, available testing technologies, coverage, legislation, and degree of development and success reached (Borrajo, 2007). According to these indicators, LATAM countries were classified into five groups, from fully established national programs to no programs. Sixteen countries have national or regional NBS programs (14 centrally coordinated and two conducted by regional healthcare providers). Thirteen countries have laws that establish mandatory NBS. Six countries provide 70–86% NBS coverage (Mexico, Colombia, Brazil, Panama, El Salvador, and Ecuador), and six more provide over 90% coverage (Cuba, Costa Rica, Chile, Uruguay, Argentina, and Paraguay). In general, the conditions most screened include CH (16 countries), PKU (14 countries), congenital adrenal hyperplasia (CAH), cystic fibrosis (CF) (12 countries each), and galactosemia (GAL) (8 countries). At a national level, assays for amino acids and acylcarnitines by TMS are implemented in only two countries, Costa Rica and Uruguay (Borrajo, 2007). Considering the countries with official NBS programs and their coverage percentage (Borrajo, 2007; Queiruga et al., 2021), it is possible to estimate that around 7.2 million newborns are screened per year in LATAM, representing approximately 72% of total births (US Census Bureau, 2021). An overview of major NBS programs in the world and LATAM is provided in Supplementary Table S1 and summarized in Figure 1. A description of NBS status in the countries represented by the authors of this review is provided below.
[image: Map of Latin America, divided into Central and South America, showing countries in varying shades of blue. Each country is labeled with its name and legal abbreviations.]FIGURE 1 | The landscape of RD definition and newborn screening in LATAM. Maps of Mexico, Central America and South America showing the 20 countries in the LATAM region and summarizing their population, whether they have a RD definition, whether NBS is mandated by national law and what year was that approved and the conditions for which the national NBS programs screen for. (Abbreviations: AA, other amino acid disorders; BIO, biotinidase deficiency; CAH, congenital adrenal hyperplasia; CF, cystic fibrosis; CH, congenital hypothyroidism; FAO, fatty acid oxidation disorders; G6PDD, glucose-6 phosphate dehydrogenase deficiency; GAL, galactosemia; Hbpx, hemoglobinopathies; MSUD, maple syrup urine disease; OA, organic acidurias; PKU, phenylketonuria).
3.2.1 Argentina
In Argentina, a national mandate for PKU screening was established in 1986. Currently, the federal NBS program looks for six conditions: CH, CF, GAL, biotinidase deficiency, and CAH. In Argentina, there are 20 regional NBS programs with varying coverage of disorders beyond government mandated ones (Governor of Colombia Office, 2022).
3.2.2 Brazil
Extended NBS (ENBS) for other metabolic disorders through TMS screening has been implemented in a few states. Brazil started its nationwide NBS program in 2001 with reference centers that covered more than 80% of newborns. This program includes six main conditions: PKU, CH, hemoglobinopathies, CF, CAH, and biotinidase deficiency (Therrell et al., 2015). A law was passed in June 2021, mandating that all states implement ENBS by June 2022 and progressively expand the program to include lysosomal diseases, immunodeficiencies, and spinal muscular atrophy. However, existing challenges may hinder its implementation within the stipulated timeframe.
3.2.3 Chile
The NBS program in Chile was approved in 1992 and was implemented stepwise in all 15 regions of the country by 1998. It currently covers CH and PKU. An ENBS pilot program is currently underway that aims to expand the number of conditions tested in Chile from 2 to 26 (Cabello et al., 2021).
3.2.4 Colombia
Colombia established its national NBS program in 2000 to detect, confirm and treat CH in newborns (Peñaloza et al., 2020). By 2015, the program covered approximately 80% of all newborns in the country. In 2019, the legislation expanded the NBS program to include CH, PKU, CF, GAL, biotinidase deficiency, CAH, hemoglobinopathies, and visual, hearing, and cardiac screening (Presidencia, 2019). Additional disorders are being evaluated for inclusion into the ENBS program, including considerations for 33 disorders detected through TMS.
3.2.5 Panama
Panama’s national NBS program was established in 2007 to detect PKU, CH, GAL, CAH, hemoglobinopathies, sickle cell disease, and glucose-6-phosphate dehydrogenase deficiency (No, 2009; Sánchez, 2021). The last two diseases were included due to their higher prevalence in Panama. In 2021, an amendment expanded the NBS program to include hearing, visual and cardiac screening, CF, and other unspecified inborn errors of metabolism (Secretary General of the National Assembly of Panama, 2021).
3.2.6 Mexico
The Mexican healthcare system is incredibly complex and the lack of government regulations and guidelines for federally mandated NBS has resulted in a heterogeneous landscape of programs. Mexico was the first country in LATAM to implement an NBS program in 1974, which tested for PKU, CHT, and congenital toxoplasmosis. The toxoplasmosis testing was soon abandoned. In 1988, national legislation mandated NBS; however, despite evidence supporting the importance of screening for PKU, this disorder was also dropped, with only CH screening remaining (Vela-Amieva et al., 2009). In 2012, new guidelines emphasized the importance of ENBS covering at least CH, CAH, amino acid metabolism disorders, fatty acid metabolism disorders, GAL, hemoglobinopathies, severe combined immunodeficiency, and other disorders that represent a public health problem (Diario Oficial de la Federación, 2014). An ENBS program has been adopted in some institutions and by some states and efforts for national adoption of ENBS are ongoing. Currently, public and private institutions provide screening for additional conditions ranging from 4 to 70 at their discretion.
Despite disparities, the overall situation of NBS in LATAM indicates continuous improvement, especially in the last decade (Figure 1). Longstanding NBS programs (Chile, Costa Rica, Cuba, and Uruguay) cover over 99% of newborns. NBS programs in Brazil, Mexico, and Argentina have increased their screening panels but require education, follow-up, legislation, and management improvements. Ecuador, Peru, and Bolivia have shown important advances in recent years (Therrell et al., 2015).
3.3 Considerations for newborn screening implementation
3.3.1 Stages of the newborn screening process
NBS does not simply involve testing. NBS is a process that involves six stages and is generally organized and performed by public healthcare systems with the resources and authority to carry out universal screening (Therrell et al., 1992; Therrell, 2001). Throughout this process, many stakeholders are involved, including healthcare professionals, patients, families, and POs. Communication and interaction among stakeholders must occur before, during, and after the test. Each element of the screening process requires resources, sufficient training, standardized and accredited procedures, and quality controls that meet international standards. Figure 2 summarizes the stages of the NBS process.
[image: Flowchart illustrating the process of handling abnormal newborn screening results. It includes six steps: 1. Pre-test Information, 2. Screening, 3. Follow-up, 4. Confirmatory Testing, 5. Treatment/Management, 6. Monitoring. Each step contains a concise description explaining its purpose and actions involved. The flowchart is visually arranged with arrows connecting each step in sequence, emphasizing the progression from pre-test information to ongoing monitoring.]FIGURE 2 | Stages of the newborn screening process. Schematic of the six stages and the corresponding considerations of the newborn screening (NBS) process.
The first stage is providing pretest information for parents. During this phase, parents must receive information about NBS, the possibility of expanded screening when available, and education on the benefits of early diagnosis for the diseases being screened, the risks for newborns who do not undergo testing, the need for confirmatory tests when screening is positive, the possibility of false positives, and the follow-up process and result delivery (Davis et al., 2006). This phase is not adequately carried out in most LATAM settings and must be improved.
The second stage is to conduct the testing through the determined and appropriate method, in the optimal timeframe. Pediatricians must be aware that certain factors can affect test results. These factors include incorrect age, prematurity, diet, and transfusions (Kaye et al., 2006).
The third stage involves following up on the results by locating newborns and their families when the results are positive or inconclusive. Although this may seem obvious, it often presents a challenge in LATAM, especially in rural settings where tracking patients and parents may be complex. Families must be informed of abnormal results as soon as possible so that confirmatory diagnostic tests can be performed and should receive guidance and support from a healthcare professional, usually a pediatrician or neonatologist, to explain the importance of positive screening results, the possibility of false positives and the need for confirmatory tests. At this stage, the treating physician must assess whether the child is in stable health and take appropriate action (Kemper et al., 2006).
The fourth stage is performing confirmatory diagnostic tests. Testing methods vary depending on the disease identified and often require specialized laboratories. A newborn who obtains an abnormal screening result will then undergo diagnostic testing and, if indicated, be referred for appropriate treatment and management.
The fifth stage is treatment and management. After a positive confirmatory test, patients are referred for specialized care. Genetic counseling must also be provided to the family to promote the detection of carrier status and inform the risk of recurrence and reproductive options. Continued multidisciplinary care is required for most patients with RDs.
The sixth stage is the constant and ongoing monitoring and assessment of all stages and components of the system: validation of the tests employed, measurement of the efficiency of the follow-up stage and interventions, and confirming the benefits for patients, their families, and society (Therrell et al., 2010; Hinton et al., 2016). At this stage, population coverage may be assessed. Treatment efficacy is determined, and problems with execution and maintenance are identified. The impact of diagnoses on families is also researched, as are the effects of screening on the population (EURORDIS.Rare diseases, 2005; Kemper et al., 2006).
3.3.2 Rethinking criteria for newborn screening and early diagnosis of rare diseases
Historically, adding new disorders to NBS programs has been guided by the Wilson and Jungner principles proposed in 1968 (Wilson and Jungner, 1968). Broadly, these principles outline that to screen for a condition, the following criteria must be considered: 1) it must be an important health problem, 2) there should be an accepted treatment for identified patients, 3) facilities for diagnosis and treatment should be available, 4) it should have a recognizable early stage, 5) there should be a suitable test, 6) the test should be acceptable to the population, 7) its natural history should be adequately understood, 8) there should be an agreed policy on whom to treat as patients, 9) the cost of finding the patients, including the diagnosis and treatment, should be economically balanced with the expenditure on medical care, and 10) case-finding should be a continuous process. Considering these criteria, NBS programs would generally contemplate adding screening conditions only when the infrastructure, financial and human resources, and available treatments are in place to care for identified patients. However, technological advances such as TMS and, more recently, next-generation genomic sequencing (NGS) have dramatically increased the ability to detect and identify congenital disorders in newborns. Unfortunately, these technological advances are outpacing the healthcare systems’ ability to properly establish and provide the resources to manage and treat patients living with RDs. Nevertheless, the healthcare systems’ limitations and the lack of existing therapies for some RDs should not curtail the possibility of obtaining an early diagnosis for patients with RDs and their families. Although national healthcare systems in LATAM are unlikely to be adequately equipped to treat most RDs, obtaining an accurate diagnosis through NBS/ENBS or genomic sequencing approaches allows patients and their families to seek appropriate care and genetic counseling, enroll in clinical trials specific to their disease in their home country or abroad, obtain social benefits, and join disease support groups.
Leveraging experience and cost-effectiveness assessments from other programs and countries may help LATAM countries currently developing or updating their NBS/ENBS programs to effectively identify technologies and other disorders suitable for inclusion in their programs (Brower et al., 2022). To this end, it has been proposed to reevaluate and update the Wilson and Jungner principles to adapt to current testing strategies and possibilities, including adopting genome sequencing as part of the NBS process (Watson et al., 2006; Andermann et al., 2008; Andermann et al., 2011; Woerner et al., 2021). Some criteria to consider regarding the disorders to include in modern NBS programs are: 1) the condition’s incidence and prevalence, 2) the ability to detect the condition using the available technologies, 3) the sensitivity and specificity of the screening and diagnostic tests, 4) the disease burden, morbidity and mortality if left untreated, 5) the individual, familial, reproductive, and societal benefits of an early diagnosis and intervention. Additional factors such as treatment cost and availability, therapies to prevent adverse disease outcomes, and the cost and preparedness of the healthcare system to care for the patient may be considered but not be limiting factors.
NBS programs should identify opportunities to focus not only on treatable diseases, but also on medically actionable conditions. These include diseases where early interventions, which are not necessarily treatments or cures, lead to health gains for the patient, parents having reproductive options for future pregnancies, or avoiding a diagnostic odyssey. For untreatable but actionable conditions to be implemented in NBS/ENBS, the goal must expand from only benefiting the child clinically to helping the family. Such an expansion in scope will significantly increase the number and type of conditions eligible for screening.
3.4 The future of genomics in newborn screening and early diagnosis of rare diseases
The emergence of genomic sequencing technologies signaled a turning point in the understanding of RDs (Gonzaga-Jauregui et al., 2012; Gonzaga-Jauregui and Lupski, 2021). By harnessing these technologies, the possibility now exists to significantly reduce the time of the diagnostic odyssey that patients with rare genetic disorders endure, even if there is an unclear clinical diagnostic hypothesis. The adoption of NGS has improved the diagnostic rates of RDs over the past decade, used as a first-tier approach to achieve early diagnosis and as part of NBS (Gonzaga-Jauregui and Lupski, 2021). Nevertheless, much work remains to overcome current challenges in the implementation and interpretation of genomic variants in underrepresented populations, such as those of LATAM, to increase the diagnostic power of sequencing technologies. In addition to ensuring access, developing suitable infrastructure and databases linking genotypic and genomic information to clinical information is also essential to advance knowledge. Systematic implementation of NGS, and eventually exome sequencing or whole-genome sequencing in LATAM health systems can significantly improve the access of patients living with RDs to diagnosis.
The debate surrounding the use of NGS gene panels and exome or whole genome sequencing instead of or in addition to standard NBS methodologies has focused on the ability to accurately interpret genomic variants, costs for national healthcare systems, and ethical, legal, and social concerns (Yang et al., 2017; Downie et al., 2021). Pilot studies are looking at diagnostic rates and comparisons of false positive and false negative results between standard NBS and genomic sequencing approaches (Bodian et al., 2016; Wojcik et al., 2021; Kingsmore et al., 2022). While more detailed evaluation of the advantages and disadvantages of both methods is necessary, these initial studies suggest that genomic NBS for selected diseases would be valuable to complement ENBS programs. Together, these may provide the most comprehensive and accurate screening approach for newborn congenital disorders and rare genetic diseases.
3.5 Funding and policy considerations
Pilot programs are usually necessary to provide initial data for public policy development. These projects may be funded by private organizations, non-governmental organizations, or other funding sources. However, NBS programs require support from the nation’s Ministry of Health (MoH) to guarantee long-term viability. This may require participation as part of a national initiative, funded by and with full participation of government health authorities. There are other funding models in which patients may pay part or all the cost of ENBS out-of-pocket. Still, these models may impose an extra burden on disadvantaged populations and thereby increase health disparities (Padilla et al., 2009). Thus, program leaders must carefully develop appropriate costing data and financial planning from the outset. Industry-sponsored diagnosis programs may be helpful, and some are already in place to provide access to confirmatory testing after a positive NBS result or if a RD is suspected. These programs are also used to identify patients for clinical trials and/or provide treatment options and market research for RD-approved drugs. However, to be sustainable at the national level, NBS and early diagnostic strategies must successfully intersect with public healthcare (Therrell and Padilla, 2014). Partnerships within the RD ecosystem among POs, research centers, pharmaceutical companies, and governments at the local and international levels are crucial.
3.6 The role of patient organizations
PO and advocacy groups aim to bridge the gap between government, industry, healthcare, and patients. As ambassadors for different RDs, they understand and have lived through the importance of an early diagnosis and how life-changing it can be for patients and their families. In addition to policy changes and infrastructure, LATAM countries require efforts dedicated to education and advocacy for which the PO’s role becomes imperative. As prominent actors in the RD ecosystem, POs advocate for their respective diseases before healthcare organizations and government entities.
POs can increase awareness of RDs by educating policymakers and leaders of healthcare institutions on the importance of early diagnosis and the associated challenges of disease progression. They can also provide feedback to policy leaders to empower them to create or tailor legislation to the RD community’s needs. Additionally, the medical and academic communities can benefit significantly from the input and feedback these groups provide on the needs and journey of a patient living with a RD and their family.
POs can also create awareness within the medical community about ultra-RDs, increasing physicians’ likelihood of suspecting and diagnosing such diseases. Although some RDs are relatively frequent, for others, patients may be one of the only cases in a country or region.
POs can educate and empower parents to request NBS from their healthcare providers and advocate for ENBS and diagnosis programs from health authorities. In fact, the first NBS programs in the US that screened for PKU were the result of advocacy activities by families and parents of children with intellectual disabilities (Therrell, 2001). Advocacy can be achieved by educating the general population about their rights, available options, and the benefits of NBS and early diagnosis programs. The efforts of POs have elicited changes to increase RD awareness and advocate for novel therapies and improved policies. Likewise, these efforts will be crucial to achieving the full implementation and potential of NBS and early diagnosis programs for RDs in LATAM.
3.7 Challenges and barriers to early diagnosis of rare diseases and widespread adoption of newborn screening in Latin America
The primary health challenges in each of the LATAM countries vary from fighting malnutrition and providing basic needs, such as clean water, to implementing ENBS. (Borrajo, 2021). Thus, any plans to implement widespread NBS or early diagnosis programs for RDs in the region must consider the vast disparities and contrasting priorities of the member countries. The successful planning and implementation of a national NBS/ENBS program require many components, and stakeholders should consider and implement each of these parts, adjusted to their local reality (Therrell and Padilla, 2018; Padilla et al., 2020). One of the main obstacles to NBS and early diagnosis of RDs in the region is the patient’s navigation through the fragmented healthcare systems. In most countries, there is a lack of integrated healthcare delivery models that support the diagnosis, treatment, and management of RDs, with few or no comprehensive care centers for RDs. Furthermore, patients sometimes get lost in the NBS process because they are born outside of a healthcare institution, postpartum discharge occurs 24–48 h after birth, and remote sampling programs are not widely available. If a screening test produces an abnormal result, patients may get lost for social, geographical, or logistic reasons. A list of challenges with recommendations suggested by this panel can be found in Table 1.
TABLE 1 | Challenges and recommendations for newborn screening implementation in Latin America.
[image: Table listing challenges and recommendations for newborn screening (NBS) programs. Challenges include lack of legislation, insufficient education, and shortage of trained healthcare professionals. Recommendations involve policy changes, advocacy, awareness, and enhancing healthcare training. Specific actions include creating advisory committees, promoting awareness campaigns, and addressing specialist shortages.]4 CONCLUSION
Keeping up with technological advances to screen, diagnose, treat, and manage RDs is a global challenge. Early identification of patients with RDs through NBS provides a population-wide benefit and advantage to prevent disability, morbidity, and early mortality. Increasing the adoption of NBS/ENBS programs and promoting early diagnosis of RDs are the first steps to improving health outcomes for patients living with RDs. Children’s best interests should remain the guiding principle for the basis of decisions regarding NBS implementation and early diagnosis for RDs. (Borrajo, 2021). A coordinated, multistakeholder effort from leaders of POs, government, industry, medical societies, academia, and healthcare services is required to increase the adoption of NBS/ENBS and early diagnosis programs. These strategies must strive to provide patients and their families with a diagnosis to seek appropriate care or support within their country or abroad. Developing programs in LATAM must continuously leverage the progress made in other regions. Through shared efforts, NBS and early diagnosis approaches for RDs will continue to improve health and QoL for patients and their families. Due to the vast heterogeneity in LATAM, recommendations must be tailored and adapted according to each country’s and healthcare system’s capacities. Although the recommendations presented here were developed to address the contemporary challenges in LATAM, they may be applied and extrapolated to other resource-limited regions and settings.
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Introduction: Epilepsy is a group of neurological disorders characterized by recurring seizures and fits. The Epilepsy genes can be classified into four distinct groups, based on involvement of these genes in different pathways leading to Epilepsy as a phenotype. Genetically the disease has been associated with various pathways, leading to pure epilepsy-related disorders caused by CNTN2 variations, or involving physical or systemic issues along with epilepsy caused by CARS2 and ARSA, or developed by genes that are putatively involved in epilepsy lead by CLCN4 variations.
Methods: In this study, five families of Pakistani origin (EP-01, EP-02, EP-04, EP-09, and EP-11) were included for molecular diagnosis.
Results: Clinical presentations of these patients included neurological symptoms such as delayed development, seizures, regression, myoclonic epilepsy, progressive spastic tetraparesis, vision and hearing impairment, speech problems, muscle fibrillation, tremors, and cognitive decline. Whole exome sequencing in index patients and Sanger sequencing in all available individuals in each family identified four novel homozygous variants in genes CARS2: c.655G>A p.Ala219Thr (EP-01), ARSA: c.338T>C: p.Leu113Pro (EP-02), c.938G>T p.Arg313Leu (EP-11), CNTN2: c.1699G>T p.Glu567Ter (EP-04), and one novel hemizygous variant in gene CLCN4: c.2167C>T p.Arg723Trp (EP-09).
Conclusion: To the best of our knowledge these variants were novel and had not been reported in familial epilepsy. These variants were absent in 200 ethnically matched healthy control chromosomes. Three dimensional protein analyses revealed drastic changes in the normal functions of the variant proteins. Furthermore, these variants were designated as “pathogenic” as per guidelines of American College of Medical Genetics 2015. Due to overlapping phenotypes, among the patients, clinical subtyping was not possible. However, whole exome sequencing successfully pinpointed the molecular diagnosis which could be helpful for better management of these patients. Therefore, we recommend that exome sequencing be performed as a first-line molecular diagnostic test in familial cases.
Keywords: epilepsy, whole exome sequencing (WES), low income and middle income countries, molecular diagnoses, CNTN2, CARS2, ARSA, ClCN4

INTRODUCTION
Epilepsy is a large and heterogeneous group of neurological disorders characterized by an imbalance or uncontrolled excitability of the brain, resulting in recurrent unprovoked episodes of epileptic seizures (Holmes and Ben-Ari, 2001; Stafstrom, 2006; Stafstrom and Carmant, 2015; Potnis et al., 2020). It is the second most prevalent neurological disorder after stroke, with an estimated prevalence of around 0.6%–1% of the global population, or approximately 50 million people. This means that out of every 100 people, about 1–1.5 people will have epilepsy (Stafstrom, 2006; Stafstrom and Carmant, 2015). Epilepsy is more likely to begin in children, accounting for about 65% of cases, or may affect people over 65 years of age. However, it can occur at any stage of life (Stafstrom and Carmant, 2015; Potnis et al., 2020). The epilepsy is classified in accordance with the 2017 ILAE (International Leagues Against Epilepsy) seizure classification, which is based on seizure (type, period), epilepsy (diagnosis, type, focal, generalized, combined), and syndrome (Rosenberg et al., 2016a; Scheffer et al., 2017; Scheffer et al., 2018).
Spasm is an abrupt, unintentional muscle contraction, seizure is a transient disruption in brain activity due to abnormal electrical activity, and epilepsy is identified by recurring seizures. The clinical features, severity, and further complications of epilepsy vary with gene, onset age, type, and the affected individual. The very first step in diagnosis is an episode of seizure, its intensity, duration, and recurrence. Seizures can cause a wide range of symptoms, from staring spells to violent convulsions, and can last from a few seconds to several minutes. Seizures can initiate focally and then generalize, resulting in epileptic spasms (Stafstrom and Carmant, 2015). A focal seizure originates in the neural network of one cerebral hemisphere, while a generalized seizure originates and spreads to the bilateral neural network of the cerebral hemisphere. A person is said to be epileptic when they have two or more unprovoked episodes of seizures (Stafstrom and Carmant, 2015; Scheffer et al., 2017; Scheffer et al., 2018). During an episode of seizure, an affected person may suddenly fall, experience convulsions and jerking of the partial or complete body without any clear reason. Their body becomes stiff, non-responsive, and they are unable to communicate. Their memory is temporarily blacked out, or they may feel confused in response. During a seizure, the affected person may have intermittent fainting spells with the loss of bowel or bladder control (Stafstrom, 2006; Kelemen et al., 2010; Hu et al., 2016; Kaculini et al., 2021). All the course of epileptic episodes are followed by extreme tiredness, panic, anger, or fear with no apparent reason. Peculiar changes in senses, such as smell, touch, and sound, are other prominent clinical phenotypes noted after epilepsy (Birbeck, 2000; Vazquez and Devinsky, 2003; Meldolesi et al., 2007; Kelemen et al., 2010; Mehdi et al., 2016).
The causes of epilepsy are diverse. Some are caused by brain injuries, strokes, infections, high fever, or tumors, and some have a genetic basis, while in some cases, the causes have never been determined. The broad causatives and diverse classifications make epilepsy one of the most difficult disorders to diagnose and treat (Marieb and Hoehn, 2007; Wang et al., 2017; Sarmast et al., 2020; Kaculini et al., 2021). To date, in the literature, a total of more than 977 genes have been reported to be associated with different forms of disorders that have epilepsy as a clinical feature. Among these, 84 are considered core epileptic genes, 73 are neurodevelopmental cum epileptic genes, 536 developmental malformations cum epileptic genes, and 284 as putative epileptic genes (Wang et al., 2017). The genes associated with epilepsy show autosomal dominant, autosomal recessive, X-linked, mitochondrial, as well as complex mode of inheritance patterns (Stafstrom, 2006; Stafstrom and Carmant, 2015; Wang et al., 2017).
In the presence of such diverse and overlapping clinical features, and a large number of known genes, diagnosing a patient with epilepsy is not an easy task. In the current study, we struggled to diagnose five families that are registered with mixed clinical features of seizures, mild to severe intellectual disabilities, ataxia, gait abnormalities, muscular anomalies, speech articulation, aggressive behavior, and neurodevelopmental complications (Table 1). In study, we selected a forward genetic analysis phenotypes to gene approach (Ali Khan et al., 2021), through whole exome sequencing (WES) (Umair et al., 2018; Seo et al., 2020; Zaman et al., 2023a; Umair, 2023) and confirming the segregation in the family through Sanger sequencing (Zaman et al., 2023a; Zaman et al., 2023b).
TABLE 1 | A comparative table of the clinical phenotypes observed in the affected individuals of the five families (EP-01, EP-02, EP-04, EP-09, and EP-11) investigated this study.
[image: A table listing Human Phenotype Ontology (HPO) standard entries across columns EP-01 to EP-11. It includes phenotypes like nystagmus, intellectual disability, memory impairment, and more, with presence indicated by "+" and absence by "-". Specific genes, like CARS2 and ARSA, and related OMIM entries are listed. Some entries are marked as "n/r" for not recorded.]MATERIALS AND METHODS
Samples
Four families (EP-1, EP-2, EP-4, and EP-11), which segregate as autosomal recessive, while one family (EP-9) segregates as X-linked, were collected from the Khyber Pakhtunkhwa province of Pakistan. Informed written consent for the study was obtained from all affected individuals. Consent of under 18 years affected individuals was signed by the legal guardians of the families. The study was approved from the Institutional Bioethical Committee (IBC) of Islamia College Peshawar, with reference number 529/Oric/ICP, following guidelines of 2013 Helsinki’s Declaration (World Medical Association, 2013). The pedigrees of the families (Figures 1A–E) were drawn according to the standard protocol (Bennett et al., 2022). In each family, blood samples were collected from all available patients, their biological parents, and normal siblings in 5 mL K3EDTA tubes for genetic diagnosis. The blood samples were initially collected and stored on 4°C by the Department of Zoology, Government Postgraduate College Dargai Malakand, Khyber Pakhtunkhwa, and Pakistan.
[image: Five family pedigrees labeled A to E. Each diagram shows multiple generations, with squares representing males and circles representing females. Shaded symbols indicate individuals affected by a particular genetic trait. Diagonal lines through symbols represent deceased individuals. Each family has unique identifiers for each member and indicates carriers and affected individuals.]FIGURE 1 | Five families labeled as EP-01 (A), EP-02 (B), EP-11 (C), EP-04 (D), and EP-09 (E), each with indexed patients shown with an arrow, are shown. Family (A) has Combined Oxidative Phosphorylation Deficiency 27 as an autosomal recessive condition, while Families (B) and (C) have Metachromatic Leukodystrophy as an autosomal recessive condition. Family (C) also has Familial Adult Myoclonic Epilepsy 5 as an autosomal recessive condition and Family (E) has X-linked Raynaud-Claes syndrome. Sanger sequencing genotypes are written below symbols for samples available in each family.
Genetic analysis
In each family, one index patient (EP-1 IV-1, EP-2 V-2, EP-4 V-1, EP-9 IV-1, and EP-11 V-2) with clinical phenotypes was chosen for whole exome sequencing, which was carried out by 3Billion Inc., (Seoul, Republic of Korea). DNA extraction was done using the QIAamp DNA Blood Mini Kit (QIAGEN, Venlo, Netherlands) with manufacture’s protocol. The exome, which covers around 22,000 genes that can cause diseases, was captured using the xGen Exome Research Panel v2 (Integrated DNA Technologies, Coralville, Iowa, United States) and sequencing was done using the NovaSeq 6000 (Illumina, San Diego, CA, United States). Over 9 billion bases were generated and aligned with the GRCh37 human genome database and the rCRS human mitochondrial genome reference database. The alignment resulted in a mean depth-of-coverage of 135 and the targeted bases were covered to a depth of ≥20x in almost 99% of the cases (Seo et al., 2020; Zaman et al., 2023a).
The in-house software, EVIDENCE at 3Billion Inc., (Seoul, Republic of Korea), was used to evaluate and prioritize genetic variations based on patient information, family background, and medical diagnosis, adhering to guidelines set by the American College of Medical Genetics and Genomics and the Association (ACMG) for Molecular Pathology (Biesecker and Harrison, 2018; Seo et al., 2020). Variants with a frequency higher than 5% were ruled out as per ACMG standards (Richards et al., 2015). Public databases such as gnomAD (https://gnomad.broadinstitute.org/), ExAC (https://gnomad.broadinstitute.org/), and 1000 genomes (https://www.internationalgenome.org/1000-genomes-browsers/index.html) were consulted to determine the variant’s occurrence in the general population. Databases of various diseases, including ClinVar (https://varsome.com) and UniProt (https://www.uniprot.org), HGMD (https://www.hgmd.cf.ac.uk/ac/) were also examined to assess the potential effect of the variants. In silico prediction of the variant was conducted with REVEL (Ioannidis et al., 2016) and 3CNet (Won et al., 2021).
Patients with rare genetic diseases have their clinical features transformed into standardized terms from the human phenotype ontology (https://hpo.jax.org/). These standardized terms are then compared to the symptoms of other 7,000 rare genetic diseases in databases such as OMIM (https://omim.org/) and Orphan Drugs (https://www.orpha.net/consor/cgi-bin/index.php). The selection of the causative variant, the specific genetic change responsible for the disease, is made based on the similarity score between the patient’s phenotype and the disease symptoms. The variants considered most likely to be the cause are prioritized based on ACMG guidelines.
Sanger sequencing and segregation analysis
The variants identified in the index patients from each family were then analyzed within the family to confirm their segregation. The genomic DNA sequence of the CARS2 (ENST00000375781.9), ARSA (ENST00000216124.10), CNTN2 (ENST00000331830.7), and CLCN4 (ENST00000380833.9) were downloaded from the online database Ensembl (https://asia.ensembl.org/ access on 15/06/2022). Primers were designed using Primer3plus (https://www.primer3plus.com access on 15/06/2022) (Supplementary Table S1). Sanger sequencing of all available affected individuals, their biological parents, phenotypically normal siblings, other family members, and at least 200 normal controls were performed by Macrogen Inc., Seoul, South Korea (https://dna.macrogen.com/ access on 06/07/2022).
Protein modeling
The process of protein modeling described here involves the use of AI-based 3D structures of proteins, which were obtained from the UniProtKB database (https://www.uniprot.org/uniprotkb/ access on 15/01/2023). The structures of CARS2 (AlphaFold ID: AF8MVQ3-F1), ARSA (AlphaFold ID: AFA0A0C4DFZ2), and CLCN4 (AlphaFold ID: AF-Q4G0X3) were downloaded, as there were no known X-Ray crystallography-based 3D structures available (Jumper et al., 2021; Tunyasuvunakool et al., 2021). The 3D protein structures where needed, were predicted from the amino acid sequence using I-TASSER (Webb and Sali, 2016). The structures were then subjected to homology modeling using MODELLER, and energy minimization using AMBER ff99SB and UCSF Chimera 1.8.1 (Pettersen et al., 2004). Rotamers and amino acid outliers were removed using WinCoot 0.9.8.1, and the quality of the structure was evaluated using MolProbity and VERIFY3D (Eisenberg et al., 1997; Emsley and Cowtan, 2004). The optimized design was then visualized and analyzed using USCF Chimera 1.8.1 and PyMol to assess the structural and mutational effects. The pathogenicity and deleterious effect of the mutation in the protein was evaluated by using a computational tool MTBAN (Mutation Tolerance and Burden Analysis) (Kim et al., 2021a; Kim et al., 2021b).
RESULTS
Clinical analysis
Family EP-01 CARS2
The family EP-1 has three affected siblings (IV-1, IV-2, IV-4), born to first cousin marriage in the fourth generation (Figure 1A). The two affected siblings, including the index (IV-1), died before attaining the age of 25 years, while other affected sibling is alive with mild phenotypes. The index patient died 6 months after the sampling. The phenotypes were noted to varies within the family and with age, and the late index patient had the most severe phenotypes of all. The affected individuals were born to normal mother via normal vaginal delivery, and no complications were noted at the time of birth. In the first decade of life, the index patient (IV-1) was reported with severe epileptic attacks and complications. As time passed, an increase in severity in the phenotypes was observed, including the appearance of strabismus, involuntary movements, nystagmus, visual anomalies, seizures, epileptic episodes, short memory loss, developmental regression, and areflexia. In childhood, the affected individuals sat and walked later, faced walking difficulties, ataxia, gait abnormalities, and walked on tiptoes. They appeared to have upper limb postural tremor, chorea, myoclonus, generalized dystonia, and severe muscular hypotonia. Postnatal microcephaly, mental deterioration, non-progressive intellectual disability, global developmental delay, and autistic behavior were also observed in the affected individuals. In the affected individuals, they did not develop proper language, had an absence of speech, and were noted to have feeding abnormalities and swallowing abnormalities like dysphagia.
Family EP-02 ARSA
The EP-02 is a large family with four alive (V-2, V-4, V-5, and V-8) and one deceased (V-1) affected individuals, in two clades (Figure 1B). The affected individuals were born to unaffected consanguineous union. The index patient (V-2) is a 6-year-old handicapped boy, born by normal vaginal delivery to normal mother. The disease phenotypes have a great diversity of severity within the family, and even within siblings. The index patient has the maximum phenotypes and is the most severely affected child among all the affected individuals. The affected individuals can be identified at the time of birth by their hyporeflexia, spastic tetraplegia, non-crying, and non-motile behavior. They have normal facial and skull morphology but are less active as compared to their normal siblings. By the age of 5 years, some of the affected individuals are still handicapped, unable to sit, stand, hold their body, or even hold something in their hands. Meanwhile, other affected individuals in the family are comparatively active, can sit, stand, and even walk, but they have delayed milestones, ataxia, unsteady disturbed gait, and walking difficulties. The index patient (V-2) was diagnosed with seizures, intellectual disability, mental deterioration, neurodegeneration, neurodevelopmental regression, leukodystrophy, periventricular white matter abnormalities, abnormality of the corpus callosum, and decreased nerve conduction velocity. They have feeding difficulties, uncontrolled urination, gallbladder dysfunction, cholecystitis, no speech development, no language development, dysarthria, nystagmus, vision abnormalities, and optic atrophy.
Family EP-11 ARSA
The family EP-11 has an affected index and his maternal uncle (IV-1 and V-2) (Figure 1C). Both the affected individuals were born to phenotypically normal parents, by normal vaginal delivery, and no birth complications were noted. They sat and walked on time, but near their second birthday, they progressively lost their grip, mobility, and standing capacity. In the index patient (V-1), the disease phenotypes appeared from 16 months, and till 21st month, he developed the maximum phenotypes. The index patient was initially reported with focal seizures and focal epilepsy. The episodes of epilepsy progressively increased, leading to paralysis, impaired walking, and muscular weakness throughout the body. The child lost the ability to walk, started to have an imbalanced gait and is now completely handicapped at the age of 2 years. The maternal uncle of the index patient, who was also born to cousin marriage, died at the age of 13 years, and was completely handicapped by the age of 2 years, like his nephew. Though he was not tested genetically, all the phenotypes and clinical diagnosis were similar to the genetically verified ones.
Family EP-4 CNTN2
The family EP-4 has three living (V-1, V-4, and V-5) and three deceased (III-1, III-4, and V-2) affected individuals (Figure 1D). All of the affected individuals were born to phenotypically normal parents through cousin marriages and no birth complications were recorded. In their early childhood, until the age of 7 and 8 years, all of the affected individuals were normal, but in their late first decade and early second decade, epilepsy attacks were recorded. The index patient (V-1) has the most severe disease phenotypes, but minor variations in phenotypic expression and severity were noted within age groups and within the family. According to clinical data, in late childhood, they were diagnosed with childhood epilepsy, generalized tonic-clonic seizures, focal-onset seizures, focal sensory seizures, generalized myoclonic seizures, myoclonus, and periodic paralysis with short-term memory loss. They have impaired memory, global developmental delay, mild intellectual disability. The affected individuals were unable to develop proper language, had difficulty with speech articulation, impaired and slurred speech. They have walking abnormalities, difficulty coordinating movements when walking, difficulty walking upstairs, muscle fibrillation, and tremor.
Family EP-9 CLCN4
The family EP-9 has two affected brothers (IV-1 and IV-4) and one moderately affected sister (IV-2), born to phenotypically normal parents through cousin marriage (Figure 1E). All the affected individuals exhibit hyper-emotional and aggressive behavior. They experience epilepsy, recurrent seizures, and focal myoclonic seizures, characterized by biting their teeth, tongue, and even causing self-inflicted injury to the tongue, followed by loss of consciousness. After 10–30 min, they wake up, but with temporary memory loss and complaints of muscle pain, fatigue, and laziness. They have unstable emotions, extreme aggression, and are intellectually disabled, with poor memory and low intelligence. They haven’t developed proper speech, only able to say a few phrases in a slurred tone and have speech articulation issues. One of the sisters has moderate phenotypes, but sometimes experiences more rapid onset of epilepsy, seizures, memory loss, and is less aggressive.
Genetic analysis
CARS2 (OMIM: 612800)
A pathogenic biallelic variant (c.655G>A) was identified in CARS2 (NM_024537.3) that causes Combined oxidative phosphorylation deficiency 27 (COXPD27, OMIM: 616672) in an autosomal recessive pattern. This variant leads to an amino acid change (p.Ala219Thr) in the catalytic domain of the CARS2 protein (NP_078813.1) (Figures 2A–C).
[image: Genetic diagrams illustrating variations in nucleotide sequences for different genes: CARS2, CNTN2, ARSA, JCLN1. Panels A to L show various sequence types, including wild, mutant, and heterozygous. Specific gene regions are highlighted and annotated with corresponding mutations, domains, and protein effects. The figures demonstrate differences in structural domains, such as ATP-binding sites and EF domains, across genetic variations.]FIGURE 2 | A schematic representation of the four genes with exons and focus point of mutation, trace files for mutant and carrier, as well as wild-type, linear protein with different parts, and single-letter translation for both wild and mutant proteins are shown in each panel. Panels (A) to (C) represent CARS2, (D) to (F) represent ARSA, (G) to (I) represent CNTN2, and (J) to (L) represent CLCN4. (A) The CARS2 has 15 coding exons, and the point of mutation is in exon 6. In panel (B), the homozygous affected, heterozygous carrier, and homozygous wild type for CARS2 (C)655G>A are shown. Panel (C) displays the Cysteinyl-tRNA Synthetase 2 protein with a key for its structure and active site. The mutation p.Ala219Thr is located in the cytoplasmic domain of the functional unit. (D) The ARSA has 8 coding exons and two different mutations in two different families. The (C)338T>C of family EP-02 is located in exon 2 and the (C)938G>T of family EP-11 is located in exon 5. In panel (E), the homozygous affected, heterozygous carrier, and homozygous wild-type for ARSA (C)338T>C of family EP-02 and (C)938G>T of family EP-11 are shown. Panel (F) displays the Arysulphatase A enzyme with a key for its structure and active site. The mutations p.Leu113Pro (Family EP-02) and p.Arg313Leu (Family EP-11) are located in the B domain of the Arysulphatase A enzyme. (G) The CNTN2 has 15 coding exons, and the point of mutation is in exon 14. In panel (H), the homozygous affected, heterozygous carrier, and homozygous wild type for CNTN2 (C)655G>A are shown. Panel (I) displays the Contactin 2 protein with a key for its structure and active site. The mutation p.Glu567Ter is located in the sixth laminin G-like C2 domain. (J) The CLCN4 gene has 13 total exons, and the point of mutation is in exon 12. In panel (K), the homozygous affected, heterozygous carrier, and homozygous wild type for CLCN4 (C)2167C>T are shown. Panel (L) displays the ClC-4 protein, a member of the CLCN family of voltage-dependent chloride channels, with a key for its structure and active site. The mutation p.Arg723Trp is located in the functional cytoplasmic domain of the ClC-4 protein.
ARSA (OMIM: 607574)
Two families (EP-02 and EP-11) have biallelic variants in ARSA (NM_001085426.2), linked to Autosomal Recessive Metachromatic Leukodystrophy (MLD, OMIM: 250100). c.338T>C in EP-02 and c.938G>T in EP-11 are VUS with predicted effects on p.Leu113Pro and p.Arg313Leu in the B domain of Arylsulfatase-A enzyme (NP_001078895.2) (Figures 2D–F). In-silico predictions show potential damaging effects on the gene or gene product (REVEL: 0.99; 3Cnet: 0.99/REVEL: 0.98; 3Cnet: 1.00 respectively).
CNTN2 (OMIM: 190197)
A pathogenic biallelic variant (c.1699G>T) was identified in CNTN2 (NM_005076.5), linked to Autosomal Recessive Epilepsy Myoclonic Familial Adult Type 5 (FAME5, OMIM: 615400). The variant is predicted to result in a nonsense mutation (p.Glu567Ter) in the 6th laminin G-like C domain of the CNTN2 protein (NP_005067.1) (Figures 2G–I), leading to loss of normal protein function via nonsense-mediated mRNA decay.
CLCN4 (OMIM: 302910)
A hemizygous variant (c.2167C>T) of uncertain significance was identified in CLCN4 (NM_001830.4), linked to Raynaud-Claes syndrome (OMIM: 300114). This variant is predicted to cause a missense mutation (p.Arg723Trp) in the cytoplasmic domain of the CLCN4 protein (NP_001821.2) (Figures 2J–L). In-silico predictions show potential damaging effects on the gene or gene product (REVEL: 0.87; 3Cnet: 0.62).
Proteins pathogenicity analysis
The structural analysis of predicted CARS2, ARSA, and CLCN4 proteins revealed high stability and reliability in most regions, with pLDDT values between 90 and 70. This indicates a stable and reliable structure crucial for proper functioning and interaction with other molecules. 3D Structural analysis of CARS2WT and CARS2ALA219THR showed the wild type has 24 α-helices and 16 β-sheets, with the mutation located at α6. The comparison revealed that α9 became a loop, a tri-residual (Threonine-Glycine-Glutamine) α-helical turn was induced between α16-α17 loop, and the C-terminal moved about 45° and outward (Figure 3A). The wild type CLCN4WT has 17 α-helices and 7 β-sheets, with the mutation at β6. The comparison with CLCN4ARG723TRP showed an α-helical turn was induced in loop1 between α3-β2 and an α-helix between α17-α18 (Figure 3B). For ARSAWT and ARSALEU113PRO/ARSAARG313LEU, the wild type has 20 α-helices and 14 β-sheets. ARSALEU113PRO’s mutation is at α-5, and ARSAARG313LEU’s at α12. The comparison showed a tri-residual (Glycine-Cysteine-Tyrosine) α-helical turn was induced between β-1 and α-1 in the loop, and α-15 became a loop in both mutations (Figures 3C, D).
[image: Molecular structures of proteins with specific mutations. Panel A: CARS2 with ALA219THR mutation. Panel B: CLCN4 with ARG331LEU mutation. Panels C and D: ARSA with LEU113PRO and ARG331LEU mutations, respectively. Each panel includes zoomed-in views of mutated regions.]FIGURE 3 | Mutational and Structural Analysis of CARS2, ARSA, and CLCN4. The 3D structures of the wild-type forms of CARS2, ARSA, and CLCN4 are displayed in sandy brown, while the mutated forms are displayed in sea green. Blue represents the wild-type amino acids, and red represents the mutated amino acids. Secondary structures are labeled in black, and the structural changes and mutations are depicted in the inset. (A) Superimposition of CARS2WT (sandy brown) and CARS2ALA219THR (sea green) shows the structural differences due to mutations in CARS2. (B) Superimposition of CLCN4WT (sandy brown) and CLCN4ARG313LEU (sea green) illustrates the structural differences due to mutations in CLCN4. Blue represents ARG, while red represents TRP. (C) Superimposition of ARSAWT (sandy brown) and ARSALEU113PRO (sea green) highlights the structural differences due to mutations in ARSA. Blue represents LEU, while red represents PRO. (D) The structural differences due to mutations in ARSA are shown through the superimposition of ARSAWT (sandy brown) and ARSAARG313LEU (sea green). Blue represents ARG, while red represents LEU.
DISCUSSION
The current project enrolled five families, including 12 living and 6 deceased individuals with a range of developmental delay, intellectual disability, walking difficulties, gait issues, muscle weakness, and epilepsy phenotypes. Our primary aim was to reach an accurate diagnosis for these individuals, given the varied and overlapping phenotypes. To achieve this, we used forward genetic analysis through whole exome sequencing, and, with in-silico analysis, protein mutagenesis and segregation analysis through Sanger sequencing, we were able to diagnose these families to the best of our expertise.
The Combined Oxidative Phosphorylation Deficiency 27 (OMIM: 616672) disorder is characterized by a range of symptoms, as exhibited by the first family (EP-01), ranging from severe muscle weakness, delayed development, seizures, epilepsy, to autistic behavior (Hallmann et al., 2014; Coughlin et al., 2015). The disorder’s underlying cause has been linked to mutations in CARS2 (OMIM: 612800), encoding Cysteinyl-tRNA Synthetase 2, a key component in protein synthesis. CARS2 is located on chromosome 13q34 and consists of 7 exons, encoding a potential member of class I aminoacyl-tRNA synthetase enzymes (Coughlin et al., 2015). The CARS2-encoded protein is located in the nucleus but thought to be transported to the mitochondria, where it participates in charging cysteine to tRNA (Coughlin et al., 2015). Despite its critical role in protein synthesis, only a limited number of mutations have been reported to cause COXPD27, including 8 missense, 1 splicing, and a small deletion (Wu et al., 2022). We have identified a likely pathogenic biallelic variant, CARS2 c.655G>A, changing p.Ala219Thr in the Cysteinyl-tRNA Synthetase 2 protein’s catalytic domain (NP_078813.1). Though, the variant is lying in the less conserved region of CARS2 protein but has been previously linked to severe myoclonic epilepsy, progressive spastic tetraparesis, vision and hearing impairment, and cognitive decline (Hallmann et al., 2014). Our patient also had symptoms of severe muscle weakness, microcephaly, intellectual deterioration, non-progressive intellectual disability, global developmental delay, and autistic behavior. In-silico predictions indicate this variant disrupts pre-mRNA splicing (RF: 0.976≥0.6, ADA: 1.0≥0.6). The variant’s significance is further confirmed by protein pathogenicity analysis and the mutant alleles family segregation.
Metachromatic leukodystrophy (OMIM: 250100) is a genetic disorder caused by mutations in the ARSA (OMIM: 607574) that result in deficiency of the arylsulfatase A enzyme. This enzyme cleaves sulfatides, a common sphingolipid in myelin that is crucial for the differentiation of oligodendrocytes and the formation of paranodal regions. The arylsulfatase A enzyme acts in the lysosome to hydrolyze sulfate groups of sulfatides (Honke et al., 2002; Shaimardanova et al., 2020). Its deficiency causes sulfatide accumulation in the central and peripheral nervous system and other tissues, leading to progressive demyelination and a range of neurological symptoms, such as growth retardation, delayed motor development, seizures, epilepsy, and muscle spasms, as seen in families EP-09 and EP-11 (Honke et al., 2002; Ługowska et al., 2009; Rosenberg et al., 2016b; Shahzad et al., 2017; Wang et al., 2019; Shaimardanova et al., 2020; Xu et al., 2021). The ARSA (OMIM: 607574) is located on chromosome 22q13.33 and consists of 8 exons that encode the 489 amino acid ARSA protein, a member of the lysosomal arylsulfatase enzyme family (Honke et al., 2002; Shaimardanova et al., 2020). To date, over 322 mutations in the ARSA gene have been reported to cause metachromatic leukodystrophy, including 237 missense, 18 splicing, 31 small deletions, 20 small insertions, 6 small insertions/deletions, 6 gross deletions, 1 gross insertion, and 2 complex rearrangements, mostly affecting the C (alpha)-formylglycine. These mutations reduce sulfatase activity and lead to the accumulation of sulfatides in the brain, causing destruction of myelin-producing cells and impairing the nervous system in metachromatic leukodystrophy (Shaimardanova et al., 2020; Amr et al., 2021; Eckhardt, 2008; von BuÈlow et al., 2001). In our study, we report variants c.338T>C in family EP-02 and c.938G>T in family EP-11 in the ARSA gene (NM_001085426.2) which result in changes in the amino acids p.Leu113Pro and p.Arg313Leu in the B domain of the Arylsulfatase-A enzyme (NP_001078895.2), respectively. These variants are categorized as having uncertain significance (VUS) and are located in the highly conserved B domain region of the Arylsulfatase-A enzyme (Figure 4B). In silico predictions, conservation analysis, and protein modeling indicate that the variants are damaging to the protein’s structure and function (REVEL: 0.987≥0.6; 3CNET: 0.985≥0.75). Our findings suggest that these mutations are likely to result in autosomal recessive Metachromatic Leukodystrophy, exhibiting symptoms similar to those reported, with the possibility of minor variations among our patients (Shahzad et al., 2017; Shaimardanova et al., 2020; Amr et al., 2021).
[image: Protein sequence alignments for various genes are shown across four panels labeled A to D. Each panel highlights specific protein variants with red arrows indicating amino acid changes. Panel A: CARS2 with Ala219Thr mutation. Panel B: ARSA with mutations Leu113Pro and Arg313Leu. Panel C: CNTN2 with Glu567Ter mutation. Panel D: CLCN4 with Arg723Trp mutation. Sequences are aligned for multiple species including Homo sapiens and Danio rerio. Amino acids are color-coded.]FIGURE 4 | Multiple sequence alignments of CARS2 (Q9HA77), ARSA (P15289), CNTN2 (Q02246), and CLCN4 (P51793) are shown, downloaded from UniProtKB. The first column shows species, and the second column shows their UniProtKB ID. The numbers before and after the sequences indicate the corresponding amino acids, with an arrow above indicating the mutated point. (A) In Cysteinyl-tRNA Synthetase 2 protein, the alanine at codon 219 is replaced by threonine in a less conserved region, but in-silico predictions show that this variant disrupts pre-mRNA splicing. (B) In Arysulphatase A enzyme, the leucine at codon 113 is replaced by proline (left family EP-02), and the arginine at codon 313 is replaced by leucine (right family EP-11), both mutations lying in the highly conserved Arysulphatase-A B domain. (C) In CNTN2 protein, the glutamic acid at codon 567 is replaced by a termination codon in a highly conserved region of the first domain. (D) In CLCN4, the arginine at codon 723 is replaced by leucine in a highly conserved region of the cytoplasmic topological domain.
Familial Adult Myoclonic Epilepsy 5 (OMIM: 615400) is a rare genetic form of epilepsy that manifests in adulthood and is characterized by myoclonus, jerky, involuntary muscle twitches or movements, and seizures (recurrent episodes of abnormal electrical activity in the brain that cause changes in behavior, movement, sensation, or consciousness). However, there is disagreement regarding FAME5’s relation to intellectual or memory decline or other neurological symptoms, such as cognitive impairment, in contrast to other forms of epilepsy (Stogmann et al., 2013; Striano et al., 2013). Nevertheless, we are reporting it in our patients. In addition to generalized seizures and evolved into focal seizures and neurodevelopmental impairment, speech articulation difficulties, walking abnormalities, inability to coordinate movements when walking, difficulty walking upstairs, muscle fibrillation, and tremor were also observed in our patient. FAME5 is caused by biallelic mutation in the CNTN2, which is located on chromosome 1q32.1 and consists of 23 exons. The gene produces a 7916 bp transcript and encodes a 1040 amino acid protein called contactin 2, which is expressed by neurons and myelinating glial cells. Contactin 2 is a neuronal cell adhesion molecule in the contactin subgroup of the immunoglobulin superfamily and plays a crucial role in organizing juxtaparanodal regions in myelinated fibers (Stogmann et al., 2013; Striano et al., 2013). It works together with contactin-associated protein-like 2 to form a scaffold that accumulates voltage-gated potassium channels at the juxtaparanodes, which are crucial for maintaining membrane potential and modulating action potential frequency during repetitive firing. To date, 13 mutations in the CNTN2 have been associated with epilepsy and FAME5, including 7 missense mutations, splice variants, and 2 small deletions (Chen et al., 2021). In the present study, we have identified a missense homozygous variant CNTN2 c.1699G>T in 3 diseased individuals of the affected family EP-4, that leads to a change in the amino acid p.Glu567Ter in the 6th laminin G-like C domain of the CNTN2 protein (NP_005067.1).
The affected members of family EP-09 display a mixture of moderate to severe phenotypes, including intellectual disabilities, psychiatric disorders, brain abnormalities, impaired language development, behavioral problems, seizures, epilepsy, progressive ataxia, and facial dysmorphisms as reported to be Raynaud-Claes syndrome. The Raynaud-Claes syndrome is a type of X-linked intellectual disability and was first reported by Martine Raynaud and his team in 1996 (Raynaud et al., 1996). The was reported to cause by hemizygous mutation in CLCN4 gene. The CLCN4 is located on chromosome Xp22.3 and encodes a 760 amino acid protein known as ClC-4, which is part of the CLCN family of voltage-dependent chloride channels (Nguyen et al., 2011). Although the exact role of the gene is unknown, it may function as an electrogenic 2Cl-/H+ exchanger and play a role in the development of neurological disorders such as Raynaud-Claes Syndrome (van Slegtenhorst et al., 1994; Veeramah et al., 2013a; Jentsch and Pusch, 2018). So far, 36 mutations have been reported in the CLCN4, consisting of 30 missense mutations, 1 splicing mutation, 1 small deletion, 1 gross deletion, and 1 gross insertion, which are associated with Raynaud-Claes Syndrome (Elliott et al., 2022). In this study, a hemizygous variant c.2167C>T, predicted to change the amino acid p.Arg723Trp in the cytoplasmic domain of the ClC-4 protein (NP_001821.2) (Figure 2H) of uncertain significance, was identified in 2 diseased brothers of the affected family EP-09 with clinical presentations such as epilepsy, periods of seizures, memory loss, intellectual disability, dull memory, speech problems, and highly aggressive behavior. More or less similar phenotypes were also documented by Veeramah (2016) and Hu (2013), who also reported variations in the CLCN4 in patients affected by Raynaud-Claes Syndrome (Veeramah et al., 2013b; Hu et al., 2016).
CONCLUSION
Epilepsy is a clinical phenotype that can be linked to a diverse clinical pathogenicity and intricate group of genetic disorders, encompassing over 950 identified genes (Wang et al., 2017). For accurate and efficient diagnosis, it is hard to rely solely on clinical investigations due to the overlapping features found in several subtypes. WES has the ability to rule out not only previously known or reported variants but it also has the potential to identify novel variants. As compared to targeted genes panels WES has more coverage and may be used as a first line molecular diagnostic tool in families from Pakistan. Studies have indicated that cousin marriages account for over 60% of disease allele segregations in Pakistani societies (Umair et al., 2018; Zaman et al., 2023a; Zaman et al., 2023b). To reduce the burden of disease alleles, we recommend the strict implementation of premarital testing, carrier screening, and newborn genetic testing in societies such as Pakistan (Alyafee et al., 2021; Alyafee et al., 2022; Zaman et al., 2023a; Zaman et al., 2023b).
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Background: Merosin-deficient congenital muscular dystrophy type 1A (MDC1A), also known as laminin-α2 chain-deficient congenital muscular dystrophy (LAMA2-MD), is an autosomal recessive disease caused by biallelic variants in the LAMA2 gene. In MDC1A, laminin- α2 chain expression is absent or significantly reduced, leading to some early-onset clinical symptoms including severe hypotonia, muscle weakness, skeletal deformity, non-ambulation, and respiratory insufficiency.
Methods: Six patients from five unrelated Vietnamese families presenting with congenital muscular dystrophy were investigated. Targeted sequencing was performed in the five probands. Sanger sequencing was carried out in their families. Multiplex ligation-dependent probe amplification was performed in one family to examine an exon deletion.
Results: Seven variants of the LAMA2 (NM_000426) gene were identified and classified as pathogenic/likely pathogenic variants using American College of Medical Genetics and Genomics criteria. Two of these variants were not reported in the literature, including c.7156-5_7157delinsT and c.8974_8975insTGAT. Sanger sequencing indicated their parents as carriers. The mothers of family 4 and family 5 were pregnant and a prenatal testing was performed. The results showed that the fetus of the family 4 only carries c.4717 + 5G>A in the heterozygous form, while the fetus of the family 5 carries compound heterozygous variants, including a deletion of exon 3 and c.4644C>A.
Conclusion: Our findings not only identified the underlying genetic etiology for the patients, but also provided genetic counseling for the parents whenever they have an offspring.
Keywords: merosin-deficient congenital muscular dystrophy type 1A, MDC1A, LAMA2 gene, Vietnamese, congenital muscular dystrophy

INTRODUCTION
Congenital muscular dystrophies (CMDs) are phenotypically heterogeneous diseases and characterized by early muscle weakness and hypotonia presenting early after birth or infancy (Pasrija and Tadi, 2022). CMDs are rare, with an incidence of 0.82/100,000 live births (Pasrija and Tadi, 2022). The most common types of CMDs involve collagen type VI related, laminin-α2 related, and alpha dystroglycan related groups. Recently, Zambo and Muntoni showed that thirty-seven genes have been reported to be associated with CMDs (Zambon and Muntoni, 2021).
Laminin-α2 chain-deficient muscular dystrophy is the most common form of congenital muscular dystrophy worldwide, which affects about 30% of CMD patients in Europe (Mostacciuolo et al., 1996; Allamand and Guicheney, 2002; Geranmayeh et al., 2010), 48% in Qatar (Abdel Aleem et al., 2020), 36.4% in China (Ge et al., 2019), and 16% in Australia (O’Grady et al., 2016). The disease is an autosomal recessive disorder with the reduction or absence in the production of protein laminin-α2 which is caused by LAMA2 gene mutations (OMIM *156225) (Helbling-Leclerc et al., 1995). The deficiency or absence of the laminin-α2 subunit leads to a lack of laminin-211 and/laminin-221 and results in a reduced strength and stability of skeletal muscle tissue. Depending on the extent of laminin-α2 deficiency, the clinical manifestations of LAMA2 related muscular dystrophy (LAMA2-MD) range from severe congenital muscular dystrophy type 1A (MDC1A, OMIM#607855) to milder late-onset LAMA2-MD (OMIM#618138). Newborns with severe MDC1A are characterized by a weak cry, muscle weakness and hypotonia, leading to delayed motor developmental milestones (Jones et al., 2001; Gilhuis et al., 2002). Most MDC1A children lose independent ambulation, only a few could walk with assistance (Durbeej, 2015). The growth development is also restricted due to patients suffering from feeding difficulties, chewing, and swallowing issues (Philpot et al., 1999). Enteral feeding was required for several MDC1A patients (Geranmayeh et al., 2010). MDC1A patients may develop respiratory failure and occasionally require ventilatory assistance in their life (Geranmayeh et al., 2010). Respiratory tract infection is the leading cause of death in 30% of children with early-onset MDC1A in the first decade of life (Wallgren-Pettersson et al., 2004). Affected individuals may develop facial muscle weakness and macroglossia, resulting in myopathic facies with an open mouth and protruded tongue (Oliveira et al., 2020). Elevated serum creatine kinase (CK) levels, immunohistochemistry of skin or muscle biopsies, and white matter abnormalities on brain MRI could be used for diagnosis of MDC1A (Previtali and Zambon, 2020; Sarkozy et al., 2020). However, immunohistochemistry is not available in some laboratories (Tran et al., 2020; El Kadiri et al., 2021). In several cases, immunohistochemistry and brain MRI might not be sufficient for an accurate diagnosis of LAMA2-MD. Genetic testing using next-generation sequencing is recommended for LAMA2-MD (Saredi et al., 2019; El Kadiri et al., 2021).
The LAMA2 gene is located on chromosome 6q22.33 and consists of 65 exons (Allamand and Guicheney, 2002). There are 836 unique variants that have been reported in the LAMA2 in the LOVD database (https://databases.lovd.nl/shared/variants/LAMA2/unique; accessed on 18 February 2023), of which, 465 (55.62%) were classified as pathogenic/likely pathogenic variants, 142 (16.99%) were variant of uncertain significance, and 229 (27.39%) were benign/likely benign variants (Supplementary Table S1; Figure 1). The pathogenic/likely pathogenic variants involve 109 (23.44%) deletions, 104 (22.36%) nonsense, 79 (16.99%) splice sites, 63 (13.55%) missense, 41 (8.82%) insertions, 39 (8.39%) gross deletions/insertions, and 30 (6.45%) introns (Supplementary Table S1 and Figure 1). Truncated protein variants contributed half of pathogenic/likely pathogenic variants (246/465, 52.90%). Exon 4 contains most variants (30 variants), however, only one was classified as a benign variant (Supplementary Table S1). Therefore, exon 4 may be a hotspot area for pathogenic/likely pathogenic variants. Most of the variants (444/465, 95.48%) have been published in the literature. Numerous LAMA2 variants are recurrent (Supplementary Table S1). The most common variants which have been reported over 20 times include c.2049_2050delAG (54 reported), c.3942 + 2T>C (34 reported), c.3976C>T (31 reported), and c.3085C>T (25 reported) (Supplementary Table S1) (Pegoraro et al., 1998; Geranmayeh et al., 2010; Oliveira et al., 2018; Ge et al., 2019).
[image: Two donut charts display LAMA2 variant data. The first chart shows pathogenicity distribution: 49.5% pathogenic/likely pathogenic, 27.3% benign/likely benign, and 16.9% VUS. The second chart details effects of pathogenic variants: 23.4% small deletions, 22.9% nonsense, 17.4% splice sites, 13.5% missense, 11.8% introns, and 8.1% gross deletions/insertions.]FIGURE 1 | Distribution of pathogenicity of 836 unique LAMA2 variants and the effect of 465 pathogenic/likely pathogenic variants. The data was accessed in the LOVD database on 19 February 2023. VUS, variant of uncertain significance. Splice sites variants are alterations occurring at the start two nucleotides or the last two nucleotides of an intron.
Four pathogenic/likely pathogenic LAMA2 variants have been reported in Vietnamese patients with muscular dystrophy, including c.778C>T (p.H260Y) and c.2987G>A (p.C996Y) (Nguyen et al., 2020), c.1964T>C (p.L655P) and c.3556-13T>A (Tran et al., 2020). However, a large number of LAMA2 variants can be further detected in Vietnamese patients with MDC1A. In this study, we describe six unrelated patients presenting with congenital muscular dystrophy. Targeted next-generation sequencing and multiplex ligation-dependent probe amplification (MLPA) were performed to achieve an accurate molecular diagnosis. Genetic counseling was performed for the five families. Invasive prenatal testing was performed on two families.
PATIENTS AND METHODS
Patients
This study included six patients who presented with hypotonia and muscle weakness early in life. Two of the six patients are siblings. The patients were from Hanoi Medical University Hospital. All patients were from non-consanguineous families.
Target sequencing and data analysis
DNA samples of the patients and family members were extracted from peripheral blood using QIAmp® DNA Mini Kit. We used NanoDrop™ 2000/2000c spectrometer (Thermo, United States) to measure the purity and concentration of the results. Targeted amplicon sequencing using a gene panel for hereditary muscular dystrophies on the Illumina HiSeq 2000 platform (Illumina Inc., San Diego, CA) was performed on patients 1–5. The variants with minor allele frequency greater than 1% according to the 1000 Genomes Project database were excluded. The remaining variants interpreted as pathogenic variants by ClinVar (http://www.clinvar.com/); exonic non-synonymous, coding insertions or deletions, and splice site were screened. The single heterozygous variants in the recessive inheritance genes were removed.
The pathogenicity of identified variants was predicted using MutationTaster 2021 (Steinhaus et al., 2021) and CADD v1.6 (Rentzsch et al., 2021). Splice-site prediction was performed using varSEAK (https://varseak.bio/).
Sanger sequencing, multiplex ligation-dependent probe amplification (MLPA), and prenatal testing
Sanger sequencing was performed for the segregation analysis using the suitable primers (Supplementary Table S2) for LAMA2 obtained from previous research (Guicheney et al., 1998). Sequencing was done using ABI PRISM 3500 Genetic Analyser (Model 373A, Applied Biosystems, CA, United States).
MLPA was analyzed to identify an exon deletion in patient 5’s family using the SALSA MLPA Probemix P391 LAMA2 mix 1 version A3 as described by Cauley et al. (2020).
Prenatal testing was offered to the families of patient 4 and patient 5 since the mothers were pregnant. The identified variants were checked in the amniotic fluid obtained at 17 weeks of pregnancy.
Interpretation of variant pathogenicity
The pathogenicity of identified variants was interpreted according to ACMG guidelines (Richards et al., 2015). Each pathogenic criterion is weighted as very strong (PVS1), strong (PS1–4); moderate (PM1–6), or supporting (PP1–5). Each benign criterion is weighted as stand-alone (BA1), strong (BS1–4), or supporting (BP1–6). Based on the five-tier classification system, variants are classified as pathogenic, likely pathogenic, benign, likely benign, and uncertain significance variants.
RESULTS
Six patients with CMD in Vietnam were identified (Table 1). The onset of symptoms and musculature involvements of all cases occurred before six-months-old. None of them showed any respiratory distress or dysfunction of the autonomic nervous system. In the last visit, when the age was > 2-years-old, the six patients showed inability to walk or wheelchair-dependence. The families 1, 2, and 5 showed family history of CMD (Table 1; Figure 2). Patient 1 presented with weak cry and muscular hypotonia at birth, and slight hypotonia in both legs at 3 months of age. His brothers presented with the same symptoms and died at the age of 14 years and 9 years. Patient 2 showed a proximal muscle weakness in lower limbs and weak movements from 5 months of age. His elder sister had similar phenotypes with him and died at 11 years of age. Patient 3 had slight hypotonia in both legs at 3 months of age and proximal muscle weakness in upper and lower limbs at 5 months of age. Patient 3 is the first child of the family. Patient 4 presented with weak cry at birth and neck flexor weakness at 4 months of age. He had typical elongated myopathic face, wide mouth, and protruded tongue. His elder sister did not have any muscular dystrophy symptoms. Patient 5 and patient 6 are siblings. Patients 5 and 6 showed hypotonia from one-month-old and 12-day-old, respectively. Patients 5 and 6 were able to sit from 8-month-old but could not walk without support. Both patients presented with a typical elongated myopathic face. The magnetic resonance imaging of patient 6 showed white matter hyperintensities lesions on T2WI and T2 Flair.
TABLE 1 | Clinical characteristics and LAMA2 variants identified in the six patients.
[image: Clinical characteristics table for six patients detailing first symptoms, family history, Apgar scores, respiratory distress, musculature issues, facial dysmorphy, autonomic nervous system dysfunction, creatine kinase level, MRI findings, follow-up status, and LAMA2 genetic variants. Shows specific symptoms, developmental issues, familial patterns, and genetic mutations for each patient to assist in clinical analysis.][image: Genetic pedigree chart showing five families affected by specific genetic mutations. Each family is labeled from Family 1 to Family 5, with symbols indicating individuals' genetic status and gender. Some individuals are annotated with mutations, patient numbers, or age details. Arrows denote probands in each family.]FIGURE 2 | Pedigrees of families 1-5 with variants in the LAMA2 gene. Probands are indicated by arrows. Affected individuals are shown in filled symbols. D: Deceased; y. o.: Year-old; TOP: Termination Of Pregnancy.
Targeted sequencing identified seven LAMA2 variants in the five probands (Patients 1–5, Table 1). Two of these variants were not previously reported in the literature, including LAMA2 (NM_000426): c.7156-5_7157delinsT and c.8974_8975insTGAT (Table 2). These variants were predicted as deleterious variants in MutationTaster21 and classified as pathogenic variants according to ACMG.
TABLE 2 | Evaluation of the seven LAMA2 (NM_000426) variants.
[image: Genetic mutation data table detailing cDNA changes, physical locations, amino acid changes, frequencies, dbSNP IDs, ClinVar IDs, HGMD statuses, mutation taster results, CADD scores, ACMG classifications, and literature references. Includes specific mutations with pathogenicity indications. Abbreviations are explained at the bottom.]Patient 1 carried compound heterozygous variants including c.1303C>T (p.R435*) that was maternally inherited, and c.3556–13T>A (p.V1186Tfs*4) that was paternally inherited (Table 1; Figure 2). The variant c.1303C>T was reported as a pathogenic variant in ClinVar (ID 235805) and HGMD (CM102052) (Table 2). The variant c.3556-13T>A was reported as a likely pathogenic variant in ClinVar (ID 555549) (Table 2). Both variants are rare, with a frequency of 2/264690-1/3,854 for c.1303C>T (p.R435*) (https://www.ncbi.nlm.nih.gov/snp/rs773209126, accessed on 18 February 2023) and a frequency of 1/264690-5/251408 for c.3556-13T>A (p.V1186Tfs*4) (https://www.ncbi.nlm.nih.gov/snp/rs775278003, accessed on 18 February 2023) (Table 2). The c.1303C>T produces a premature stop codon from arginine at the amino acid position 435 (p.R435*). The patient 2 harbored the variant c.3556–13T>A in the homozygous state, while his parents carried the variant in the heterozygous state (Table 1; Figure 2).
Patient 3 carried the variant c.8974_8975insTGAT in the homozygous state (Table 1; Figure 3). The parents carried the variant in the heterozygous state. The variant was predicted to cause a frameshift of the amino acid sequence of LAMA2 and a gain of stop in a truncated protein at the position glutamic acid 2,995 (p.E2995*). This variant was not reported in the literature, in the LOVD, gnomAD, ExAC, dbSNP155, ClinVar, HGMD or in-house databases. The variant was classified as a pathogenic variant according to ACMG with PVS1, PM2, PM3, PM4, PP3, and PP4 supporting (Table 2).
[image: DNA sequencing chromatograms show genetic variations. The image includes sequences for WT-DNA, Mutant-DNA, Mother Het, Father Het, and Patient 3 Hom. Differences are highlighted in the sequences with label annotations indicating an insertion of TGAT. The chromatograms display distinct colored peaks corresponding to nucleotides, with variations marked for patient identification.]FIGURE 3 | Sanger sequencing analysis of the variant c.8974_8975insTGAT in the family 3. Patient 3 carries variant c.8974_8975insTGAT (g.629283_629284insTGAT) in the homozygous state. The parents carry the variant in the heterozygous state. This variant creates a new stop codon at the position amino acid number 2995 (p.E2995*). The protein is truncated. Hom, homozygous; Het, heterozygous; WT, wild-type.
Patient 4 presented with compound heterozygous LAMA2 variants, c.4717 + 5G>A that was maternally inherited and c.7156-5_7157delinsT that was paternally inherited (Table 1; Figure 4). The variant c.4717 + 5G>A was predicted to be a likely splicing effect by the varSEAK tool with class 4. Based on the ACMG guidelines and segregation analysis in family 4, c.4717 + 5G>A was interpreted as a likely pathogenic variant with two moderate supporting (PM2 and PM3) and two possible supporting (PP3 and PP4). The variant c.7156-5_7157delinsT deletes the last 5 nucleotides of intron 5 and the first 2 nucleotides of exon 51 and inserts a T nucleotide. The varSEAK tool predicted the variant c.7156–5_7157delinsT to have a class 5 splicing effect. This mutation is predicted to lead to premature termination of the protein that consists of 2,386 amino acids (p.R2386*). The variant c.7156-5_7157delinsT was reported as a pathogenic variant in the ClinVar (ID 477503), however, not in the literature. During our investigation, the mother of the family had a pregnancy and decided to have a prenatal diagnosis. The mother had amniocentesis at a 17-week gestational age. The fetus was found to be heterozygous for c.4717 + 5G>A and the pregnancy continued.
[image: Genetic sequence chromatographs and mutations in a family study. Panel A shows sequence data for five individuals: father, mother, patient, sister, and fetus. Each sequence displays nucleotide peaks with annotations for wild type (Wt), heterozygous (Het), homozygous mutant (Hom), and mutations marked by colored boxes. Panel B illustrates a DNA and amino acid alignment showing wild type and mutant sequences, with the mutation highlighted at position 2386.]FIGURE 4 | (A) Sanger sequencing analysis of the family 4. Patient 4 carried two variants, including c.7156–5_7157delinsT inherited from the father and c.4717 + 5G>A inherited from the mother. His sister and fetus only carried c.4717 + 5G>A in the heterozygous state. (B) Sequence comparison between wild type and variant c.7156-5_7157delinsT. The variant alters the sequence at the intersection of intron 50 and exon 51 and may produce a premature termination of the protein containing 2,386 amino acids (p.R2386*).
Patient 5 carried a truncating variant c.4644C>A (p.C1548*) that was paternally inherited and a deletion of exon 3 that was maternally inherited (Table 1; Figure 5). The deletion of exon 3 was interpreted as a pathogenic variant with PVS1, PS3, PM2, PM4, PP1, and PP4 supporting (Table 2). The c.4644C>A creates a premature stop codon at amino acid 1,548 of the LAMA2 protein. The variant c.4644C>A (p.C1548*) is classified as a pathogenic variant with PVS1, PM2, PM3, PM4, PP3, and PP4 supporting. The mother of patient 5 had amniocentesis at a 17-week gestational age and performed genetic testing. The result showed that the fetus harbored both c.4644C>A (p.C1548*) and deletion of exon 3, like his brother (Figure 4).
[image: Genetic sequencing graphs showing data for a specific mutation, c.4644C>A (p.C1548*), and E3 deletion across different family members. Left section displays DNA sequence chromatograms indicating mutation status: wild type, heterozygous, or homozygous. Right section features bar graphs representing the presence of E3 deletion for the father, mother, two patients, and a fetus, labeled accordingly. The father is wild type, while the mother, patients, and fetus show heterozygous E3-deletion.]FIGURE 5 | Sanger sequencing analysis and multiplex ligation-dependent probe amplification (MLPA) of the family of patient 5. Patient 5, his brother and the fetus carried compound heterozygous variants, including c.4644C>A (p.C1548*) inherited from the father (the left panel) and a deletion of exon 3 inherited from the mother (the right panel). Mut, mutation; Hom, homozygous; Het, heterozygous.
DISCUSSION
The clinical symptoms of six patients in this study occurred early (before 6-months-old), in agreement with suggestive findings by Oliveira et al. (Oliveira et al., 1993). They all suffered from significant hypotonia and the inability to walk from an early period of life.
In this study, 5/7 variants were predicted to result in a truncated protein (Table 2; Figure 6), which is in line with the previous studies (Oliveira et al., 2008; Oliveira et al., 2018; Geranmayeh et al., 2010; Xiong et al., 2015), in which, variants predicted to lead to premature termination of translation in LAMA2 are the most common variants identified in patients with MDC1A. Laminin-α2 is a part of the laminin-211which form a link between the sarcolemma of muscle fibers and the extracellular matrix. The five LG domains of laminin-α2 play as receptor binding sites (Holmberg and Durbeej, 2013). The LG1-3 domains and LG4-5 domains are responsible for binding to intergrin α7β1 and α-dystroglycan, respectively. The extracellular α-dystroglycan is anchored to the cell transmembrane by linking to β-dystroglycan. The β-dystroglycan binds to dystrophin which is coupled to the actin-rich cytoskeleton (Campbell, 1995). Therefore, the LG4-5 domains are critical for the α-dystroglycan/laminin interaction, which plays an important role for the stability of basement membranes. Truncating variants causing the lack of the LG domains frequently result in the loss of function of LAMA2 and cause the disease. In fact, based on the LOVD database, all truncating variants have been classified as pathogenic/likely pathogenic variants (Supplementary Table S1). In our study, all patients carried at least a truncating pathogenic/likely pathogenic variant, therefore, the patients presented symptoms early in life. None of the seven identified variants were missense, while another Vietnamese patient with MDC1A harbored a missense mutation c.1964T>C (p.L655P) and c.3556-13T>A (Tran et al., 2020). Two missense variants, c.778C>T (p.H260Y) and c.2987G>A (p.C996Y), have been reported in Vietnamese patients with late-onset LAMA2-MD who achieved independent walking (Nguyen et al., 2020). This result is consistent with the findings of Oliveira et al. (2018) and Tan et al. (2021), where missense variants were more frequent in late-onset LAMA2-MD than MDC1A.
[image: Diagram of the LAMA2 gene and protein structure. The gene segment shows mutations as color-coded labels with their positions. The protein structure includes domains: polymerization at the N-terminus and LG domains for receptor binding at the C-terminus.]FIGURE 6 | Location of the seven identified variants in the LAMA2 gene and protein. Deletion/insertion variant are shown in blue, nonsense variants in orange, and intron variants in green. Adapted to Zambon et al. (2020).
The variant c.3556-13T>A was detected in patients 1 and 2 in our study, and another reported Vietnamese patient with MDC1A (Tran et al., 2020). The variant c.3556-13T>A was predicted to cause a premature termination of transcription (p.V1186Tfs*4) (Xiong et al., 2015). Patient 2 carried c.3556-13T>A in the homozygous state, while patient 1 and the individual in the study of Tran et al. harbored c.1303C>T (p.R435*) and c.1964T>C (p.L655P), respectively. Mutation c.1303C>T (p.R435*) was published as a nonsense mutation and expected to produce a truncated protein, thus, leading to a loss of protein function (Geranmayeh et al., 2010). The variant c.3556–13T>A was reported in two Chinese siblings (Xiong et al., 2015; Ge et al., 2019; Tan et al., 2021). The two siblings carried another frameshift variant, c.4883delC (p.P1629Qfs*11) (Xiong et al., 2015). There are several similar clinical characteristics between these MDC1A cases, such as ability to sit but inability to walk, normal intelligence, and progressive scoliosis.
Patient 3 carried a novel homozygous variant c.8974_8975insTGAT (p.E2995*) which was located in exon 63 and predicted to truncate 172 amino acids located in the last domain LG5 of LAMA2 (Figure 5). Exon 63 might play an important role in the function of the G-like domain (Tan et al., 2021). The pathogenicity of this novel variant is supported by data in the literature that reported c.8987del (p.K2996Sfs*2) causing the creation of a stop codon next to p.E2995* (Tan et al., 2021).
Interestingly, in this study we reclassified a VUS (c.4717 + 5G>A) as a likely pathogenic variant based on segregation analysis. The family segregation analysis has been considered as an effort method to reclassify a VUS as pathogenic/likely pathogenic or benign/likely pathogenic (Garrett et al., 2016; Rush et al., 2022). The variant c.4717 + 5G>A was reported as uncertain significance in the ClinVar database (ID 1028253) by Baylor Genetics and Invitae submitters but not in the literature. Our study is the first report of c.4717 + 5G>A as a likely pathogenic variant in a MDC1A patient. The variant c.4717 + 5G>A affects a nucleotide within the consensus splice site of the intron. In LAMA2, there is a pathogenic variant which also occurred at the fifth nucleotide in intron 37 (c.5562 + 5G>A) (Tezak et al., 2003). The c.5562 + 5G>A resulted in the alternative splicing laminin-α2 with an 11 base-pair insertion in exon 37 (Tezak et al., 2003). We hypothesize that c.4717 + 5G>A may act in a similar way to c.5562 + 5G>A, leading to an aberrant splicing. Beside c.4717 + 5G>A, patient 4 also carried a novel variant c.7156-5_7157delinsT, which is classified as a pathogenic variant with PVS1, PM2, PM3, PM4, PP3, and PP4 supporting (Table 2). This variant creates a truncated protein consisting of 2,386 amino acids (p.R2386*). It means the protein lost 724 amino acids belonging to LG2-LG5 (Figure 5), the region is responsible for linking laminin 211 to the cytoskeleton in muscle cells and is crucial for their interaction with membrane receptors (Nguyen et al., 2019). This study is the first report of c.7156–5_7157delinsT associated with MDC1A patients.
The variant c.4644C>A was reported in LAMA2 related muscular dystrophy in the study of Töpf et al., however, no clinical and functional information was described (Töpf et al., 2020). Our study is the first detailed clinical report of a MDC1A patient with the variant c.4644C>A. The c.4644C>A creates a premature stop codon (p.C1548*). Patient 5 also carried a deletion of exon 3 which locates in a hotspot area for large deletions (Oliveira et al., 2018). MLPA showed that his mother and brother also carried the deletion of exon 3 (Figure 4). The deletion of exon 3 has been reported in a boy with age of onset at 4-month-old (Oliveira et al., 2014). The LAMA2 gene sequencing detected a nonsense variant, c.497G>A (p.W166*), in the heterozygous and homozygous states in the boy (Oliveira et al., 2014). The authors performed MLPA analysis and long-range PCR to identify the deletion of exon 3 (c.284-4,685_397-146delinsATA (Oliveira et al., 2014). In our study, we could not determine the breakpoints of the exon 3 deletion in patient 5. According to the LOVD database, 21 deletions of exon(s) have been reported in LAMA2 from 63 reports, and all of them were classified as pathogenic/likely pathogenic variants (Supplementary Table S1). Therefore, in the context of a heterozygous variant being identified in the patients suspected with MDC1A, the clinicians should consider another copy number variation.
After genetic analysis, the patients’ families were provided genetic counseling of potential risks to offspring in the future. During our investigation, the mothers of patient 4 and patient 5 were pregnant and they decided to perform prenatal testing. The results showed that the fetus of family 4 only carried c.4717 + 5G>A in the heterozygous state, therefore, the parents decided to continue the pregnancy. The newborn was given birth with APGAR score of 10 and did not show muscle weakness or symptoms like his brother. The fetus of family 5 carried compound heterozygous variants, including the deletion of exon 3 and c.4644C>A, the parents decided to terminate the pregnancy. Prenatal diagnosis for screening of LAMA2 mutations has been described since 1998 (Guicheney et al., 1998). Merosin immunohistochemistry of trophoblastic cells was applied for prenatal diagnosis of merosin-deficient muscular dystrophy (Vainzof et al., 2005; Fadiloglu et al., 2018), however, it seems not to be frequently applied in prenatal diagnosis.
Currently, there is no curative treatment for MDC1A. Treatment strategies concentrate on managing symptoms, such as physical therapy, speech therapy, occupational therapy, and diet modifications to alleviate the symptoms (Oliveira et al., 2020; Sousa, 2022). Several drugs have been investigated in different LAMA2-CMD mouse models. Omiganil treatment inhibited glyceraldehyde-3-phosphate dehydrogenase-Siah1-mediated apoptosis, protected fibers degradation, improved locomotion in young mice, reduced spine deformation, and prolonged survival in dyW/dyW mice (Erb et al., 2009). Doxycycline treatment improved growth, delayed the onset of hindlimb paralysis, reduced the number of inflammatory cells, increased the spontaneous standing movements and Akt phosphorylation, decreased levels of Bax protein, terminal deoxynucleotidyl transferase dUTP nick end labelling-positive myonuclei, and activated caspase-3 in dyW/dyW mice (Girgenrath et al., 2009). Losartan treatment enhanced muscle strength, ameliorated fibrosis, inhibited transforming growth factor-β signaling pathway and the mitogen-activated protein kinase cascade in dy2J/dy2J mice (Elbaz et al., 2012). Bortezomib treatment increased life span, body weight, locomotion, and muscle morphology, reduced apoptosis and fibrosis, and partially normalized miRNA expression (miR-1 and miR-133a) in dy3K/dy3K mice (Körner et al., 2014). Metformin treatment increased weight gain and energy efficiency, enhanced muscle function, and improved skeletal muscle histology in female dy2J/dy2J mice (Fontes-Oliveira et al., 2018). N-acetyl-L-cysteine treatment preserved muscle strength, reduced fibrosis, central nucleation, apoptosis, inflammation and oxidative stress, and vitamin E treatment improved skeletal muscle morphological features, reduced inflammation and reactive oxygen species levels in dy2J/dy2J mice (Harandi et al., 2020). Vemurafenib treatment improved muscle histopathology and restored the TGF-β/SMAD3 and mTORC1/p70S6K signaling pathways in mouse models, but did not restore the myomatrix (Oliveira-Santos et al., 2023). However, vemurafenib treatment might be combined with other therapies that restore the myomatrix. Several new therapeutic approaches for LAMA2-CMD have been investigated, such as integrin-α7β1 regulation, laminin- and cell-based therapies, laminin-111 protein replacement therapy, or laminin-α1 enhancement (Barraza-Flores et al., 2020). The CRISPR/dCas9 system was used to correct a LAMA2 splice site variant, c.417 + 1G>A, using nonhonmologus end-joining in dy2J/dy2J mouse model (Kemaladewi et al., 2017). A restoration of full-length of LAMA2 was obtained, leading to a functional LAMA2 protein in the mouse model (Kemaladewi et al., 2017). However, due to the large number of LAMA2 pathogenic variants reported, therapeutic approaches for MDC1A would be mutation-independent and thus favorable to all affected patients. The LAMA1 is high identical to LAMA2, therefore, upregulation of LAMA1 can be a disease modifier for LAMA2-CMD (Kemaladewi et al., 2019). The authors constructed a CRISPR activation system including deactivated Cas9 derived from Staphylococcus aureus (SadCas9), transcriptional activators VP64 (2xVP64) and single-guide RNAs (sgRNAs) targeting the LAMA1 promoter (Kemaladewi et al., 2019). The CRISPR/dCas9-mediated upregulation of LAMA1 ameliorated disease symptoms in the dy2J/dy2J mouse model (Kemaladewi et al., 2019). Arockiaraj et al. (2023) treated fibroblasts from MDC1A-affected individuals who carried different LAMA2 pathogenic variants with SadCas9-2XVP64 and three sgRNAs targeting the proximal promoter of LAMA1. The results showed a robust upregulation of LAMA1 expression, and reduction in cell migration and expression of fibroblast growth factor 2 (FGFR2), transforming growth factor-β2 (TGF-β2), and actin alpha 2 (ACTA2). For clinical application in the future, dual adeno-associated virus (AVVs) are needed to package the necessary CRISPRa components (Arockiaraj et al., 2023). However, the high doses of AVV required to achieve clinical efficiency for musculoskeletal disorders resulted in serious adverse events, such as hepatoxiccity and neurotoxicity (Burdett and Nuseibeh, 2023). Therefore, a reduction of the CRISPRa components to decrease the number of AAV is necessary to investigate in the future.
CONCLUSION
Targeted sequencing using next-generation sequencing and MLPA are efficient methods for diagnosis CMD as well as MDC1A. By using these methods, we identified abnormalities in the LAMA2 gene that supported the diagnostic accuracy of MDC1A. The findings significantly contributed in appropriate genetic counseling and prenatal testing for affected families. The effects of the variants identified to the function of LAMA2 need to be evaluated experimentally in the future to improve the understanding of the pathology and develop targeted therapeutic approaches for patients.
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Introduction: Mutations of LAMA2 gene are associated with congenital muscular dystrophy (CMD). The LAMA2-related CMD mainly consists of two diseases, merosin deficient congenital muscular dystrophies type 1A (MDC1A) and limb girdle muscular dystrophy 23 (LGMD23). LGMD23 is characterized by slowly progressive proximal muscle weakness, which primarily affects the lower limbs and results in gait difficulties. Additional clinical features include increased serum creatine kinase, abnormal electromyography with or without white matter abnormalities on brain imaging.



Methods: Clinical data were collected from a Chinese Han family. Whole-exome sequencing, Sanger sequencing, RT-PCR and TA clone sequencing were performed on the family members.



Results: Compound heterozygous mutations of LAMA2: c.1693C > T (p. Q565*) (maternally inherited) and c.9212-6T > G (paternally inherited) were identified and confirmed in the proband. The mutation c.1693C > T (p. Q565*) was classified as pathogenic according to American College of Medical Genetics and Genomics (ACMG) guidelines. By performing RT-PCR and TA clone sequencing, an insertion of 40-bp intronic sequence (intron 64) was found in the transcripts of the proband and her father, which resulted in a frameshift and premature truncation codon of the LAMA2. In particular, the variant truncated the LamG domain of the LAMA2. Therefore, the c.9212-6T>G was classified as likely pathogenic according to American College of Medical Genetics and Genomics (ACMG) guidelines.



Discussion: Our findings described two novel mutations in a girl with LGMDR23, which contributes to the genetic counseling of the family and expands the clinical and molecular spectrums of the rare disease.
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1. Introduction

Laminin is a large family of heterotrimeric glycoproteins which contribute to cell adhesion, differentiation, neurite outgrowth and extracellular matrix architecture (1). Laminin subunit α2(LAMA2), belonging to the laminin family, interacts with integrin α7β1 (2, 3) and dystroglycan with the large globular(G) C-terminal domain. LAMA2 protein connects other laminins with its N-terminal domain to form a protein meshwork, which is helpful for the supramolecular assembly of the basal membrane (4, 5). The mutations in the LAMA2 gene caused congenital muscular dystrophy (CMD), an autosomal recessive disorder. The prevalence of CMDs are estimated to be 0.563 per 100,000 in Italy (6) and 0.017–0.083 per 100,000 in China (7). LAMA2-realted CMD ranges from severe, early onset merosin deficient congenital muscular dystrophies type 1A (MDC1A, OMIM 607855), to mild, limb-girdle muscular dystrophies (LGMDR23, OMIM 618138) (8, 9).


TABLE 1 Clinical and laboratory data of the proband.

[image: Table displaying patient details including: Gender (Female), Age (9 years), First admission age (3 years), Creatine kinase level (1,583 U/L), Chewing difficulty, Prominent scapula, Myogenic damage, Motor delay, and normal digestive system. Other notes include walking independence between 3–6 years, toe walking from 6 years, transient pneumonia at 6 years, normal verbal cognition, and no history of seizures.]

Patients with MDC1A often suffer from hypotonia and severe proximal weakness at birth, as well as early respiratory and feeding difficulties. Furthermore, joint contractures, kyphoscoliosis and seizure are usually recognized. Compared with MDC1A, LGMDR23 is characterized by a milder and later age of onset, ranging from late childhood to mid-adulthood (10–12). Increased serum creatine kinase level, abnormal electromyography and abnormal white matter signal on brain magnetic resonance imaging (MRI) can be identified in both diseases.

Herein, we described a Chinese girl with LGMDR23 caused by two novel mutations in the LAMA2 gene.



2. Methods


2.1. Subject

A healthy non-consanguineous couple and their 9-year-old girl were referred to the Department of Reproductive Genetics, Women's Hospital, School of Medicine Zhejiang University in October, 2022. The girl (the proband) was born at term via virginal with an Apgar score of 10. Her development history was unremarkable until she was 3 years old. She was then firstly noted for being clumsy in general, as well as slow and awkward in her running. She had continued difficulties in jumping, running, lifting heavy objects and climbing stairs over time. Her serum creatine kinase was 1583 U/L (reference range: 24–229 U/L). Electromyography showed myogenic damage in limbs. Her language and learning development were normal. No family history of motor difficulties was observed. At the age of 6 years, she suffered from pneumoniae and recovered. Since then, she has achieved independent ambulation. In addition, she presents with toe walking and has difficulty in chewing due to masseter muscle weakness (Table 1).

This study was approved by the Institutional Review Board of the Women's Hospital, School of Medicine, Zhejiang University.



2.2. Whole-exome sequencing

The whole-exome sequencing(WES) was performed as previously described (13).



2.3. Sanger sequencing

The Sanger sequencing was conducted as previously described (13). The primers for c.1693C > T were 5′- ACAATGGAAGCCTATGTGAG -3′ and 5′- TGTGATTTAGCTGGTTCTGG -3′. The primers for c.9212-6T > G were 5′- ACACTTTGGGCATAGATGGG -3′ and 5′- CTTTGGTGAGCTTCAGGGAT -3′.



2.4. RNA analysis and TA clone sequencing

The RT-PCR experiment was conducted as previously described (13). The PCR primers were 5′-ACAACGACTGGAGTTCTTCT -3′ and 5′-TCCTGGGGTTACACTTATTT -3′. The PCR products were separated by electrophoresis on 2.0% agarose gel. Little difference was observed between the two mRNA splicing products, which caused difficulties for sequencing. TA cloning was chosen to purify the PCR products with the HieffCloneTM Zero TOPO-TA Cloning Kit (Yeasen, China). And then the purified PCR product was selected for sequencing.




3. Results


3.1. Compound heterozygous variants of LAMA2 gene

The compound heterozygous variants of LAMA2: c.1693C > T (p.Q565*) and c.9212-6T > G were identified in the proband by whole-exome sequencing (Figure 1). Sanger sequencing confirmed that the c.1693C > T (p.Q565*) and c.9212-6T > G were inherited from the mother and the father, respectively. Therefore, the parents were both carriers and the co-segregation of genotype and phenotype was in accordance with autosomal recessive inheritance (PP4).


[image: Diagram A displays a family pedigree highlighting individuals with genetic mutations c.1693C>T and c.9212-6T>G. Individual II-1 shows both mutations. Diagram B presents DNA sequencing chromatograms for individuals I-1, I-2, and II-2, indicating mutations c.1693C>T and c.9212-6T>G with red arrows above the chromatograms.]
FIGURE 1
Newly identified nonsense and splicing variants in the LAMA2 gene. (A) The pedigree of the family.II1 (the proband) have two compound variants (c.1693C > T and c.9212-6T > G) in LAMA2 gene, which are inherited from the I1(mother) and the I2(father), respectively. (B) Sanger sequencing analysis. The two variants(c.1693C > T and c.9212-6T > G) were validated by Sanger sequencing. (red arrows indicated the mutation).


Neither of the variants had been reported in database (gnomAD, ClinVar or HGMD) or literature (PM2). The LAMA2: c.1693C > T (p.Q565*) variant theoretically introduces a stop codon and a truncated protein (PVS1). According to ACMG recommendations, the mutation LAMA2: c.1693C > T (p.Q565*) was classified as pathogenic (PP4 + PM2 + PVS1), while the variant LAMA2: c.9212-6T > G was classified as variant of uncertain significance (VUS).



3.2. Pathogenicity of LAMA2: c.9212-6T > G

NetGene2 Server (http://www.cbs.dtu.dk/services/ NetGene2/) and Alternative Splice Site Predictor (ASSP) (http://wangcomputing.com/assp/index.html) were used to predict the effect of the variant c.9212-6T > G on splicing. It was predicted that the variant affected splicing (Figure 2B–E). For the validation, RNAs were extracted from peripheral blood of the proband and her parents. cDNAs were then reverse transcribed to amplify exons 63–65 of LAMA2 with the primers. 2.0% agarose gel electrophoresis demonstrated that the proband and her father had a larger transcript than the normal amplification fragment (Figure 2A). Further results of TA clone sequencing and sequencing showed that the larger transcript had 40–bp intron 64 before the exon 65, which caused a truncation of LAMA2 by a frameshift and creation of a premature termination codon (Figure 2F). As was showed in Figure 2G, the splicing mutation (c.9212-6T > G) was predicted to generate prematurely truncated LAMA2 in the last LamG domain. The truncated effect does cause LAMA2 deficiency and damage the ability to interact with integrin α7β1 and dystroglycan. Considering the accordance between phenotype and genotype and the rarity of the splicing variant, the mutation LAMA2: c.9212-6T > G was classified as likely pathogenic (PP4 + PM2 + PS3) according to ACMG guidelines.


[image: Gel electrophoresis and DNA sequencing analysis of LAMA2 gene. Panel A shows a gel electrophoresis result with DNA bands of varying lengths. Panels B and C compare LAMA2 wild type and c.9212-6T>G mutations at the donor splice site. Panels D and E display wild type and c.9212-6T>G splice region alignments. Panel F presents genomic and protein sequences with electropherogram results highlighting sequence differences. Panel G illustrates the LAMA2 gene structure and mutations in alleles 1 and 2, showing exon organization and mutation locations.]
FIGURE 2
Analysis of the c.9212-6T > G variant in the LAMA2 gene. (A) RT-PCR analysis of LAMA2 cDNA from peripheral blood samples of the family members. Agarose gel (2.0%) electrophoresis of RT-PCR products generated from I1(mother), I2(father) and II1(the proband). Aberrantly spliced mRNA and normal spliced mRNA are marked by red and blue arrowheads, respectively. (B–E) Predictive results of the c.9212-6T > G variant site in splicing. (B) The Predictive result of wild type LAMA2 by using NetGene2 Server (the red square represented). (C) The Predictive result of LAMA2: c.9212-6T > G by using NetGene2 Server (the red square represented). (D) The Predictive result of wild type LAMA2 by using ASSP tool (the red square represented). (E) The Predictive result of LAMA2: c.9212-6T > G by using ASSP tool (the red square represented). (F) TA clone sequencing and sequencing analysis of the RT-PCR products from the proband. The red arrows reveal the position of the c.9212-6T > G variant. (G) Diagrams of domains of wild-type, c.1693C > T (p.Q565*) variant and c.9212-6T > G variant of LAMA2. The LAMA2: c.1693C > T (p. Q565*) has only two domains and the LG5 domain of LAMA2: c.9212-6T > G is truncated compared with wild type LAMA2.





4. Discussion

In the current investigation, we reported a Chinese girl diagnosed as LGMDR23 due to the compound heterozygous variants in the LAMA2 gene. The maternally inherited mutation c.1693C > T (p.Q565*) of LAMA2 was pathogenic and the paternally inherited mutation c.9212-6T > G was proved to be a splicing mutation which resulted in frameshift and truncation. To the best of our knowledge, both of the variants have never been reported in any database or literature, indicating our findings extend the mutation spectrum and clinical knowledge of the diagnosis for the LGMDR23.

The patients with CMD due to laminin anomaly presented with severe muscle weakness, hypotonia and white matter abnormalities in brain imaging (14–16). In addition, all the patients could not achieve independent ambulation. More variabilities in the phenotype associated with LAMA2 deficiency were described thereafter. Compared with the severe features, some patients were characterized by milder and later-onset muscle weakness, slightly elevated creatine kinase level, ability to achieve ambulation, with or without abnormal brain imaging (17, 18). By carrying out muscle biopsies and immunocytochemistry with antibodies against 80 and 300 kDa fragment of LAMA2, complete absence of LAMA2 expression was found in patients with severe phenotype while reduced LAMA2 expression was found in those patients with mild phenotype. Therefore, LAMA2-related muscular dystrophy (MD) is generally divided into MDC1A (also named LAMA2-CMD, the severe one) and LGMDR23(the mild one) categories.

LGMDR23 is much rarer than MDC1A in China. Even in the largest and multicenter research of LAMA2-related muscular dystrophy in 2021, 14 cases of LGMDR23 were reported while 116 cases of MDC1A were reported (19). The symptoms of LGMDR23 included myopathic gait, difficulties in running and jumping, and epilepsy. Moreover, the median age of onset for LGMDR23 was 18.0 months (range 13.0–156.0 months) (19). In the current investigation, the proband was firstly noted for being clumsy and being slow and awkward in her running at 3 years old, belonging to the late-onset of LAMA2-related MD. She also had other typical symptoms like elevated creatine kinase level, transient pneumonia, delayed motor milestones, difficulty in chewing and abnormal electromyography. Additionally, the proband presented with toe walking which was also observed in a Turkish origin male at 10 years old (20) and in a Chinese origin female at 4 years old and a male at 6 years old (21).

The variants c.1693C > T (p.Q565*) and c.9212-6T > G of LAMA2 gene were detected by WES and confirmed by Sanger sequencing. These two variants were inherited from her mother and father, respectively. Based on ACMG guidelines, the nonsense c.1693C > T (p.Q565*) variant was classified as pathogenic while the c.9212-6T > G was classified as VUS. To date, approximately 100 nonsense variants and 90 splicing variants of LAMA2 have been described, without obvious mutational hotspots (22). After analysis of the genotype-phenotype correlations of the MDC1A and LGMDR23, Dandan et al. concluded that nonsense, frameshift or copy numbers variant caused more damage than splicing or missense variants (19).

With the highly genotype-phenotype correlation and predicted results of NetGene2 Server and ASSP, RT-PCR, TA clone sequencing and sequencing were performed to investigate the pathology of the splicing mutation. The c.9212-6T > G variant led to 40-bp intron insertion before the exon 65, which caused frameshift and truncation of the LAMA2 (Figure 2F). Thus, the significant LamG domain at the C-terminus of LAMA2 was truncated, which might damage the linkage between the extracellular matrix and the dystrophin-glycoprotein. The results upgraded the pathogenicity evidence of the c. c.9212-6T > G variant, so the variant classification was changed from VUS to likely pathogenic. In the meanwhile, because the splicing variant still allow partial expression of LAMA2 gene, it might explain the mild and late on-set phenotype in the proband like those patients in a previous published study (23). However, muscle biopsy was not performed for further study because we could not get the permission from the family to obtain the sample.

In summary, we described a Chinese girl diagnosed as LGMDR23 due to typical clinical phenotypes and laboratory tests, and identified two novel variants of LAMA2 gene via WES and Sanger sequencing. By performing RT-PCR,TA clone sequencing, we demonstrated the variant c.9212-6T>G was a likely pathogenic splicing mutation. Our findings expand the mutation spectrum and provided information for the genetic counseling of LGMDR23.
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Introduction: Mitochondrial DNA depletion syndrome type 3 is an emerging disorder linked to variants in the deoxyguanosine kinase gene, which encodes for mitochondrial maintenance. This autosomal recessive disorder is frequent in the Middle East and North Africa. Diagnosis is often delayed due to the non-specificity of clinical presentation with cerebro-hepatic deterioration. The only therapeutic option is liver transplantation, although the value of this remains debatable.
Methods: We describe the clinical, biochemical, and molecular profiles of Lebanese patients with this rare disorder. We also present a review of all cases from the Middle East and North Africa.
Results: All Lebanese patients share a unique mutation, unreported in other populations. Almost half of patients worldwide originate from the Middle East and North Africa, with cases reported from only 7 of the 21 countries in this region. Clinical presentation is heterogeneous, with early-onset neurological and hepatic signs. Liver failure and lactic acidosis are constants. Several variants can be identified in each population; a unique c.235C>T p. (Gln79*) pathogenic variant is found in Lebanese patients. Outcome is poor, with death before 1 year of age.
Conclusion: The pathogenic nonsense variant c.235C>T p. (Gln79*) in the deoxyguanosine kinase gene may be considered a founder mutation in Lebanon. Further genotypic delineation of this devastating disorder in populations with high consanguinity rates is needed.
Keywords: DGUOK, mitochondrial depletion, mtDNA maintenance defects, MENA, neonatal liver failure, lactic acidosis, liver transplantation, Lebanon

1 INTRODUCTION
Mitochondrial DNA (mtDNA) maintenance defects are emerging genetic disorders encompassing multiple mtDNA deletion and mtDNA depletion syndromes (MTDSs) resulting from qualitative and quantitative defects in mtDNA synthesis, respectively. Depending on the underlying enzymes involved, mtDNA maintenance defects are categorized into several types of disorder: mtDNA synthesis, mitochondrial nucleotide salvage pathway, cytosolic nucleotide metabolism, mitochondrial nucleotide import, and mitochondrial fusion disorders. These rare disorders are caused by pathogenic variants in one of the 20 nuclear genes encoding proteins implicated in mtDNA maintenance (El-Hattab et al., 2018). They are characterized by broad phenotypic variability, reflecting the genotypic variants and the combination of organs involved. Mitochondrial DNA depletion syndromes, first described by Mandel in 2001, can be grouped into myopathic, cardiomyopathic, encephalomyopathic, neurogastrointestinal, and hepatocerebral types (Basel, 2020). The deoxyguanosine kinase (DGUOK) gene is a nuclear gene, mapped to chromosome 2p13 (Johansson et al., 1996), encoding for mitochondrial deoxyribonucleoside triphosphate synthesis. DGUOK deficiency decreases the mtDNA copy number and impairs the activity (Freisinger et al., 2006) and synthesis (Mandel et al., 2001) of the respiratory chain complexes (I, III, IV, and V). Clinically, the age of onset may vary from the neonatal and early infancy period to childhood. The early-onset form, or MTDS type 3 (OMIM 251880), is autosomal–recessively inherited and is linked to bi-allelic pathogenic variants of the DGUOK gene. It represents the only hepato-cerebral type of mtDNA maintenance defect related to the mitochondrial nucleotide salvage pathway (Sezer et al., 2015; El-Hattab et al., 2018).
Most MTDS type 3 patients show multisystem involvement, with a variable combination of digestive and neurologic manifestations associated with impaired growth (Basel, 2020). Antenatal energy deficit is reflected in microcephaly, low birth weight, and intra-uterine growth retardation. Neonates or infants may present with any constellation of the following symptoms: vomiting, jaundice, hepato/splenomegaly, ascites, and progressive liver failure, as well as hypotonia, nystagmus, seizures, and developmental delay (El-Hattab and Scaglia, 2009).
Diagnosis is often delayed due to the variable and non-specific clinical presentation of MTDS type 3, which may mimic other inherited metabolic diseases such as hereditary tyrosinemia type I and classical galactosemia (Demirbas et al., 2018), in addition to non-metabolic infectious diseases, mainly viral infections such as cytomegalovirus and herpes simplex virus (Karadağ et al., 2021). Biochemical testing may reveal lactic acidosis and hypoglycemia from the first week of life, and later increased liver enzymes, followed by progressive hepatic cytolysis and coagulopathy. MTDS type 3 can be suspected upon detection (via tandem mass spectrometry screening of newborns) of elevated plasma tyrosine and phenylalanine, with normal succinylacetone levels. Plasma amino acids chromatography confirms hypertyrosinemia and hyperphenylalaninemia as well as hyperalaninemia, reflecting hepatic insult and lactic acidosis, respectively (Mudd et al., 2012). The final diagnosis of MTDS type 3 is confirmed by genetic testing. Theoretically, a multigene panel or even single-gene sequencing would be sufficient to identify DGUOK gene mutations; however, whole-exome sequencing is more frequently used by physicians to reach the diagnosis in view of the non-specificity of the presenting clinical symptoms. To date, per the Human Gene Mutation Database, 57 disease-causing variants in the DGUOK gene are known, with most being missense and nonsense mutations. Outcome is usually poor, with death occurring before 4 years of age (Dimmock et al., 2008). Treatment is symptomatic, with heterogeneous responses to liver transplantation (Jankowska et al., 2021).
More than 100 patients with MTDS type 3 have been reported so far (El-Hattab et al., 2017). Cases from the Middle East and North Africa (the MENA region) account for almost half of these, which reflects the high consanguinity rates producing a predisposition to autosomal recessive disorders. Reports are available of patients from North Africa (Labarthe et al., 2005; Brahimi et al., 2009; AlMenabawy et al., 2022), from Saudi Arabia (Al-Hussain et al., 2014), from Iran (Mahjoub et al., 2019), and in one cohort of Israeli Druze (Mandel et al., 2001). Only two Lebanese patients, carrying the nonsense DGUOK mutation c.235C>T p. (Gln79*), have previously been reported [by Mancuso et al. (2005)].
We describe the clinical, biochemical, and molecular profiles of three other Lebanese patients with this unique DGUOK variant, which remains unreported in other populations.
2 PATIENTS AND METHODS
A retrospective review of the charts of patients diagnosed with MTDS type 3 at the American University of Beirut Medical Center (AUBMC) was conducted. The collected data included initial clinical manifestations; biochemical, radiological, and genetic investigations; and outcome. For genetic testing, samples were sent to Centogene laboratory, Germany, for next-generation sequencing. The generated library was sequenced, at this reference laboratory, on an Illumina platform to obtain at least 20× coverage depth for >98% of the targeted bases. At Centogene, variants with low quality and/or unclear zygosity are confirmed by orthogonal methods. Consequently, specificity of >99.9% for all reported variants is achieved.
An analysis of clinical, biochemical, and molecular data for all MTDS type 3 patients from the MENA region, including the Lebanese patients, is also presented.
Written informed consent was obtained from the legal guardians/parents of the patients for participation in this study and for the publication of any potentially identifiable data included in this article, in accordance with our institutional requirements and the Declaration of Helsinki.
3 RESULTS
3.1 Patients
Patient 1 was a female infant born at term, the product of 39 weeks of gestation, to a primigravida 29-year-old mother, with a birth weight of 1855 g, length 44 cm, and head circumference 31 cm; all parameters were below 1% No perinatal complications were noted. Parents were consanguineous, with positive family history of death in early infancy of two male cousins with undiagnosed liver disease (Figure 1). The patient was admitted to the neonatal intensive care for symmetrical intrauterine growth retardation. On physical examination, she exhibited microcephaly, nystagmus, hepatomegaly, and severe hypotonia. In the immediate neonatal period, she developed hypoglycemia (32 mg/dl). Laboratory tests showed elevated liver enzymes and cholestasis (Table 1). The results of sepsis work-up were negative. Viral serologies were also negative. Metabolic work-up (Table 1) confirmed the presence of lactic acidosis and hypertyrosinemia. Neonatal screening via tandem mass spectrometry was positive for elevated plasma tyrosine, with normal succinylacetone and galactose-1-phosphate uridyltransferase activity. Urine organic acids chromatography was suggestive of liver failure with lactic acidosis (Table 1). Brain magnetic resonance spectroscopy revealed a small lactate peak in the left frontal and right parietal lobes at 1.3 ppm. A mitochondrial hepatopathy was suspected. Genetic testing could not be carried out for financial reasons. The patient required several infusions of fresh frozen plasma and cryoprecipitate for acute liver failure. She was discharged at 1 month of age with the same cerebro-hepatic symptoms noted at birth. Muscle and liver biopsies were offered to advance the diagnosis, but the family declined. On follow-up visits every 3 months, she was observed to have microcephaly with severe failure to thrive (growth parameters below 3%) and psychomotor delay. At 7 months of age, her neurological examination was stable, with head lag, axial hypotonia, and nystagmus. She had persistent lactic acidosis and liver cytolysis, cholestasis, and coagulopathy. She passed away at another hospital, undiagnosed, at the age of 11 months from liver failure and gastrointestinal bleed.
[image: A pedigree chart shows a family tree with symbols representing individuals. Circles indicate females, and squares indicate males. Some symbols are marked with diagonal lines or additional markers, identifying affected individuals labeled as patient 1, patient 2, and patient 3. The chart illustrates genetic relationships and possibly the inheritance pattern of a trait.]FIGURE 1 | Pedigree of the Lebanese patients with mitochondrial depletion syndrome type 3.
TABLE 1 | Initial biochemical investigations of three Lebanese patients with mitochondrial depletion syndrome type 3. Abbreviations: AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transferase; AFP, alpha-fetoprotein; INR, international normalized ratio; TMS, tandem mass spectrometry; GALT, galactose-1-phosphate uridyltransferase. *age; m, months; w, weeks.
[image: Medical test results table comparing three patients' liver function tests, metabolic work-up, and newborn screening. Reference ranges are given for each test. Key details:   - Patient 1 (2 weeks): Elevated AFP and tyrosine levels, glucose at 32 mg/dL, GGT at 579 IU. - Patient 2 (2 months): High tyrosine level at 1810 µmol/L, phenylalanine at 229 µmol/L. - Patient 3 (3 weeks): Elevated AFP at 92,476 U/mL, succinylacetone at 0.41 ng/mL.   Increased urine organic acid levels indicated for some patients.]Patient 2, maternal nephew of patient 1 (Figure 1), was a 2-month-old male infant, the product of a full-term pregnancy to first-degree consanguineous parents, with no perinatal complications. Proportionate intrauterine growth retardation was reported. He was born in a hospital where neonatal screening was not offered. The patient exhibited poor weight gain (300 g) during the first month of life, for which several formula milks were tried, including an amino acid formula for suspected cow’s milk protein allergy. At presentation to AUBMC, he exhibited failure to thrive (all parameters below 3%), generalized jaundice, hepatomegaly, nystagmus, and hypotonia. Laboratory investigations were suggestive of hepatopathy associated with lactic acidosis (Table 1). Whole-exome sequencing revealed a homozygous, pathogenic nonsense mutation in the DGUOK gene, c.235C>T p. (Gln79*), consistent with the genetic diagnosis of autosomal recessive MTDS type 3. Both parents were heterozygous carriers of this mutation. Sanger sequencing was not performed by Centogene, since the identified variant was of good quality. The patient passed away 1 month later, in septic shock and with severe lactic acidosis.
Patient 3, maternal niece of patient 1 and cousin of patient 2 (Figure 1), was a female infant born prematurely, to consanguineous parents, at 35 weeks 5 days of gestation due to maternal placenta previa. She exhibited symmetrical intrauterine growth retardation; her birth weight was 1900g, with all growth parameters below 3% Apgar scores were 8 at 1 min and 9 at 5 min. At 3 weeks of age, she was referred to the Inherited Metabolic Diseases Program at AUBMC for newborn screening, which was positive, indicating an elevated tyrosine level. She was mildly jaundiced, with hepatomegaly, microcephaly, nystagmus, hypotonia, and poor weight gain (200 g). She was found to have hypoglycemia and lactic acidosis with liver dysfunction, which warranted further metabolic investigations (Table 1). The familial MTDS type 3 was confirmed by whole-exome sequencing. Her parents were confirmed to be heterozygous carriers of the same mutation. In view of the good quality of the variant identified at the Centogene laboratory, Sanger sequencing was not performed. She subsequently presented at 2 months of age with recurrent vomiting and decreased feeding. She passed away, within 24 h of admission, with refractory and severe lactic acidosis.
3.2 Review of MTDS type 3 cases from the MENA region
We reviewed the clinical presentation, outcome, and genetic diagnosis for all 48 MENA region patients with MTDS type 3 who have been described (Table 2). In terms of ethnic origins, the reported families were Israeli Druze (Mandel et al., 2001), Algerian (Labarthe et al., 2005), Moroccan (Labarthe et al., 2005; Brahimi et al., 2009), Tunisian (Brahimi et al., 2009), Saudi (Al-Hussain et al., 2014), Egyptian (AlMenabawy et al., 2022), and Lebanese (reported in 2005 by Mancuso et al. and in the current report). Patients with this rare disorder have been reported from only 7 of the 21 countries in the MENA region.
TABLE 2 | Clinical, biochemical, and molecular profiles of mitochondrial depletion syndrome type 3 patients from the MENA region. Abbreviations: N, number of patients; CG, consanguinity; ^, lost to follow-up; FTT, failure to thrive; HMG, hepatomegaly; NR, not reported; m, months; d, days; F, family; K, kindred; SNV, single nucleotide variant; P, pathogenic; LP, likely pathogenic; VUS, variant of unknown significance *familial variant suspected.
[image: A detailed table presents clinical and genetic data from various population studies. Columns represent factors such as population citation, family, clinical genetics data (CG), age of onset/death, symptoms, variants, and their effects. Rows indicate specific studies and families, with symbols and codes denoting the presence of symptoms like lactic acidosis and genotypes like nonsense or missense mutations. A summary row shows totals and frequencies for each category.]The clinical presentation of all patients was characterized by severe failure to thrive and cerebro-hepatic involvement. Hypotonia was the most frequent neurological symptom (98%), whereas nystagmus was a less constant finding (79%). The majority were diagnosed before 6 months of age and died before 1 year of age. All five reported Lebanese patients exhibited early-onset hepatic and neurological symptoms, before 2 months of age. Intrauterine growth retardation, low birth weight, and subsequent failure to thrive were present in all three patients. Outcomes were poor and death occurred within 5 months of age, with the exception of one patient who died at 11 months of age.
The biochemical hallmark was lactic acidosis associated with hepatic cytolysis, hypoglycemia, and cholestasis in all patients. Serum alpha-fetoprotein levels were elevated, in parallel to hypertyrosinemia, in all patients in the Israeli Druze cohort, two Saudi patients (F3, F4), and the three Lebanese patients reported in this study.
Genetic profiling of MTDS type 3 patients reported in the MENA region revealed a total of seven variants, mostly nonsense mutations (89%) (Table 2). The most frequent variant was c.255del (p.Ala86fs), in the Israeli Druze cohort, followed by another founder mutation c763_c766dup (p.Phe256Ter) in the Moroccan and Tunisian patients; this also occurred in Egyptian and Saudi patients. All Lebanese patients (those described by Mancuso et al., in 2005 and in the current report) carried a unique nonsense mutation c.235C>T p. (Gln79*).
4 DISCUSSION
The exact incidence or prevalence of MTDP type 3 in different populations is not yet known; however, this disorder seems to be more prevalent in the MENA region, and specifically in countries with high rates of consanguineous marriage, as in Lebanon (Barbourand Salameh, 2009).
The clinical presentation of the Lebanese patients fell under the severe early-onset type of DGUOK deficiency, with rapid hepatic and neurological deterioration, as reported in other patients carrying null mutations (Dimmock et al., 2008). Clinical signs of prenatal mtDNA depletion, including microcephaly, low birth weight, and intrauterine growth retardation, all predictors of poor outcome and early death, were present in the Lebanese patients (Jankowska et al., 2021).
Hereditary tyrosinemia type 1 was suspected in view of the elevated plasma tyrosine levels in all three patients; however, the association of lactic acidosis with signs of liver failure and coagulopathy was mostly suggestive of mitochondrial disorders. The final diagnosis could not be confirmed in Patient 1 due to the unavailability of genetic testing at time of presentation. Ten years later, the two other affected family members were diagnosed, and the diagnosis confirmed by whole-exome sequencing, 1 month after their initial presentation. Subsequently, a retrospective diagnosis of MTDS type 3 was applied for Patient 1. This highlights the importance of whole-exome sequencing as diagnostic tool even in developing countries, such as Lebanon, shortcutting the diagnostic odyssey and the need for invasive and more expensive testing (Salman et al., 2022).
The prognosis for this devastating disease remains circumspect, since liver transplantation is the only therapeutic option. Determination of the timing and selection of patients for liver transplant remains difficult, especially in the case of the severe phenotype associated with the Lebanese mutation and its dismal prognosis. Liver transplantation would be indicated in patients without or with minimal neurologic involvement (Jankowska et al., 2021), although the evidence in the literature is limited in such cases. Regardless of the result of genetic testing, the decision for liver transplant is sometimes made depending on the clinical condition of the affected patient. None of our patients could be offered a liver transplant, in view of their early onset (Shimura et al., 2020) and severe neurological presentation (Squires et al., 2014).
With advances in next-generation sequencing and increased awareness among physicians, early identification and diagnosis of rare disorders such as MTDS type 3 has become possible. To date, known pathogenic variants in the DGUOK gene, associated with MTDS type 3, account for 36 out of 57 mutations. While patients carrying pathogenic missense mutations in DGUOK gene do not exhibit a clear genotype–phenotype correlation (El-Hattab and Scaglia, 2009), those with null mutations show a severe phenotype with poor outcome (Dimmock et al., 2008).
The nonsense mutation c.235C>T p. (Gln79*) in the DGUOK gene, considered to be a pathogenic variant according to ACMG and ClinVar, was found in all Lebanese patients upon next-generation sequencing. According to the sequencing criteria employed at Centogene, this variant was of good quality; thus, confirmation by Sanger sequencing was not warranted. A recent report by Arteche-López et al. (2021) confirms that Sanger sequencing is not needed as an internal control in the case of a high-quality single-nucleotide variant. The c.235C>T p. (Gln79*) mutation in the DGUOK gene creates a premature stop codon, resulting in a loss of function of DGUOK enzyme activity, thereby impairing the mitochondrial DNA salvage pathway with subsequent mtDNA depletion.
This DGUOK gene variant, unique to Lebanese patients and as yet unreported in any other population, may be considered a founder mutation in Lebanon. Further delineation of genotypic variants in populations with high consanguinity rates, as in the MENA region, is important for genetic counseling and pre-implantation diagnosis.
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CCCTC-Binding Factor (CTCF) is a protein-coding gene involved in transcriptional regulation, insulator activity, and regulation of chromatin structure, and is closely associated with intellectual developmental disorders. In this study, we report two unrelated Chinese patients with intellectual disability (ID). According to variant interpretation results from exome sequencing data and RNA-seq data, we present two novel heterozygous CTCF variants, NM_006565.3:c.1519_2184del (p. Glu507_Arg727delins47) and NM_006565.3:c.1838_1852del (p.Glu613_Pro617del), found in two distinct unrelated patients, respectively. Moreover, RNA-seq data of patient 1 indicated the absence of the mutant transcript, while in patient 2, the RNA-seq data revealed a CTCF mRNA transcript with a deletion of 15 nucleotides. Notably, the RNA sequencing data revealed 507 differentially expressed genes shared between these two patients. Specifically, among them, 194 were down-regulated, and 313 were up-regulated, primarily involved in gene regulation and cellular response. Our study expands the genetic and clinical spectrum of CTCF and advances our understanding of the pathogenesis of CTCF in vivo.
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Introduction

Intellectual disability (ID) is a neurodevelopmental disorder characterized by deficits in intelligence and adaptive functioning of varying severity before the age of 18. The global prevalence of ID is around 1%–3% in the general population and approximately 1% in China. ID can manifest as either an independent feature known as non-syndromic ID (NSID), or it can be accompanied by facial dysmorphic features and other morphological anomalies. Indeed, the majority of ID cases are attributed to genetic abnormalities. With the development of next-generation sequencing, researchers have identified more than 1,000 genes causally linked to ID (1–3).

CTCF (CCCTC-Binding Factor) is a protein-coding gene (OMIM: 604167) involved in a variety of chromatin regulatory processes, including gene expression, chromatin higher-order organization, and maintenance of chromatin 3D structure (4, 5). The CTCF gene consists of 12 exons that encode eleven zinc finger (ZF) domains. Numerous studies have identified to date 59 pathogenic variants in the CTCF gene associated with autosomal dominant ID, including 5 large deletion variants (1, 6–13). It is worth noting that most of these variants are de novo, meaning that they are newly occurring in the affected individuals and result in the loss-of-function of one copy of the CTCF gene. The association of CTCF with ID was first reported in 2013 by Gregor et al., who identified two de novo frameshift pathogenic variants, c.375dupT (p.Val126Cysfs14) and c.1186dupA (p.Arg396Lysfs13), as well as one de novo missense pathogenic variant, c.1699C>T (p.Arg567Trp), in CTCF in four syndromic ID patients (1). Subsequently, several studies reported numerous pathogenic CTCF variants in patients with ID and neurodevelopmental disorders (12, 14). While only three de novo CTCF disease-causing variants (c.615_618delGAAA[p.Lys206Profs15], c.1699C>T[p.Arg567Trp], c.329dupT[p.Gly111fs29) have been identified in Chinese patients associated with the neurodevelopmental disorder, there is an urgent need to report additional genetic and clinical features from Chinese ID patients to expand the spectrum of CTCF variation in the Chinese population (11).

Here, we present the genetic and clinical characterization of two unrelated Chinese ID patients with novel CTCF variants (NM_006565.3:c.1519_2184del (p. Glu507_Arg727delins47) and NM_006565.3:c.1838_1852del(p.Glu613_Pro617del). Additionally, we assess the disease-causing mechanism in our patients through RNA sequencing. This study expands current knowledge of the genetic and clinical spectrum of CTCF variants and reveals consistent phenotypes and disease mechanisms across populations.



Materials and methods


Subjects and clinical information

Patients were recruited from the Second Affiliated Hospital of Chongqing Medical University in Chongqing, China. The patients were clinically assessed, and medical experts and geneticists confirmed no other linked anomalies. This study was approved by the ethical committee of the Second Affiliated Hospital of Chongqing Medical University. Written informed consent was obtained from the patients' parents (approval number: 2023/458).



Exome sequencing

Genomic DNA from the patients was extracted from peripheral blood collected in EDTA tubes. Exome sequencing was performed on the patients using the Agilent (Santa Clara, CA) version 6 enrichment kit and the Illumina HiSeq 4000 sequencing system (paired-end reads, 2 × 150 bp).



Variants identification and interpretation

Trimmomatic was used to remove adapter contamination and trim low-quality reads to obtain clean reads (15). Then, the cleaned reads were aligned to the human reference genome (hg19) using the Burrows–Wheeler Alignment tool (16). DNA variants were called following the Genome Analysis Toolkit software best practices (17). Then, variants were annotated using Variant Effect Predictor (VEP) (18–22). Multiple computational predictive tools were applied to predict the pathogenicity of the detected variants (23–29). Further, variants with an allele frequency (AF) of <0.1% were retained for downstream analysis. According to the ACMG/AMP guidelines, all retained variants were classified into pathogenic (P), likely pathogenic (LP), variants with unknown clinical significance (VUS), likely benign (LB), or benign (B) (30). The putative diagnostic variants were experimentally validated by Sanger sequencing (ABI 3730xl Genetic Analyzer) and real-time PCR.



Copy number variants detection and interpretation

Copy number variations (CNV) were called using ExomeDepth (31) with default parameters, utilizing the BAM files generated from earlier. A set of 10 samples from our in-house control data served as the reference set. When examining potential CNV calls on the X chromosome, only samples of the same sex were considered for correlation. CNVs with a Bayes factor (BF) value below 50 were filtered out. Subsequently, each CNV call underwent additional annotation using the VEP, and classified according to the guidelines proposed by ACMG and ClinGen for CNV interpretation (32).

To validate the presence of CNVs, we performed CNV-seq analysis following the protocol proposed by Dong Zirui et al. (33). Briefly, mapped reads were grouped into 5 kb bins based on their mapped positions (hg19). The coverage of each bin was calculated using the mapped read depth within the bin and underwent a two-step bias correction (GC correction and population-level normalization). A CNV was considered a deletion if its average copy ratio was less than 0.6 or a duplication if it was greater than 1.4. Additionally, quantitative PCR (qPCR) was employed as an additional validation technique. The qPCR reactions were conducted using the SYBR Green I PCR Master Mix (Applied Biosystems) on the Applied Biosystems 7500 Fast Instrument.



RNA sequencing

Total RNA was extracted from the peripheral blood of these two patients and enriched by oligo-dT bead capture, separately. cDNA was synthesized according to the manufacturer's protocol, and cDNA libraries were constructed using the Illumina TruSeq stranded mRNA sample prep kit protocol (Illumina). Pooled samples were sequenced using a NovaSeq 6000 sequencing system.



Differential expression analysis

The clean RNA-sequencing reads were mapped to the human reference genome (hg 38) using STAR (2.7.8a) with the Gencode v29 annotation (34). Blood samples (n = 735) from GTEx v8 data were used as controls (35). Combat was applied to remove the batch effect between our data and GTEx data. Raw read counts were log-transformed by R package VOOM (36) first, filtering those with log2(CPM) < 0 in more than 75% of the samples. Differential expression analysis of the remaining genes was performed using the Limma (37) package while controlling for biological covariates and hidden factors identified by SVA (38). Gene was defined as a differentially expressed gene (DEG) with an adjusted p-value <0.05 and |log-transformed fold-change|>1. Pathway enrichment analysis of DEGs was carried out using KOBAS-i (39). The adjusted p-value cutoff for significant pathways was set at less than 0.05.



Validation of alternative splicing isoform

The RNA specimens collected from both the patients and the negative control underwent reverse transcription and subsequent amplification of cDNA using a forward primer specific to CTCF Exon 10 (5′-CTGCGGCTTTTGTCTGTTCT-3′) and a reverse primer specific to Exon 13 (5′-CCTCCTCTTCCTCTCCCTCT-3′). The PCR reaction was performed under the following conditions: an initial denaturation at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 30 s, annealing at 58°C for 15 s, and extension at 72°C for 45 s. The resulting PCR products were then subjected to Sanger sequencing for further analysis.



Reverse transcription-quantitative PCR (Rt-qPCR)

Reverse transcription-quantitative PCR (RT-qPCR) was used to measure the relative expression of candidate differentially expressed genes in both patient and control blood cells. The GAPDH mRNA was utilized as an internal control, and the experiments were conducted in triplicate. Quantitative PCR (qPCR) analysis was performed using the QuantstudioTM 7 Flex system (Applied Biosystems) with the following amplification program: 95°C for 10 min, 40 cycles at 95°C for 15 s, and 60°C for 1 min.




Results


Genetic analysis of patient 1

Patient 1 is a 22-year-old female with a height of 146 cm (<3rd percentile) and a weight of 62 kg (89th percentile). She presented with moderate intellectual disability, strabismus, and scoliosis (Figure 1A). Exome sequencing identified a heterozygous 9,503 bp deletion in the genomic region of chr16:67,662,273–67,671,775 (hg19), specifically corresponding to NM_006565.3:c.1519_2184del (p.Glu507_Arg727delins47), in patient 1 (Figures 1C,D). This variant corresponds to a deletion spanning from exon 9 to exon 12 of the CTCF gene. As exome sequencing (ES) targets only the coding regions, to assess whether the intronic region of the CTCF gene was affected or not, we employed CNV-seq. The CNV-seq data indicated a 16,519 bp deletion in the region of chr16:67,658,826–67,675,344 (hg19), encompassing exon 8 to exon 12 of the CTCF gene (Supplementary Figure S1). Confirmation of the presence of the deletion of exon 9 to exon 12 in patient 1 was achieved through qPCR analysis, as illustrated in Figure 2A. Importantly, exon 8 of the CTCF gene and the adjacent regions downstream of the CTCF gene in patient 1 remained unaffected. This result revealed that the predicted deletion region by CNV-seq is attributed to the deletion of exons 9 to exon 12 and led us to speculate that the breakpoint for the c.1519_2184del variant may reside within the intronic or intergenic regions of the CTCF gene. However, the exact breakpoints of the deletion could not be identified. Furthermore, to investigate whether the CTCF mRNA in patient 1 underwent nonsense-mediated mRNA decay (NMD), we compared total CTCF RNA expression levels to controls. As shown in Figure 2B, the CTCF expression levels in patient 1 were 50% compared to controls, indicating that the mutant mRNA is undergoing NMD.
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FIGURE 1
Genetic and clinical features of the patients. The clinical features of patient 1 (A) and patient 2 (B) are presented. Patient 1 is a 22-year-old female with moderate intellectual disability, strabismus, and scoliosis. Patient 2 is an 11-year-old female with mild intellectual disability, epilepsy, and distinct facial dysmorphic features, including prominent incisors and ptosis. Schematic figures (C,D) highlight the positions of the reported pathogenic variants and variants identified in this study (marked in red) within the CTCF mRNA and protein domain, respectively.



[image: (A) Bar chart showing relative quantity of CTCF gene for exons 8, 9, and 12, comparing control (blue) and Patient 1 (orange). (B) Bar chart of CTCF relative expression level with higher expression in control than Patient 1, marked as statistically significant. (C) DNA sequencing results for control and Patient 2, indicating a sequence difference. (D) Schematic of exon 10 to 11 region showing 15 nucleotide insertion in Patient 2. (E) Sequence alignment of different species highlighting a conserved region with variations boxed in red.]
FIGURE 2
Validation of the two novel heterozygous CTCF deletion variants in patient 1 and in patient 2. (A) Real-time PCR was performed to validate the deletion of NM_006565.3:c.1519_2184del in the CTCF gene of patient 1. The relative quantity and standard deviation of exon 8, exon 9 and exon 12 in patient 1 and control samples was shown. (B) The expression of CTCF in patient 1 and control blood cells was measured using RT-qPCR, revealing that the CTCF expression levels in patient 1 were 50% compared to controls. This significant decrease indicates that the mutant mRNA is undergoing Nonsense-mediated mRNA decay (NMD). Statistical analysis showed a high level of significance relative to controls, with **p < 0.01. (C) The RNA specimens from both patient 2 and the negative control were subjected to reverse transcription and cDNA amplification. Sanger sequencing of the resulting PCR products was performed for detailed analysis. Our findings revealed that the CTCF c.1838_1852del variant led to a deletion of 15 nucleotides in the CTCF mRNA of patient 2. The arrow in the traces highlights the start of the deletion. (D) Schematic figures showing alternative splicing events caused by the c.1838_1852del. (E) The c.1838_1852del variant results in the loss of five amino acids (red box), which are located within a highly conserved region.


The CTCF gene is categorized as a haploinsufficient (HI) gene with a pLI score of 1. The deletion of exon 9 to exon 12 in the CTCF gene removes 30% (220/727) of the CTCF protein and could affect the zinc finger domain of the CTCF protein. Based on the ACMG/ClinGen guidelines for CNVs, the NM_006565.3:c.1519_2184del (p.Glu507_Arg727delins47) variant was classified as a likely pathogenic variant [criteria 2D-4 (0.9) = 0.9]. This classification was based on the variant's overlap with established HI genes and its result in exon deletions that include other exons in addition to the last exon, scoring 0.9 according to the guidelines. The inheritance status of this variant remains unknown as parental testing was not possible due to the family relocating, and her parents chose not to participate in the verification process.



Genetic analysis of patient 2

Patient 2 is an 11-year-old female weighing 32 kg (25th percentile), standing at a height of 135 cm (3rd percentile), with a head circumference of 52 cm (normal percentile). She exhibited mild intellectual disability, epilepsy, and distinctive facial dysmorphic features, including prominent incisors and ptosis. Notably, Patient 2 did not display any characteristic signs of skeletal dysplasia (Figure 1B). Exome sequencing identified a heterozygous splice site variant in the CTCF gene (NM_006565.3:c.1838-1_1841del) in patient 2. Sanger sequencing confirmed that the c.1838-1_1841del variant occurred de novo (Supplementary Figure S2), as it was not detected in the unaffected parents of patient 2 (PS2_supporting). In addition, this variant has not been annotated in several genomic databases (PM2), including dbSNP and gnomAD, and has not been reported in ClinVar.

To investigate whether the c.1838-1_1841del variant in patient 2 could affect mRNA splicing, we extracted and analyzed RNA from the patient's blood and a control sample using RT-PCR and RNA-sequencing. After separation on a 2% agarose gel, we observed a 516 bp band in both samples. Then, the RT–PCR products were purified and sequenced, and we observed that the c.1838-1_1841del variant caused a deletion of 15 nucleotides in the CTCF mRNA, leading to the deletion of 5 amino acids from the CTCF protein in patient 2 (Figures 2C,D). Furthermore, bioinformatics analysis revealed the deletion of five amino acid were located in the highly conserved region of exon 11 of the CTCF gene (Figure 2E). As an additional validation of the transcript result attributed to the c.1838-1_1841del variant, the RNA-seq data from patient 2 was visualized using the Gviz R package. Supplementary Figure S3 showcases the specific event that is associated with the c.1838-1_1841del variant. Based on these findings, it was appropriate to update the c.1838-1_1841del variant to c.1838_1852del (p.Glu613_Pro617del), accurately reflecting the 15-nucleotide deletion (Figures 1C,D). Considering the available evidence, the classification of the c.1838_1852del variant as a VUS is justified. Supporting criteria for this classification include PM4 (Protein length changes due to in-frame deletions/insertions), PM2, and PS2_supporting.



RNA-seq analysis

RNA-sequencing was conducted on RNA extracted from the blood cells of patient 1 and patient 2, both of whom had pathogenic CTCF variants, to elucidate the underlying mechanisms of the disease. A total of 14,254 expressed genes were included in the analysis, and 507 differentially expressed genes were identified with adjusted p-value <0.05 and |log-transformed fold-change|>1 threshold (Figure 3A and Supplementary Table S1). Among the 507 DEGs, 194 were down-regulated and 313 were up-regulated consistently and shared between the two patients, including several genes associated with neurodevelopmental disorders such as CAMKMT. Relative quantification of a subset of genes (CAMKMT, COX15, and GAS7) using RT-qPCR confirmed the accuracy of differential analysis with RNA-seq data (Figure 3B). Enrichment analyses of the DEGs revealed that they were involved in gene regulation and cellular response (Figure 3C and Supplementary Table S2).


[image: Panel A shows a volcano plot with differentially expressed genes (DEGs) in red and non-significant genes in gray. Panel B is a bar graph comparing the relative expression of CAMKMT, COX15, and GAS7 among control, Patient 1, and Patient 2, with significance levels (*) indicated. Panel C presents a bar chart of pathways with significant protein binding and signaling activities categorized by Reactome and Gene Ontology databases. Panel D is a Venn diagram depicting overlaps in gene studies from Konrad et al. (2019), Gregor et al. (2013), and this study.]
FIGURE 3
Differential expression analysis and functional enrichment (A). (A) The volcano plot showcases 507 differentially expressed genes (shown as red dots) out of 14,254 expressed genes, with an adjusted p-value < 0.05 and |log-transformed fold-change| > 1 threshold. (B) RT-qPCR quantification of candidate genes (CAMKMT, COX15, and GAS7) in patients and control blood cells. Two sample t-test was performed to test whether the expression of these genes between cases and control are significant difference or not. Relative normalized expression with standard deviation is presented on the Y-axis. Statistical significance is indicated as *p < 0.05, **p < 0.01, and ***p < 0.001. (C) Functional enrichment pathways of differentially expressed genes are shown with colors representing pathway items from various databases. The X-axis shows the log-transformed adjusted p value. Pathways with an adjusted p value <0.05 were selected as significant pathways and plotted. (D) The Venn plot illustrates the overlap of differentially expressed genes reported in this study compared to findings from two other papers. Differentially expressed genes were defined as genes with an adjusted p-value <0.05 and a |log-transformed fold-change| > 1.





Discussion

Identifying genetic causes of ID is crucial for understanding the molecular mechanisms underlying clinical features and for improving the management of the patients. In this study, we present two novel heterozygous CTCF variants NM_006565.3:c.1519_2184del (p. Glu507_Arg727delins47) and NM_006565.3:c.1838_1852del(p.Glu613_Pro617del) identified in two unrelated Chinese ID patients and validated the effect of these two variants on gene expression and splicing of the CTCF gene. However, it is important to note that the de novo status of the c.1519_2184del variant cannot be confirmed at this time due to the unavailability of parental testing for the patient. Our findings have not only identified the likely genetic causes of disease in these two patients but have also expanded the spectrum of disease-causing variants that can cause ID.

The CTCF gene is definitively associated with autosomal dominant syndromic ID, which was approved by the ClinGen Intellectual Disability and Autism Gene Curation Expert Panel on 7/21/2021 (40). A total of 54 pathogenic SNV/INDEL variants have been documented as causative for ID in the CTCF gene (Supplementary Table S3). These variants are primarily concentrated within exon 3 to exon 12 of the CTCF gene (Figure 1C) (1, 6–13). Furthermore, the majority of these variants are located in the zinc-finger domain and result in mild to moderate intellectual disability along with additional highly variable phenotypic features (Figure 1D). For instance, a female patient with a de novo c.1024C>T, p.Arg342Cys variant in the CTCF gene exhibited mild intellectual disability, a flat face, upslanting palpebral fissures, and a broad nose (13). Of note, previous studies have shown that the neurodevelopmental phenotype in individuals with larger deletions encompassing CTCF is not markedly different or more severe than in individuals with intragenic missense or likely gene-disruptive variants (12). This observation was consistent with our study, as the reported two patients showed mild or moderate ID. However, due to their rural background, many clinical investigations have not been conducted, and additional information on their early development, milestones, head circumference, cardiac anomalies, magnetic resonance imaging, and electroencephalography results is unavailable.

In our study, we report two novel heterozygous variants, NM_006565.3:c.1519_2184del (p. Glu507_Arg727delins47) and NM_006565.3:c.1838_1852del(p.Glu613_Pro617del), identified in unrelated Chinese patients with ID. The c.1519_2184del variant in patient 1 cause a partial deletion of the zinc-finger domain. We speculate that the breakpoint for the c.1519_2184del variant may reside within the intronic or intergenic regions of the CTCF gene since this variant affects exons 9–12 of the CTCF gene while leaving the nearby genes “CARMIL2” and “PARD6A” unaffected. Patient 2, carrying the c.1838_1852del variant, shares a notable clinical feature of prominent incisors with previously reported ID patients harboring pathogenic inframe variants in the CTCF gene (1, 7). We observed a difference in annotation based on the ES and RNA-seq data for the novel CTCF variant identified in patient 2. The discrepancy between the expected results based on the genomic annotation and the RNA-seq results in patient 2 might be attributed to alternative splicing or other post-transcriptional processes. The c.1838_1852del variant in the CTCF gene leads to a partial deletion of exon 11 in the CTCF mRNA. The deletion leads to the loss of 5 amino acids in a highly conserved region but does not impact the zinc-finger domain. Overall, the c. 1838_1852del variant in the CTCF gene may contribute to the patient 2's phenotype. Additional research and functional assays may be required to establish a more definitive clinical significance for the c. 1838_1852del variant.

RNA-seq provides an opportunity to investigate the molecular mechanisms underlying a patient's phenotype. In 2013, Gregor et al. used RNA sequencing to study three patients diagnosed with ID who carried pathogenic CTCF variants and discovered broad deregulation of genes involved in the cellular response to extracellular stimuli (1). Similarly, Konrad et al. identified 1,143 differentially expressed genes between five individuals with pathogenic CTCF variants and eight healthy controls (12). In our study, we also observed broad deregulation of genes (n = 507) in the patients. Among these, 66 DEGs were consistent when compared with the findings from the previous two studies. Moreover, nine genes (PELI1, CSF2RB, B3GNT5, SLC6A6, CPD, MEGF9, SOD2, CLEC7A, ABHD2) exhibited consistent differential expression across all three studies (Figure 3D). In addition, qPCR confirmed that many NDD-related genes, such as CAMKMT, COX15, and GAS7 involved in neurodevelopment and cancer, were downregulated in the patients (41–43). CAMKMT is linked to Hypotonia-Cystinuria Syndrome (OMIM #606407), which manifests as mild to moderate intellectual disability and respiratory chain complex IV deficiency. The deficiency of the COX15 gene leads to mitochondrial complex IV deficiency (OMIM #220110), presenting with encephalomyopathic features in the neonatal period for some patients, while others experience developmental regression within the first year of life. Additionally, GAS7 is associated with schizophrenia and plays a role in regulating neuronal migration and morphogenesis. Pathway enrichment analysis showed that the biological functions of these 507 DEGs were related to gene regulation and cellular response. Our study suggests that the main pathogenic mechanism of variants located in the CTCF domain is the imbalance of gene expression and regulation, which is consistent with previous research (1, 12).

In conclusion, our study demonstrates that autosomal dominant intellectual disability can be caused by exon deletion (c.1519_2184del) and inframe deletion variants (c.1838_1852del) in the CTCF gene. RT-PCR analysis confirmed that the c.1838_1852del variant led to the partial deletion of exon 11 from the CTCF mRNA, which may impact the function of the CTCF protein. Our study also adds to the existing knowledge of the genetic and clinical spectrum of CTCF variants in Chinese ID patients and highlights the consistent disease mechanisms of ID patients who carry pathogenic variants in the CTCF gene across different populations.
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Case report: A rare case of pyruvate kinase deficiency and Crigler-Najjar syndrome type II with a novel pathogenic variant of PKLR and UGT1A1 mutation
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Pyruvate Kinase Deficiency (PKD) and Crigler-Najjar syndrome are rare autosomal recessive liver diseases. PKD is caused by homozygous or compound heterozygous mutations in the PKLR gene, leading to non-spherocytic hereditary hemolytic anemia. On the other hand, Crigler-Najjar syndrome (CNS-II) is characterized by the loss or reduced activity of UDP-glucuronosyltransferase, resulting in elevated levels of unconjugated bilirubin, which is the primary cause of disease manifestation. To date, there have been no reported cases of patients with both conditions. In this case report, we present the unique clinical course of a 15-year-old Chinese patient with both PKD and CNS-II. The patient was admitted for evaluation of hyperbilirubinemia and exhibited yellowish skin color, icteric sclera, and splenomegaly upon physical examination. Extensive laboratory examinations ruled out viral, hemolytic, autoimmune, and inborn or acquired metabolic etiologies of liver injury. Histopathological findings indicated benign recurrent intrahepatic cholestasis (BRIC) and hemosiderosis. Surprisingly, targeted next-generation sequencing (NGS) of the patient’s blood did not reveal any mutation sites associated with BRIC. Instead, it identified a novel homozygous pathogenic variant of the PKLR gene [c.1276C>T (p.Arg426Trp)] and a rare heterozygous variant of UGT1A1 gene [c.-55_-54insAT, c.1091C>T (p.Pro364Leu)]. These findings strongly suggest a diagnosis of PKD and CNS-II in the patient. Treatment with 500 mg/day of ursodeoxycholic acid proved to be effective, rapidly reducing the patient’s total bilirubin levels and shortening the symptomatic period. This case highlights the importance of genetic diagnosis in accurately identifying the underlying cause of hyperbilirubinemia, especially in patients with rare hereditary diseases. Furthermore, NGS can provide valuable insights into the genotype-phenotype correlation of PKD and CNS-II.
Keywords: pyruvate kinase deficiency, Crigler-Najjar syndrome, next-generation sequencing, PKLR, UGT1A1, case report

INTRODUCTION
Hyperbilirubinemia is a medical condition characterized by elevated levels of bilirubin in the bloodstream, exceeding the reference range established by laboratory standards. It is primarily caused by disorders affecting the metabolism of bilirubin. Bilirubin metabolism involves the uptake of bilirubin from circulation, its storage within cells, conjugation with glucuronic acid, and subsequent excretion into bile. Any abnormalities in these processes can result in hyperbilirubinemia (Bhandari et al., 2023).
Pathogenic variants in the PKLR and UGT1A1 genes are responsible for causing Pyruvate Kinase Deficiency (PKD) and Crigler-Najjar syndrome, respectively. PKD is an autosomal recessive genetic disorder characterized by various clinical manifestations, including intrauterine growth retardation, jaundice, cholelithiasis, cholecystitis, splenomegaly, and chronic hemolytic anemia. Patients with homozygous nonsense mutations often experience the most severe form of the disease. Crigler-Najjar syndrome is a rare autosomal recessive disorder characterized by non-hemolytic unconjugated hyperbilirubinemia, resulting from a deficiency in UDP-glucuronosyltransferase. Unfortunately, both PKD and CNS-II can exhibit symptoms similar to other diseases, such as dull pain in the liver area, generalized weakness, fatigue, and loss of appetite, leading to potential misdiagnosis. Furthermore, the erythrocyte morphology in PKD is typically normal, and even the detection of pyruvate kinase activity may appear normal, making the diagnosis of PKD and CNS-II challenging. The definitive diagnosis relies on sequencing the PKLR and UGT1A1 genes through conventional or targeted next-generation sequencing methods, which involve analyzing genes associated with enzymopathies, membranopathies, hemoglobinopathies, and bone marrow failure disorders. It is worth noting that despite being a rare hereditary disease, routine laboratory examinations and physical examinations often lack the necessary diagnostic tools to detect this syndrome. This scarcity of experience in clinical practice poses challenges for non-specialist physicians when encountering these conditions.
We report the case of a patient exhibiting jaundice, characterized by significantly elevated bilirubin levels. Following the exclusion of common diseases, a liver tissue biopsy was performed. Histopathological examination revealed benign recurrent intrahepatic cholestasis (BRIC) and hemosiderosis. However, through next-generation sequencing, we confirmed that the patient had both Pyruvate Kinase Deficiency (PKD) and Crigler-Najjar Syndrome type II (CNS-II). The sequencing results indicated a rare homozygous missense mutation in the PKLR gene and a rare heterozygous variant in the UGT1A1 gene. Our aim with this report is to emphasize the importance of genetic testing in patients presenting with unexplained jaundice. The identification of new UGT1A1 mutations associated with CNS-II and novel PKLR mutations linked to PKD expands our understanding of the mutational landscape associated with these rare Mendelian disorders. By highlighting the role of genetic testing, we contribute to the broader knowledge of these conditions and their underlying genetic mechanisms.
CASE PRESENTATION CHIEF COMPLAINTS
A 15-year-old Chinese boy had been experiencing persistent “hyperbilirubinemia” for a period of 3 years, seeking medical attention at various local hospitals. Despite numerous visits, the underlying cause of the condition remained undiagnosed. The patient’s serological and laboratory results revealed elevated levels of total bilirubin (565.02 μmol/L), direct bilirubin (117.08 μmol/L), indirect bilirubin (447.94 μmol/L), alanine aminotransferase (349.8 U/L), aspartate aminotransferase (219.6 U/L), gamma-glutamyl transferase (253.3 U/L), alkaline phosphatase (165.0 U/L), and total bile acid (94.6 μmol/L). Notably, the patient did not exhibit any accompanying symptoms such as weakness, skin pruritus, nausea, or aversion to oily substances throughout the course of the disease. Consequently, the patient was referred to our department for further diagnostic evaluation.
HISTORY OF PAST ILLNESS, PERSONAL AND FAMILY HISTORY
The patient, a student, has no previous history of drug use, blood transfusions, allergies, smoking, alcohol consumption, or any known inborn or acquired metabolic conditions. However, it is worth noting that the patient has a history of tattoos. The patient denied any family history of liver diseases. He is the child of a nonconsanguineous marriage and has one brother who does not have any hematological disorders.
PHYSICAL EXAMINATION
The patient exhibited visible yellow discoloration of the skin, mucous membranes, and sclera, indicating jaundice. There were no apparent signs of anemia. Upon abdominal examination, the abdomen was found to be soft, without the presence of varicose veins or any signs of exposure. Palpation of the liver under the ribs revealed it to be non-palpable, and percussion of the hepatic region did not elicit significant pain. However, the spleen was palpable approximately 3 cm below the left costal area, exhibiting a clear margin, medium texture, and no tenderness. No other abnormalities were detected during the physical examination.
LABORATORY AND IMAGING EXAMINATIONS
Serological and laboratory investigations were conducted to rule out various conditions including viral hepatitis, autoimmune hepatitis, primary biliary cholangitis, Wilson disease, and liver damage associated with hyperthyroidism. Tests for herpes simplex virus, cytomegalovirus, and Epstein-Barr virus antibodies yielded negative results. Anemia-related tests, including those for hemolytic anemia, glucose-6-phosphate dehydrogenase deficiency (G-6-PD), paroxysmal nocturnal hemoglobinuria (PNH), and thalassemia genetic testing, were also negative. Blood routine analysis revealed mild anemia and reticulocytosis. Examination of the blood cell smear indicated slight variability in the size of red blood cells and the presence of polychromic red blood cells. Serum ferritin levels were elevated, while serum iron levels remained within the normal range (Table 1). Magnetic resonance cholangiopancreatography (MRCP) demonstrated normal intrahepatic and extrahepatic biliary tree structures, as well as a normal pancreatic ductal system (Figure 1). Additionally, a whole abdomen computed tomography (CT) scan revealed the presence of multiple gallbladder stones, increased liver parenchymal density, and an enlarged spleen (Figure 1).
TABLE 1 | Laboratory data of patient with Pyruvate Kinase Deficiency on admission.
[image: Blood test results table detailing blood routine, blood cell smear, and liver function. Blood routine shows RBC as 3.2, HGB as 115, MCV as 107.2, MCHC as 335, MCH as 35.9, HCT as 34.3, Ret as 202.9, and Ret% as 6.34. Blood cell smear indicates mildly unequal red blood cells. Liver function shows ALT as 349.8, AST as 219.6, TBIL as 565.02, DBIL as 117.08, IBIL as 447.94, GGT as 253.3, ALP as 165.0, and TBA as 94.6. Reference ranges are provided for comparison.][image: Three medical imaging scans. A: Axial CT scan showing arrows pointing to liver lesions. B: Axial CT scan with a circle highlighting another liver lesion. C: Coronal MRI scan of the abdomen showing organs and spine.]FIGURE 1 | Imaging examinations: (A) CT scan showing liver and spleen enlargement (red arrow); (B) CT scan showing gallbladder neck stones (yellow circle); (C). MRCP showing a normal intrahepatic and extrahepatic biliary tree and pancreatic ductal system.
LIVER PATHOLOGICAL EXAMINATIONS
After excluding liver contraindications, an ultrasound-guided percutaneous liver biopsy was performed. The microscope showed marked diffuse watery degeneration of hepatocytes, cholestasis of hepatocytes around the central vein, bile thrombus in the capillary bile ducts, and a few mixed inflammatory cells in the hepatic sinusoids. No obvious abnormity was found in the portal area, fibrous tissue, bile ducts, and blood vessels between lobules (Figure 2). Further pathological assessment and immunohistochemistry studies revealed that CD10 was expressed at the canalicular membrane, CD68 was expressed at the canalicular membrane at the kupffer cells and portal macrophages, as well as a well-preserved intralobular bile duct arrangement (Table 1). Special staining of liver tissue showed positive for iron staining. However, no copper staining, PAS, reticular fiber staining, or collagen fiber staining (Masson) was found (Table 1). The final outcome considered BRIC and hemosiderosis.
[image: Two panels show histological tissue samples. Panel A displays a section with irregular, densely packed cells. Panel B shows a more uniform distribution of cells with visible staining indicating cellular structures.]FIGURE 2 | Pathological examinations. Hematoxylin and eosin staining liver cells with a large number of iron granules deposited in suspected Pyruvate Kinase Deficiency (PKD); (A) Original magnification ×10; (B) Original magnification ×200.
FURTHER DIAGNOSTIC WORKUP
After obtaining informed consent, a genetic examination was performed to confirm the mutation sites of the BRIC gene and the clinical diagnosis.
MOLECULAR IDENTIFICATION
To our surprise, targeted NGS of blood did not identify the mutation sites of the BRIC gene but instead confirmed the presence of a novel homozygous pathogenic variant of c.1276C>T (p.Arg426Trp) in PKLR and a novel heterozygous pathogenic variant of c.-55_-54insAT, c.1091C > T (p.Pro364Leu) in UGT1A1 (Figure 3). The mutation of the former was located on the exon of PKLR missense mutations; cytosine at position 1276 is replaced by thymine, which causes the conversion of arginine to tryptophan. The mutation of the latter was a novel heterozygous pathogenic variant and included base substitutions and base insertions. Base substitutions showed insertions of adenine and thymine at positions 54 and 55. Base insertions showed that cytosine at position 1091 is replaced by thymine, which causes the conversion of proline to leucine.
[image: DNA sequencing chromatograms labeled A, B, C, and D, each showing sequences with peaks in four colors corresponding to nucleotide bases: adenine (green), cytosine (blue), guanine (black), and thymine (red). The sequences vary slightly in pattern and sequence length.]FIGURE 3 | The results of the second-generation sequencing analysis of PKLR and UGT1A1 gene in Pyruvate Kinase Deficiency patient. (A) The patient’s mutation sites of the PKLR gene: c.1276C>T (p.Arg426Trp); (B) The patient’s mutation sites of the UGT1A1 gene:c.-55_-54insAT; (C) The patient’s mutation sites of the UGT1A1 gene:c.1091C>T (p.Pro364Leu); (D) The patient’s brother’s mutation sites of the UGT1A1 gene:c.1091C>T (p.Pro364Leu).
PATHOGENICITY CLASSIFICATION

	1. We conducted a comprehensive search of various databases, including RefSeq, dbSNP, 1000Genome, gnomAD, ClinVar, ClinGen, OMIM, DECIPHER, NCBI Gene, and PubMed. The mutations identified in the patient have not been previously reported in population databases and are considered rare variants, suggesting moderate pathogenicity (PM2).
	2. The identified mutations include homozygous missense mutation, heterozygous missense mutation, and heterozygous gene upstream mutation. Homozygous missense mutation affects the type and sequence of amino acids in the polypeptide chain, while heterozygous missense mutation reduces the promoter activity of the UGT1A1 gene, thereby impacting its protein expression. Further analysis revealed that the mutation in the UGT1A1 gene reduces enzyme activity by 64.4%. The scores obtained from REVEL and ClinPred software indicate a predicted harmful effect (>0.75 and >0.5, respectively). Additionally, protein function prediction using SIFT and Pyphen-2 software showed consistent results. Based on these findings, it is inferred that the carried mutations in the patient have an impact on the function of the resulting protein, providing moderate pathogenic evidence (PM2).
	3. Another variant, NM_000298.6(PKLR):c.1277G>A (p.Arg426Gln), identified at a different amino acid position, is listed as a suspected pathogenic variant in the ClinVar database, indicating strong pathogenic evidence (PS1).
	4. The patient is the child of a nonconsanguineous marriage and has no family history of the condition. The mutation was not detected in the next-generation sequencing data of the patient’s brother, confirming that these mutations are new in this patient. This observation provides moderate pathogenic evidence (PM6).

Based on the ACMG and AMP guidelines (Richards et al., 2015) for pathogenicity rating, considering the above variant evidence and evidence classification, these variations exhibit 3 moderate pathogenic evidences and 1 strong pathogenic evidence: 1PS+3PM, indicating a possible pathogenic variant.
FINAL DIAGNOSIS
Thus, the patient was highly suspected to have PKD with CNS-II owing to these clinical, genetic, and pathological findings.
TREATMENT
The patient was treated with ursodeoxycholic acid at a dose of 500 mg/day; its intermittent effect was obtained at the initial stage. Additionally, lipid-soluble vitamin (II) and water-soluble vitamins were used for nutritional support.
OUTCOME AND FOLLOW-UP
The treatment showed positive results, as evidenced by significant improvements in the patient’s blood biochemical indices. The updated values are as follows: total bilirubin 189.6 μmol/L, direct bilirubin 31.7 μmol/L, indirect bilirubin 157.9 μmol/L, alanine aminotransferase 18.8 U/L, aspartate aminotransferase 17.5 U/L, gamma-glutamyl transferase 79.0 U/L, alkaline phosphatase 151.0 U/L, and total bile acid 3.25 μmol/L. The blood coagulation function showed no abnormalities, and the blood routine indicated elevated hemoglobin levels. The patient did not experience any discomfort. However, further long-term follow-up is necessary to monitor the patient’s prognosis. Unfortunately, the patient’s parents were unable to come to the hospital for examination, and thus, the mutation sites of PKLR and UGT1A1 in the family could not be identified. Only the patient’s brother underwent NGS, which also did not identify the mutation sites of the PKD gene.
We have removed all information that may identify this patient to protect the patient’s privacy. The reporting of this case conforms to the CARE guidelines (Gagnier et al., 2013).
DISCUSSION
We report the clinical manifestations and biological detection consequences of a 15-year-old boy with PKD and CNS-II, who had a novel homozygous pathogenic variant of PKLR and a novel heterozygous pathogenic variant of UGT1A1. The clinical diagnosis and management of patients with PKD and CNS-II can be challenging due to the complexity of diagnostic evaluations and the wide range of clinical manifestations observed. Fortunately, with the development of sequencing technology, genetic and epigenetic research on complex disorders is becoming more common. The patient was clinically diagnosed with PKD and CNS-II through the next-generation sequencing. It is worth noting that the patient had no neurological symptoms and normal intellectual development up until this point.
PKD is an autosomal-recessive enzyme defect of the glycolytic pathway that causes congenital nonspherocytic hemolytic anemia (Grace and Barcellini, 2020; Kim et al., 2022) caused by bi-allelic pathogenic variants in the PKLR gene (Rehman et al., 2022). The detection of decreased PK activity should be first measured for rapid diagnosis. However, we ignored the clinical diagnosis of genetic hemolytic anemia because the hemolytic test was negative and we were not hematology specialists. Crigler-Najjar syndrome is a rare autosomal recessive inherited disorder found in less than 1 per 1.000.000 births. It is characterized by the absence of or decreased activity of UDP-glucuronosyltransferase. The severity of the disease is determined by the level of enzyme production required for the glucuronidation of bilirubin (Tcaciuc et al., 2021). In summary, PKD and Crigler-Najjar syndrome are distinct genetic disorders with different underlying mechanisms and clinical presentations.
The PKLR gene is located on chromosome 1q21 and contains 12 exons. With the rapid development of sequencing, genetic, and epigenetic research on complex disorders, multiple mutation sites in PKD have been detected (Canu et al., 2016). The mutation patterns of PKLR identified in PKD patients include gene deletion, missense mutation, nonsense mutation, and splicing connection mutation. Among them, missense mutations in gene coding regions are the most common, accounting for approximately 72%, and c.1529G > A is more common in the United States and central Europe, c.1456C>T is more common in southern Europe, and c.1468C>T is more common in Asia (Zanella and Bianchi, 2000; Pissard et al., 2006; Warang et al., 2013). By analyzing the clinical diagnosis of 72 PKD cases, Chinese researchers found that most of the mutation sites were concentrated in the PK barrel domain (67.5%) and the eα/β domain (27.5%), which are both important functional domains of PK (Gao, 2019; Pan and Yao, 2019; Xia et al., 2019). The clinical manifestations of PKD patients are quite different due to the different mechanisms of different site mutations affecting the structure and function of PK. The pathogenicity rating is based on the ACMG and AMP criteria for genetic variation, the c.1276C>T (p.Arg426Trp) is reported for the first time in this paper, and various prediction results suggest that the variant has a high probability of causing deleterious effects on gene and protein structure or function, which has certain academic reference significance. Approximately 130 kinds of UGT1A1 gene mutations have been found so far, and there are great differences between different regions, different races, and different individuals. Unlike gene mutations of PKD, common mutations in the UGT1A1 gene in patients with CNS-I include changes in intron splicing donor and acceptor sites, exon skipping, deletion mutations, missense mutations, insertion mutations, or stop codon formation, etc., resulting in a complete lack of UGT, which can lead to severe hyperbilirubinemia and often death in the early neonatal period due to irreversible brain damage caused by kernicterus. However, CNS-II patients mainly have point mutations in the UGT1A1 gene, especially single-base substitution missense mutations, and the common mutation site is exon 1 missense mutation. A rare heterozygous pathogenic variant of c.-55_-54insAT, c.1091C > T (p.Pro364Leu) in UGT1A1 is reported in this paper. The former belongs to the upstream mutation of the heterozygous gene, while the latter belongs to the heterozygous missense variation. However, research has shown that CNS can lead to clinical disease only in the case of homozygous mutation and compound heterozygous variants (Takeuchi et al., 2004; Hsieh et al., 2007). Therefore, according to comprehensive judgment, pathological and genetic mutation changes are based on the patient’s clinical characteristics; the patient carried a pathogenic mutation of PKLR, which was the main cause of hyperbilirubinemia. CNS-II may be involved in the pathophysiological process in this patient. At present, there is no clear treatment for PKD and CNS-II. The current treatment strategy involves the avoidance of triggers and the use of corticosteroids, regular blood transfusion to maintain hemoglobin levels, and splenectomy performed when necessary (Grace et al., 2018).
CONCLUSION
In this study, we report the unique clinical course of a patient with PKD and CNS-II. Genetic testing helped to rapidly identify a potential association, with a novel homozygous pathogenic variant of PKLR and a novel heterozygous variant of UGT1A1, which expands the phenotypic and molecular spectrum of PKLR and UGT1A1 gene disorders and also emphasizes the importance of combining both targeted next-generation sequencing and detailed clinical evaluation. The identification of these novel variants highlights the complexity of these genetic disorders and emphasizes the importance of comprehensive genetic analysis in diagnosing and managing patients. By combining advanced sequencing technologies with detailed clinical evaluations, we can uncover unique genetic profiles and gain insights into the underlying mechanisms of disease.
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Another de novo mutation in the SOD1 gene: the first Turkish patient with SOD1-His47Arg, a case report
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Amyotrophic lateral sclerosis (ALS) is a fatal, progressive neurodegenerative disease of motor neurons. Most ALS cases are considered sporadic due to the presence of a combination of environmental and complex genetic risk factors, while approximately 10% of cases have a family history. Pathogenic variants in the SOD1 gene are the second most frequent causative factor of genetics-based ALS worldwide, after C9ORF72 hexanucleotide repeat expansion. The De novo occurrence of pathogenic mutations in ALS-associated genes and its effect on disease progression have been studied previously, especially in the FUS gene. Recent studies have shown that a very small portion of SOD1 cases occurred de novo. Here, we present the first de novo case of the SOD1 His47Arg mutation in a young female patient with mild symptoms and, currently, a slow progression for 7 years.
Keywords: fALS, sALS, SOD1, de novo mutation, His47Arg

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a fatal, progressive neurologic disease characterized by the degeneration of upper and lower motor neurons from the motor cortex to the spinal cord. Symptoms include atrophy of the muscles, weakness, fasciculations, spasticity, dysarthria, dysphagia, and, sometimes, pseudobulbar involvement in the form of uncontrollable laughter or crying. Currently, ALS has no cure; thus, death usually occurs within 3–5 years from the onset of symptoms, mostly due to the degeneration of the respiratory muscles. Although 5%–10% of ALS patients consist of cases with a family history (fALS), the majority of ALS is sporadic (sALS) with a heritability of approximately 60% (Tang et al., 2019; Zhang et al., 2022). Genetic factors are the only causes confirmed to directly lead to disease development. Mutations in more than 50 genes are identified and associated with the pathogenesis of ALS; some of them also lead to frontotemporal dementia (FTD) (Wroe et al., 2008; Abramzon et al., 2020; Müller et al., 2022). The hexanucleotide repeat expansion in the first intron of the C9ORF72 gene is responsible for most genetic cases in Europe (Renton et al., 2011). The first gene associated with ALS in 1993 was SOD1, the most common genetic cause among Asian patients and the second most common causative agent for familial cases after C9ORF72 gene mutation in European populations (Zou et al., 2017). The other major genetic factors are two closely related DNA/RNA-binding proteins, TDP43 and FUS, which interfere with RNA processing mechanisms and cause proteinopathy when mutated (Van Deerlin et al., 2008; Kwiatkowski et al., 2009).
Genetic factors are not only responsible for familial cases (10%) but also for some isolated and apparently sporadic cases (Siddique and Siddique, 2021). Sporadic patients carrying an ALS-related mutation have been explained by 1) incomplete penetrance of the disease; 2) missing clinical information on the previous generations or they have not developed the disease; 3) misdiagnosis of the affected relatives or development of other phenotypes because of pleiotropy; 4) false paternity; or 5) occurrence of de novo mutations.
SOD1 is a highly abundant free radical scavenger enzyme that contains copper and zinc atoms. It protects the cells from oxidative damage caused by reactive oxygen species, specifically superoxide anions. Mutations in the SOD1 gene cause a toxic gain of function (gof) through protein misfolding. Due to its gof nature, most of the mutations are inherited in an autosomal dominant manner. Only a small portion of SOD1 mutations lead to disease development in both homozygous and heterozygous forms, the most famous such variant being the Asp91Ala change (Deng et al., 1993; Rosen et al., 1993; Andersen et al., 1995). More than 220 missense mutations have been identified in the SOD1 gene since its discovery in 1993; however, only a quarter of them are proven to lead to ALS. This corresponds to 8%–23% in familial ALS cases and 1%–4% in sporadic or simplex cases in different populations (Wroe et al., 2008; Andersen and Al-Chalabi, 2011). In our Turkish cohort, published in 2020 based on 1,200 ALS patients, SOD1 gene variants were detected in 13% of familial and 1.3% of sporadic ALS cases (Tunca et al., 2020).
Here, we report the first de novo case of SOD1 c.140A>G p.His47Arg mutation among our updated number of 2,200 ALS cases. A 38-year-old Turkish woman with no family history and no parent consanguinity presented at the Akdeniz University Department of Neurology with early-onset and slowly progressing ALS. Whole-exome sequencing (WES) analysis was applied because of the atypical clinical features and young age of onset of the patient.
CASE DESCRIPTION
The female patient, born 1983, first presented with a complaint of weakness in the right leg at the age of 33 in 2016. In the first 5 years, she had a slowly progressing disease; however, recently, weakness in walking and cramps became evident (2021). Although she does not have any symptoms in the hands, she feels infrequent fasciculations in her muscles. As of 2023, the patient is still alive. There are no similar complaints in the family and no previous disease history (Figure 1A).
[image: Pedigree diagram and genotyping data related to a family with an SOD1 mutation. Panel A shows a family tree indicating affected (filled symbols) and unaffected (unfilled symbols) members. The arrow points to ALS-2846, marked as affected. Panel B displays DNA sequencing chromatograms for ALS-2846 (affected), showing heterozygous mutation SOD1 c.140A>G, and for unaffected parents ALS-2694 and ALS-2695, showing wild-type sequences.]FIGURE 1 | (A) Pedigree of the extended family with no ALS history; (B) Sanger sequencing results of family members. The index patient is heterozygous for c.140A>G mutation, while neither of the asymptomatic parents carries the mutation, confirming the de novo occurrence of the mutation.
In the examination of the patient, consciousness, speech, and high cognitive functions were all normal. No significant pathological finding was detected in the cranial nerve examination. Bulbar weakness was not detected. Jaw reflex was absent.
Upper extremity muscle strength was normal on the left distal and proximal muscles. On the right, there was no significant proximal weakness, while 4+/5 muscle strength and mild atrophy were detected in the distal first dorsal interosseous muscle and intrinsic hand muscles.
In the lower extremity, 2/5 muscle strength was present in the right distal foot dorsiflexion and plantar flexion. Distal foot muscles on the right were atrophic. There was 4+/5 muscle strength in the distal lower extremity on the left. Babinski reflex was positive on the right. Deep tendon reflexes (DTRs) were 3+ at the bottom. DTRs spread to the finger flexors on the upper right. Sensory examination revealed normal findings.
Cerebellar tests were within normal limits in the upper extremity. It could not be evaluated because of paresis in the lower extremity. However, it appeared normal.
No pathology was detected in the parameters examined in routine biochemistry and radiological investigation. Electromyography (EMG) showed that sensory action potentials in the upper and lower extremities were within normal limits. Although the motor conduction velocity study showed normal findings in the upper extremity muscles, compound muscle action potential (CMAP) could not be obtained from the extensor digitorum brevis (EDB) with bilateral peroneal nerve stimulation. In addition, CMAP could not be obtained from the abductor hallucis (AH) muscle with left tibial nerve stimulation, while a very low-amplitude motor response was obtained on the right.
Needle EMG revealed denervation findings in the distal and proximal muscles of the lower extremity, as well as the muscles of the right upper extremity and paraspinal thoracic muscles, and also neurogenic motor unit potential (MUP) changes and loss of MUP. Fasciculation was observed in the lower extremity muscles. In the transcranial cortical stimulation (TCCS) study, no motor evoked potential (MEP) response was obtained in the right lower extremity muscle. However, the MEP response could be obtained from tibialis anterior (TA) muscle with radicular stimulation. With all these findings, the patient was diagnosed with definitive ALS, according to the Revised El-Escorial Criteria, and riluzole was started in 2021.
The neurological examination of parents, both in their late ages, did not reveal the slightest subclinical ALS signs.
METHODS
The female index case with a clinical diagnosis of definitive ALS was referred to our laboratory for genetic analysis. The patient and her parents were informed and signed a written consent to join the genetic research. Their peripheral blood was collected in EDTA-containing tubes, and the genomic DNA was isolated using the MagNa Pure Compact System (Roche, Switzerland). The index sample was subjected to WES analysis after the patient tested negative for the C9ORF72 hexanucleotide repeat expansion by repeat-primed PCR and fragment length analysis. Exome sequencing was conducted using an Illumina NovaSeq 6000 instrument at Macrogen Inc. (Macrogen, Korea). Raw data were uploaded to an online alignment, variant calling, and evaluation tool (SEQ platform by Genomize). Reads were mapped to the reference genome, and functional annotation was performed. Noncoding variants and synonymous variants other than those of splice regions were filtered out. Genes that are registered on the Online Mendelian Inheritance in Man (OMIM) database were selected, and all rare variants (MAF <0.01) were screened. The mutation was validated in the index case and family members with PCR and Sanger sequencing. The parental kinship was confirmed using the Promega PowerPlex 16 System (PPP16). PPP16 is a universal multiplex STR system for DNA typing. The kit, consisting of 15 highly polymorphic markers across the genome and the sex-specific amelogenin, is commonly and reliably used for parental genotyping, as well as for forensic analysis (Promega Corporation, Madison, WI).
RESULTS
WES analysis revealed the heterozygous presence of the SOD1 c.140A>G p.His47Arg missense mutation in the index patient. In the WES analysis, no other variants with significant pathogenicity were detected in any of the genes associated with ALS and other neurodegenerative diseases. The variant was questioned in the patient and her parents by Sanger sequencing, and the heterozygous presence of the mutation c.140A>G in the index patient was confirmed. The parents, however, were found to be devoid of the aforementioned variant, pointing to a de novo occurrence of the mutation in the patient (Figure 1B). Blood samples of the two older sisters of the patient were not available.
DISCUSSION
The SOD1-His47Arg mutation was first described in two Japanese ALS families. It has been suggested that the substitution disrupted the active copper-binding region of the SOD1 protein, which reduces the enzymatic activity by about 80% in ALS patients compared to the unaffected family members. The cases from both families had a later age of onset and slower progression than other Japanese ALS families without SOD1 gene mutations (Aoki et al., 1994). In 2002, it was reported that in another Japanese family carrying the His47Arg mutation, the disease had unique clinical features and slow progression compared to cases with the distal unilateral lower limb onset. The longest disease course of SOD1 His47Arg-related ALS is recorded in this family, in a 71-year-old female subject with a survival of 47 years after the onset of the symptoms (Ohi et al., 2002). These studies suggested that this particular mutation might be associated with a new subtype of “benign” ALS with milder symptoms and much slower progression.
In an epidemiological study conducted in the Miyakonojo Basin region in southern Japan in 2001, three families with multiple affected individuals carrying the SOD1 His47Arg mutation were investigated. Symptoms typically started in the lower extremities; the involvement of the upper extremities occurred in the following 2–15 years, and respiratory failure was observed after 6–30 years. In accordance with previous studies, it was determined that the lower extremity site-onset and slow progression were the characteristics of this mutation (Arisato et al., 2003). A patient of Pakistani origin was reported to have the SOD1 His47Arg mutation, with lower limb onset and slow progression. The patient was diagnosed with familial ALS, identified in a family with similar clinical symptoms in the patient's mother, sister, and maternal uncle (Holmøy et al., 2007). Another family of Norwegian origin, diagnosed with Charcot–Marie–Tooth type 2 (CMT2) disease, was detected to have the complete penetrant His47Arg mutation with autosomal dominant inheritance. Patients were reported to encounter a preparetic phase, accompanied by muscle cramps and pain, lower extremity onset with predominant weakness, and atrophy, with unilateral and distal involvement. Since the patients did not meet the El-Escorial criteria of ALS, the mutation was also suggested to be a possible causative for phenotypes akin to hereditary motor neuropathy; therefore, patients with similar clinical findings should be screened for this mutation (Østern et al., 2012).
In 2019, a comprehensive study investigating SOD1 mutations in 923 sALS and 159 fALS cases in a non-Caucasian ALS population was published (Tang et al., 2019). The His47Arg mutation was primarily reported in patients of Asian descent. Notably, it was the most frequently identified mutation in ALS patients of Chinese origin. The spinal-onset ALS patients carrying the His47Arg mutation had a mean age onset of approximately 50 years. They were reported to have slower progression and longer survival time than patients with other SOD1 mutations. The findings were consistent with those of studies conducted in the European cohorts, strengthening the relationship established between the mild ALS/motor neuropathy phenotype and the SOD1 His47Arg mutation (Tang et al., 2021). The clinical findings of SOD1-His47Arg patients described so far are given in Table 1. The Turkish patient reported here is highlighted in red.
TABLE 1 | Clinical features of SOD1-His47Arg patients.
[image: Table comparing familial and sporadic cases of a disease across various origins, including Japanese, North American, and more. Columns list family history, origin, mean age of onset (AO), initial symptoms, upper motor neuron (UMN) involvement, bulbar signs, number of affected cases, duration, and reference. Data highlights differences in mean AO, symptoms, and duration, with associated studies referenced at the end.]The genetic alterations observed for the first time in a family are called de novo mutations. They may occur in parental gonadal cells or in early and late postzygotic embryonic developmental processes. Mutations that occurred in the parental germ cells and the early zygote are observed in all three embryological layers in the offspring and are expected to be observed in all tissues in the next generations, explaining how the heterozygous dominant de novo mutations may be observed in affected offspring but not in parents (Al-Chalabi et al., 2014; Nicolas and Veltman, 2019). The occurrence of a postzygotic mutation in the ectoderm layer might only affect the tissue that forms the nervous system; therefore, the variant will not be further inherited, and it can also not be detected in blood-derived DNA. The importance of obtaining postmortem samples from affected tissues in apparently sporadic ALS patients becomes more prominent with these studies.
Recently, the de novo occurrence of SOD1 mutations was investigated in a large cohort of ALS patients, and it was confirmed that five isolated cases had pathogenic de novo alterations in the SOD1 gene, the first one being the “true sporadic” case described in 2002 by Alexander et al. (2002). The symptoms were similar to those of the inherited SOD1-related ALS disease of the same variant, and all these variants were described in familial form, in different populations (Müller et al., 2022). In our patient, the absence of a notable difference in clinical findings compared to the inherited form of His47Arg is coherent with the other de novo SOD1 cases described in the literature (Figure 2). The earlier disease onset observed in most patients with a de novo SOD1 mutation might be attributed to the genetic and environmental modifiers, as well as the origin of the mutation.
[image: Diagram of the SOD1 protein sequence highlighting key regions: a zinc-binding site at His46, copper and zinc-binding domains, and several specific mutations including Asp76Tyr and Asp101Asn. Various notable domain regions and mutations are marked along the sequence.]FIGURE 2 | SOD1 protein structure and five previously reported SOD1 de novo mutations (in green) (Müller et al., 2022; Alexander et al., 2002) and our mutation (in red) (Created with BioRender.com).
Given that the de novo occurrence is observed mostly on previously reported residues, some codons on the SOD1 gene are believed to be prone to mutations (hotspots); thus, the tendency to de novo pathogenesis in the SOD1 gene also contributes to the increase in the SOD1-related ALS frequency worldwide. Similar to the other de novo SOD1 mutations reported, the Turkish His47Arg mutation is also a variant previously described in a familial context in other populations. A comprehensive haplotype analysis study for the most common ALS mutations, such as Ala5Thr, His47Arg, Asp91Ala, Leu118Val, and Leu145Phe, would be informative in detecting the de novo frequency on these residues.
Here, we report, for the first time, a Turkish patient with a SOD1-His47Arg mutation; this is the first report of a de novo occurrence of His47Arg in the SOD1 gene, in which only five de novo mutations have been described so far. Our study may shed light on the complex pathogenesis of SOD1-based disease and also on de novo mutations in SOD1 and in other ALS genes, which may be more crucial in the pathogenesis of ALS than previously recognized.
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Hereditary spherocytosis (HS), the most common inherited hemolytic anemia disorder, is characterized by osmotically fragile microspherocytic red cells with a reduced surface area on the peripheral blood smear. Pathogenic variants in five erythrocyte membrane structure-related genes ANK1 (Spherocytosis, type 1; MIM#182900), SPTB (Spherocytosis, type 2; MIM#616649), SPTA1 (Spherocytosis, type 3; MIM#270970), SLC4A1 (Spherocytosis, type 4; MIM#612653) and EPB42 (Spherocytosis, type 5; MIM#612690) have been confirmed to be related to HS. There have been many studies on the pathogenic variants and mechanisms of HS, however, studies on how to manage the transmission of HS to the next-generation have not been reported. In this study, we recruited a patient with HS. Targeted next-generation sequencing with a panel of 208 genes related to blood system diseases detected a novel heterozygous variant in the SPTB: c.300+2dup in the proband. Sanger sequencing of variant alleles and haplotype linkage analysis of single nucleotide polymorphism (SNP) based on next-generation sequencing were performed simultaneously. Five embryos were identified with one heterozygous and four not carrying the SPTB variant. Single-cell amplification and whole genome sequencing showed that three embryos had varying degrees of trisomy mosaicism. One of two normal embryos was transferred to the proband. Ultimately, a healthy boy was born, confirmed by noninvasive prenatal testing for monogenic conditions (NIPT-M) to be disease-free. This confirmed our successful application of PGT in preventing transmission of the pathogenic variant allele in the HS family.
Keywords: hereditary spherocytosis (HS), haplotyping analysis, single cell whole genome amplification, SPTB, preimplantation genetic testing (PGT), noninvasive prenatal testing for monogenic conditions (NIPT-M)

1 INTRODUCTION
Hereditary spherocytosis (known as well as Minkowski Chauffard disease) is the most common hereditary hemolytic anemia (Da Costa et al., 2013; Wu, Liao, and Lin, 2021). The prevalence of HS is approximately 1/2000 in Europe and North America (Perrotta, Gallagher, and Mohandas, 2008; Bianchi et al., 2012; Da Costa et al., 2013). In mainland China, the prevalence of HS in neonates was indicated to be 1:100,000 (Wang et al., 2015), which may be underestimated due to unbalanced medical resources. The clinical manifestations of HS are highly heterogeneous in terms of the genetic and molecular basis of the disease (Perrotta, Gallagher, and Mohandas, 2008; Xue et al., 2020). The clinical features are pallor due to anemia, jaundice due to hyperbilirubinemia, and splenomegaly. Jaundice is probably the most important sign in neonates (enlargement of the spleen is often absent). In late infancy and adulthood, the typical triad of hemolytic anemia (pale/replicative anemia, jaundice, and splenomegalysis) associated with gallstones is noteworthy (Da Costa et al., 2013). The laboratory diagnosis of HS mainly relies on red blood cell (RBC) morphology examination, osmotic fragility (OF) test, acidized glycerolysis test (AGLT), and maleimide eosin (EMA) (Farias, 2017). Although the EMA test showed maximum disease specificity, no single test can identify all cases of hereditary spherocytosis (Bianchi et al., 2012; Ciepiela et al., 2016). At present, molecular tests based on next-generation sequencing technology are widely used in the differential diagnosis and confirmation of pathogenic variants, further improving the accuracy and specificity of the diagnosis of HS (Xue et al., 2019; Richmond et al., 2020; Xue et al., 2020; Fan et al., 2021; Xie et al., 2021). The diagnosis of HS is the result of a collaboration between the clinician and the laboratory, who should consider family history and rule out other causes of secondary spherocytosis (Farias, 2017; Xue et al., 2019).
Mutations in ANK1, SPTB, SPTA1, SLC4A1, and EPB42 have been associated with HS (Perrotta, Gallagher, and Mohandas, 2008; Da Costa et al., 2013). In terms of the pathogenesis of HS, pathogenic gene variants lead to dysregulation or abnormal erythrocyte membrane proteins, thus reducing the stability and deformability of red blood cells, increasing the permeability vulnerability of red blood cells, and making them easy to rupture and cause hemolysis (He et al., 2018). HS is most commonly associated with autosomal dominant (AD) inheritance, although sporadic and autosomal recessive inheritance have also been reported (Park et al., 2016). 20% of HS cases are caused by mutations in SPTB, which encodes the β-spectrin protein (Da Costa et al., 2013). SPTB mutations can lead to autosomal dominant inheritance of HS, leading to secondary protein deficiency (Bolton-Maggs et al., 2012). In our previous research, pathogenic variants can be inherited from parents or be de novo in the probands, both of which are common (Fan et al., 2021). No homozygous mutation of SPTB has been identified to date. In our study, a heterozygous variant in SPTB: c.300+2dup and a heterozygous variant in SPTA1: c.6631C>T (p.R2211C) were discovered in the proband. According to ACMG guidelines, the variant of SPTA1 was ultimately rated as a variant of unknown significance (PM2_Supporting + BS4) and the variant of SPTB was rated as pathogenic (PVS1+PS2+PM2_Supporting + PP4).
Preimplantation genetic testing (PGT) is a procedure for the genetic analysis of embryos using cells obtained during embryo biopsy. PGT can be used to detect aneuploidies (PGT-A); PGT for monogenic/single gene defects (PGT-M); and PGT for chromosomal structural rearrangements (PGT-SR) (Zegers-Hochschild et al., 2017). PGT-M is an increasingly used technique that allows couples affected by, or known to be at risk for, a genetic disorder to avoid passing it on to the next-generation (Lee et al., 2020). As an issue of reproductive freedom, PGT-M is ethically acceptable (Ethics Committee of the American Society for Reproductive Medicine. Electronic address and Ethics Committee of the American Society for Reproductive, 2018). The use of PGT-M has been reported for hematological disorders such as thalassemia (Kakourou et al., 2018; Satirapod et al., 2019; Chen et al., 2020; Piyamongkol et al., 2022a), and Hemophilia (Bai et al., 2020). However, no research on PGT-M has been reported for the most common HS. In this study, the HS female carrier harbors a splicing pathogenic variant of SPTB. The couple has a 50% risk of transmitting the pathogenic variant to the offspring in each pregnancy. After ethical approval, successful PGT procedures, prenatal diagnosis, and careful pregnancy management were performed, and a healthy baby boy was born.
2 MATERIALS AND METHODS
2.1 Study participants
A 29-year-old woman came to the Department of Reproductive Heredity Center, Changhai Hospital, for genetic counseling to prevent the transmission of HS to the next-generation. She was married for half a year, had a normal sex life, was not pregnant for half a year without contraception, had regular menstruation, a large amount, no dysmenorrhea, and no intercourse pain. The shape of her spleen was enlarged and a splenectomy was done as previous treatment. After obtaining the written informed consent of the couple, we collected the genomic DNA of peripheral venous blood leukocytes and their clinical data. This study followed the principle of the “Helsinki Declaration” and was approved by the Ethics Committee of Changhai Hospital, Navy Medical University (2022-D-1173).
2.2 Targeted-sequencing
Genomic DNA was isolated from 2 to 5 mL of subjects’ peripheral blood samples using a commercial kit (TIANGEN, China). The targeted gene capture process was completed in MyGenostics, Beijing, China. Targeted next-generation sequencing with a panel of 208 genes (Supplementary Table S1) related to blood system diseases was adopted to detect the variants. The library was sequenced using a NextSeq500 instrument.
2.3 Variant confirmation
Based on the patient’s phenotype, genotype, and genetic pattern, primers were designed for the candidate pathogenic variant sites for confirmation, and at the same time perform Sanger sequencing on the parental candidate sites. The RNA was extracted from the blood of the patient and 1 healthy control, and reverse transcribed into cDNA by RT-PCR. Primers were designed for the target site. Using cDNA as a template, the target site was amplified by PCR and agarose gel electrophoresis, and Sanger and next-generation sequencing were carried out. Forward primer: GCT​GCT​GGA​GGT​GCT​CTC​T; Reverse primer: ACC​ACA​ACA​CAC​ACG​CAT​CC. The variants are described according to the Human Genome Variation Society (HGVS).
2.4 Single-cell whole genome amplification
One to three blastocyst trophoblast cells were extracted and dissolved in 4 µL PBS preservation solution. Single Cell amplification was performed using the REPLI-g Single Cell Kit (150343, QIAGEN), following the kit instructions. Specifically, the cell lysis solution Buffer D2 (DTT, 3 µL; Buffer DLB, 33 µL) was prepared first, and 3 µL Buffer D2 was added into 4 µL PBS solution containing single-cell samples for the lysis reaction (65°C, 10 min; 4°C, hold; Hot cover, 70°C), add 3 µL stop solution to the reaction solution after the reaction; Then PCR Master Mix (H2O, 9 µL, REPLI-g sc Reaction Buffer, 29 µL, REPLI-g sc DNA Polymerase, 2 µL) was prepared and 40 µL Master Mix was added into the sample. PCR was performed (30°C, 8 h; 65°C, 3 min; 4°C, hold; hot cap, 70°C). The 2 µL amplified product was tested by agarose gel electrophoresis. Part of the product (15 µL) was used for chip detection, and the other part (15 µL) was stored as backup. The remaining 18 µL were rehydrated to 40 µL and purified by 1.8-fold magnetic beads. The eluate volume was 50 µL for the whole gene construction library. The purified products were quantified using Qubit.
2.5 Preimplantation genetic haplotyping (PGH)
Firstly, based on the Asian Screening Array (ASA) chip data, using a waste embryo (embryo with a low rating, unsuitable for transfer) as the proband (the lowest allele drop-out rate), the parent target genes and the upstream and downstream haplotypes of a total of 1 Mb were derived. Then, the parental haplotype information combined with the embryo genotype information was used to deduce the embryo haplotype based on the Mendelian inheritance law. Among them, the mother’s haplotype was determined using SNP loci where the mother is heterozygous and the father is homozygous, combined with the genotype of the corresponding loci of the proband, and derived based on the rule of Mendelian inheritance. Similarly, paternal haplotypes require the selection of SNPs that are heterozygous in the father and homozygous in the mother, combined with the genotype of the proband, and derived based on the rule of Mendelian inheritance. Since the target variation in this family is derived from the mother, only the mother haplotype needs to be derived.
2.6 Noninvasive prenatal testing for monogenic conditions (NIPT-M)
cfDNA (cell-free DNA) sampling vessel was used to collect 10 mL of the pregnant woman’s venous peripheral blood, and an EDTA sampling vessel was used to collect 5 mL of the father’s venous peripheral blood. gDNA was extracted using the magnetic bead method Blood genomic DNA small amount extraction kit (Shanghai Enlighten Biotechnology Co., LTD., LDB747). The blood sample of the pregnant woman was collected at 1600 g, and centrifuged at 4°C for 10 min, and the supernatant was collected into a new centrifuge tube and continued to centrifuge at 4°C for 1600 g for 10 min. The supernatant was collected for further use. The initial plasma sample size of the pregnant woman was 900 µl cfDNA was extracted using a cell-free DNA extraction kit (Shanghai LifeFeng Biotechnology Co., LTD., DK607), and the final elution volume was 50 µL. All experiments were performed according to the kit instructions. The library was constructed using the Hieff NGS OnePot DNA Library Prep Kit for Illumina kit (Yeasen Biotech Co., Ltd.,12203ES96). Hieff NGS MaxUp II DNA Library Prep Kit for Illumina All-purpose DNA library Construction Kit (Yeasen Biotech Co., Ltd., 12200ES96) was utilized to build the library. QSEP100 (BIOptic, China) was used for fragment analysis and Qubit 4.0 (Thermo, United States) was used for quantitative analysis. Twist Standard Hybridization and Wash Kit (Twist Bioscience, United States) was used to hybridize and capture the constructed whole genome library. The captured library was sequenced by MGISEQ-T7. Finally, the sequencing error rate and fetal cffDNA (Cell-free fetal DNA) concentration were calculated to construct family haplotype and fetal haplotype prediction.
3 RESULTS
3.1 Clinical description
The patient was admitted to the Reproductive Medicine Center of Changhai Hospital in July 2018. Clinical tests showed that the patient had more spherical cells beyond the normal range in the blood smear, an enlarged spleen, increased osmotic fragility of red blood cells, hyperbilirubinemia, and anemia (Table 1). Based on clinical evidence, the patient was diagnosed with hereditary spherocytosis. The activities of glucose-6-phosphate isomerase, phosphofructokinase, glucose-6-phosphate dehydrogenase, and pyruvate kinase were normal. The patient’s mother had mild anemia, and the patient’s father had a normal phenotype. For further confirmation, genetic testing was performed, and the panel detection of blood-related diseases showed that SPTB had a splicing variant (NM_001024858; chr14:65,271,654–65,271,654; exon2; c.300+2dup). This variant is novel and has not been reported in any public database. Family confirmation and segregation analyses showed that the father of the subject had no variant in this site, and the mother of the subject had no variation in this site, suggesting that this was a spontaneous variant (Figure 1).
TABLE 1 | Hematological characteristics of the pedigree.
[image: Table displaying hematological data for a proband, mother, and father, including RBC, HCT, Hb, bilirubin levels, reticulocytosis, osmotic fragility, and AGLT_50. Reference ranges for males and females are provided. The proband shows lower hemoglobin and hematocrit and high bilirubin compared to references. Mother's and father's bilirubin data are not available.][image: Pedigree chart and genetic sequencing analysis. Panel A shows a pedigree with affected and unaffected individuals. Panel B displays sequencing chromatograms for different family members, highlighting a specific mutation in SPTB. Panel C presents another chromatogram for SPTA1. Panel D illustrates the SPTB gene structure with colored blocks representing exons and introns, alongside identified mutations.]FIGURE 1 | Pedigree of the family (A), Sanger sequencing of the SPTB (B) and SPTA1 (C) identified variants, and schematic diagram of the β-spectrin domains (D). SPTB encodes human erythroid β-spectrin, including two N-terminal calponin-homology (CH) domains and 17 repeat sequences. CH (gray box) represents the actin-binding domain, repeats 1–2 (brown box) mediate beta dimer formation, repeats 3–13 and 16 (green box) are the spectrin repeats, repeats 14–15 (red box) represent the anchor-binding domain, and C-terminal repeats (blue box) represent tetramerization.
3.2 Variable splicing validation
To verify whether the variant (SPTB: NM_001024858: c.300+2dup) affects the mRNA splicing of SPTB, the peripheral blood RNA of the patient and a healthy control was extracted and inversely transcribed into cDNA by RT-PCR. PCR primers were designed to amplify the CDS region near the variant (Figure 2A). The theoretical size of the amplified fragment was 400 bp. The results of gel electrophoresis showed that the amplified fragment length of the patient was not significantly different from that of the control and theoretical amplification (Figure 2B). The cDNA amplification products of patients and healthy controls were sequenced, and the Sanger sequencing results showed that there were low signal peaks at c.279 (Figure 2C, starting after the black background base), but not in the control samples, indicating that c.300+2dup variation may affect RNA splicing. The cDNA products of the patient and healthy control were sequenced using next-generation Illumina sequencing. These sequencing results showed that 21 bases (missing GGT​GCT​CTC​TGG​AGA​GAT​GCT) were deleted at c. 279–299 (Figure 2D, red frame), while no deletion was found in the control samples, indicating that c.300+2dup variation affects RNA splicing.
[image: A: Diagram of NIPBL gene showing domains and mutation site c.310dup. B: Gel electrophoresis image with probes for control and proband. C: Chromatogram comparing control and proband's DNA sequences. D: Software interface highlighting genetic mutation. E: Array of karyotype images. F: Sequencing chromatograms for different family members.]FIGURE 2 | The effect of the identified variant (SPTB: NM_001024858: c.300+2dup) on mRNA splicing of SPTB and CNV and Sanger sequencing results for embryos. (A) represents the schematic diagram of the primers and variant site. (B) is the result of electrophoresis of PCR products. (C) represents the Sanger sequencing results of PCR products of the proband and control; (D) shows the next-generation sequencing results of PCR products. (E) shows the CNV results of embryos 1–5. (F) shows the Sanger sequencing traces for the region of the SPTB variant at each embryo’s target site.
3.3 CNV analysis and detection of pathogenic variant allele
During the in vitro fertilization cycle, 14 MII oocytes were obtained, sperm were injected into the eggs by ICSI (Intracytoplasmic sperm injection), and finally 5 developed into blastocysts. The trophoblast was biopsied by laser on the fifth and sixth day after fertilization. 1-3 cells were extracted from the trophectoderm (TE) of each blastocyst and prepared for WGA. All the samples were amplified and verified by agarose gel electrophoresis. CNV-seq sequencing (CNV-seq) results based on NGS are summarized as shown in Figure 2E. The results showed that only embryo 2 and embryo 5 had normal karyotypes. The chromosome abnormalities of the other three embryos were related to different degrees of chromosome chimerism, especially E03, which showed multiple chromosome chimerism. The carrying status of the SPTB variant of each embryo was first verified by Sanger sequencing following the same protocol as for the blood DNA samples. The results of Sanger sequencing showed that none of the other four embryos contained c.300+2dup variant except embryo No. 4.
3.4 SNP haplotyping
Some embryos carrying the SPTB variant had been detected by Sanger sequencing, however, the result was based on whole-genome amplification products from embryonic biopsy cells. Allele dropout (ADO) is difficult to avoid, which may lead to misdiagnosis. To reduce its interference with the diagnosis results, we used SNP markers in the 1 Mb region to the side of the target gene for linkage analysis (Figure 3A). The ASA chip we used is a genome-wide SNP chip based on 9000+ East Asian genome sequencing data from Illumina. It contains 700,000 markers with good coverage for low-frequency variants in East Asia (MAF is 1%–5%). In this study, 22 effective SNPs were obtained to construct the mother haplotype. A waste embryo was used as the proband, and a total of 4 Mbp upstream and downstream of the target variant was used for haplotype analysis. According to the results of the ASA chip, we analyzed all SNP loci on parents and embryos and found that all embryos had normal haplotypes except embryo No. Four and the mother carrying the same SPTB variant (Figure 3B).
[image: Diagram consisting of four panels labeled A, B, C, and D. Panel A shows nine horizontal bars representing mitochondrial haplotypes with color-coded segments. Panel B presents a phylogenetic tree with color-coded haplotypes and sequence alignments. Panel C depicts a flowchart showing genotyping steps and haplotype determination. Panel D lists genetic markers with corresponding data tables, color-coded in green, yellow, and red.]FIGURE 3 | Haplotype construction based on SNP sites of ASA chip and NIPT-M results based on targeted capture. The haplotype results at the overall level of the chromosome constructed by the ASA chip (A). The haplotype of the parent and embryo (B). The analysis flow of NIPT-M (C). The fetal and maternal haplotypes (D). The yellow part is M1 (parent source), the green part is M2 (parent source), the blue part is P1 (parent source), and the red part is P2 (parent source). The black square schematic part [Chr14:63,248,804–67,271,654 (hg19)] is a total of 4 Mb region upstream and downstream of the identified variant in SPTB.
3.5 Embryo transplantation and prenatal genetic diagnosis
Regarding the decision to transfer the embryos, the parents had discussions with reproductive doctors, embryologists, and medical geneticists at the Center for Reproductive Medicine at Changhai hospital. According to the results of PGT-M and CNV analysis, the final decision was made to use embryo 2 for transplantation. Four weeks after transplantation, the B-ultrasound showed a fetal heartbeat, indicating a successful pregnancy. At 13 weeks of gestation, maternal peripheral blood was collected for NIPT-M detection according to the procedure shown in Figure 3C, and the results showed that the fetus did not carry the disease-causing variant. The pregnant woman underwent amniocentesis at 20 weeks of gestation for prenatal genetic diagnosis. The prenatal diagnosis (Figure 3D) was consistent with preimplantation genetic testing. The woman eventually gave birth to a healthy boy who did not carry the variant. All blood indicators were normal after birth.
4 DISCUSSION
Hereditary spherocytosis is a heterogeneous disease characterized by spherical erythrocytes on a group of peripheral blood smears. The clinical features of these diseases are anemia, jaundice, and splenomegaly, and their severity varies. Common complications include cholelithiasis, hemolytic attacks, and aplastic crisis (Perrotta, Gallagher, and Mohandas, 2008). The laboratory diagnosis of HS mainly relies on red blood cell (RBC) morphology examination, osmotic fragility (OF) test, acidized glycerolysis test (AGLT), and maleimide eosin (EMA) (Bianchi et al., 2012; Bolton-Maggs et al., 2012). Although these methods have high accuracy, none of them can detect all HS patients (Bianchi et al., 2012). With the progress of molecular diagnostics, targeted panel sequencing based on next-generation sequencing has been widely used in rare diseases (Kamps et al., 2017; Svidnicki et al., 2020), which can enrich the target region genes with high depth. It can help us quickly find the cause of a genetic disease and understand the pathogenesis behind it (O'Donohue et al., 2022). As a powerful auxiliary diagnostic tool, genomic diagnostics will play a more and more important role in the examination of rare diseases.
SPH1 (Spherocytosis, type 1), SPH2 (Spherocytosis, type 2), SPH3 (Spherocytosis, type 3), SPH4 (Spherocytosis, type 4), SPH5 (Spherocytosis, type 5) are caused by ANK1, SPTB, SPTA1, SLC4A1, and EPB42 gene mutations, respectively (He et al., 2018). In our case, heterozygous variants were found in both the SPTB and SPTA1 genes. The variant (c.6631C>T, p.R2211C) in the SPTA1 is classified as a variant of unknown significance (VUS). The heterozygous variant (c.300+2dup) of the SPTB gene, which can lead to autosomal dominant inheritance of HS, is classified as pathogenic. Combined with the genotype, phenotype, and genetic pattern of the proband, we finally determined that the variant of SPTB was the likely cause of HS.
PGT-M has been in development for more than three decades since Handyside first reported clinical use of preimplantation genetic diagnosis (PGD) for recessive X-chromosome -linked diseases in 1990 (Handyside et al., 1990). However, there may be a risk of misdiagnosis (for example, Allele dropout (ADO)) in the process of PGT. Advanced detection techniques such as linkage analysis have been utilized, making PGT safer and more practical. Linkage haplotype analysis based on SNP is the key to avoiding misdiagnosis caused by inherent defects of ADO or PCR methods (Destouni et al., 2018; Luo et al., 2019; Zhao et al., 2019; Che et al., 2020; Li et al., 2020; Hu et al., 2021; Peng et al., 2021; Malcov et al., 2023). Here, we report a case in which a mother with an SPTB pathogenic variant was successfully involved in PGT. In addition, to support the successful application of PGT, we verified that the fetus did not contain the pathogenic variant by NIPT-M and CMA chip technology. Prenatal gene diagnosis is the key to evaluating the true status of pregnancy outcomes. After the newborn was born, we examined him in detail and the results showed that the newborn was in good health.
Currently, PGT offers a crucial alternative strategy to avoid the transmission of pathogenic variants for couples diagnosed with rare monogenic diseases through carrier screening or other genetic diagnoses (Xi et al., 2020; Yang et al., 2022a; Bai et al., 2022; Piyamongkol et al., 2022b; Yang et al., 2022b; Zhang et al., 2022; Xu et al., 2023). In mainland China, as of December 2022, there are 93 institutions that can do PGT, which can basically cover all the Chinese people. However, PGT is still a costly procedure in China, and multi-cycle failures in particular can put a huge burden on some families. Some cities or provinces in China, such as Beijing and Liaoning Province, have included assisted reproduction in the coverage of medical insurance. This will greatly reduce the consumption of patients. The reduction in the cost of technologies such as next-generation sequencing will also promote the continued development of the assisted reproduction industry. With the support of government policies and the reduction of technology costs, it is believed that PGT will benefit more families in low- and middle-income countries (LMICs) in the future.
5 CONCLUSION
In summary, we identified a novel splicing variant in one Chinese HS family through comprehensive genetic analysis, thus enriching the SPTB variant spectrum. The variant affects a low percentage of transcripts with abnormalities that may be easily overlooked in routine testing. Our study provides important data for practitioners of genetic disease testing. The successful implementation of PGT-M and NIPT-M prevented the transmission of the SPTB pathogenic variant in the HS family, which can serve as an important reference for other clinicians and specialists. In addition, this study also summarized the clinical symptoms of the patient with HS and analyzed the correlation between genotype and clinical phenotype, which is helpful for family members to understand the range of HS-related symptoms and may contribute to further elucidating the pathogenesis of HS.
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Case report: Heterozygous mutation in HTRA1 causing typical cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy
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Abstract
Background: Cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL) is an autosomal recessive disorder characterized by baldness, recurrent ischemic stroke, lumbago, headache, and dementia which is closely related to homozygous mutations of the high-temperature requirement serine peptidase A1 (HTRA1) gene. Heterozygous mutations of HTRA1 are usually considered to be non-pathogenic. Although it has been revealed that only a few patients with heterozygous mutations could present some manifestations, their clinical symptoms were atypical, milder, and always with a lower frequency of extra-neurological features. Here, a rare patient with heterozygous mutation of HTRA1 who had all typical features of CARASIL as well as severe clinical symptoms and rapid progression was initially reported in our study.
Case presentation: A 43-year-old female patient presented with a gradual onset of headache and cognitive decline. As time progressed, her headache intensified and symptoms of dementia began to manifest gradually. During her early years, she had thinning hair and subsequently experienced two occurrences of ischemic strokes in her thirties. Furthermore, she also had a history of lumbago and urinary retention before visiting our hospital. The patient’s magnetic resonance imaging revealed the presence of widespread white matter lesions, infarctions, and microbleeds, in addition to lumbar disc herniation and degenerative lesions. The observed clinical characteristics had a strong correlation with CARASIL, and the patient was diagnosed with a heterozygous missense mutation of 905G>A (Arg302Gln) in the HTRA1 gene. The patient has been under continuous follow-up for a duration exceeding 3 years subsequent to her release from the hospital. She underwent cystostomy, and symptoms of bulbar paralysis developed in a progressive way. Currently, there has been a notable decrease in motor function and activities of daily living, resulting in the individual being confined to bed for a duration exceeding 1 year.
Conclusion: This case suggests that patients carrying a heterozygous mutation in G905A may also have typical clinical features of CARASIL, which allows us to have a more comprehensive understanding of CARASIL.
Keywords: cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy, high-temperature requirement serine peptidase A1, heterozygous, mutation, stroke

INTRODUCTION
Cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL) is a rare inherited cerebral small vessel disease (CSVD) which is associated with mutations of the high-temperature requirement serine peptidase A1 (HTRA1) gene (Devaraddi et al., 2018). It is commonly characterized by baldness, recurrent ischemic stroke, cognitive impairment, spinal deformity, lumbago, and headache (Tikka et al., 2014). Cases of this disease have predominantly been documented in Japan, with a limited number of individuals identified in other nations in recent years (Nozaki et al., 2016). CARASIL is an autosomal recessive disease caused by homozygous mutations of HTRA1, and heterozygous mutations are often considered to be non-pathogenic. However, there is some evidence suggesting that heterozygous mutations in the HTRA1 gene may be related with CSVD (Wu et al., 2018).
Studies have revealed that distinct mutation locations can lead to a reduction or complete loss of serine protease activity in HTRA1 through diverse pathways (Yao et al., 2022). In vitro, the fluorogenic assay revealed that a mixture of mutant and wild-type HTRA1 in Freestyle 293 cells showed decreased protease activity (Sun et al., 2022). It is widely recognized that the majority of individuals who carry heterozygous mutations of HTRA1 do not exhibit any clinical symptoms. However, it remains unclear why some clinical symptoms could appear in a very few carriers. These symptomatic individuals with heterozygous mutations presented low protease activity, with mild clinical manifestation, and only a portion of CARASIL symptoms with slow progression (Fukutake, 2011). In contrast to previously documented cases, we initially report an exceptional individual with a heterozygous mutation of HTRA1 who exhibited nearly all the classic features of CARASIL along with severe clinical manifestations and rapid progression.
CASE REPORT
History and presentation
This case involved a 43-year-old female patient. She was an office worker and visited our hospital in 2020 with the chief complaint of 3 years of headache and more than 1 year of cognitive disorder. She has been afflicted by migraine without aura since 2017. Initially, the migraine was paroxysmal in nature, with each episode lasting for a duration of a few minutes to half an hour. Nevertheless, it gradually worsened and exhibited a higher frequency together with prolonged durations. Suffering from headache for more than 1 year, she developed memory decline and slow cognitive response. In the beginning, she experienced difficulties in recalling information, followed by cognitive impairments such as emotional indifference, abnormal communication, and a tendency toward reticence. In retrospect, there were no infectious illnesses prior to her onset. She was subjected to ischemic strokes twice in her thirties, causing slow movements and weakness of limbs. Moreover, lumbar spondylosis and lumbago have affected her for 5 years, and urinary retention hit 6 months ago. Low back pain sometimes manifested as an acute episode, characterized by an unpredictable start and variable length spanning from a few minutes to several days. In severe cases, painkillers were needed. She has exhibited thinning hair since childhood. No history of chronic diseases, such as hypertension, diabetes, and cardiovascular disorders, was found. Her mother suffered from moderate cerebral infarction and lumbar disc herniation, whereas her father tragically died suddenly as a result of an accident although maintaining good health throughout his life. The patient was an only child and raised two healthy daughters. After admission, she went through physical examinations which revealed normal blood pressure and thinning hair particularly on the crown of her head (Figure 1A). There was a decline observed in the capacities of response, calculation, and memory retention. Her Montreal Cognitive Assessment (MoCA) score was recorded as 16 and Mini-Mental State Examination (MMSE) score was noted as 19. Her movements were slow, presenting staggering walk with a spastic gait. In addition, the strength of her right arm and two legs was weakened. Babinski signs of both sides were positive. The sensory examination and assessment of tendon reflexes were predominantly normal. No abnormal findings were detected in the blood tests, which encompassed immunological indicators, blood routine, blood sugar, blood lipids, antiphospholipid antibodies, platelet function, and other relevant parameters. The results of the cerebral fluid examination indicated normal findings, with no presence of oligoclonal bands. Diffuse white matter lesions, infarctions, and microbleeds were observed in the magnetic resonance imaging (MRI) of her brain (Figures 1B–D). Meanwhile, magnetic resonance arterial imaging exhibited fundamental normalcy (Figures 1E, F). Lumbar spine MRI revealed the presence of lumbar disc herniation and degenerative lesions (Figure 1G). Her MRI findings should be differentiated from demyelinating diseases. Distinguished from the aforementioned disease, the presence of microbleeds was seen on susceptibility-weighted imaging. In addition, there were no detected instances of previous infection, relapsing-remitting courses, or immunological abnormalities in the cerebrospinal fluid and serum, which effectively eliminated the possibility of demyelinating disorders. Ultrasound indicated that her cardiac structure was normal. The patient presented with characteristic clinical symptoms of ischemic stroke, headache, lumbar spondylosis, and baldness, which were observed at a rather early age. Furthermore, the patient exhibited cognitive impairment and urine retention, both of which could also be discovered in individuals diagnosed with CARASIL. Based on an analysis of the patient’s medical history, symptoms, physical signs, and MRI, a diagnosis of CARASIL was determined in accordance with the diagnostic criteria established by Fukutake (2011). CARASIL is a hereditary disorder for which there is currently no established or targeted therapeutic intervention. The majority of patients do not have risk factors associated with cerebrovascular illness such as hypertension and diabetes, and other related conditions. Consequently, the patient received a comprehensive symptomatic treatment regimen consisting of antiplatelet medications, statins, and donepezil. Her conditions remained stable during hospitalization.
[image: A series of medical images depicting various scans. Image A shows a scalp with highlighted hair, Image B is a brain MRI with white matter enhancement, Image C is a brain MRI showing ventricle enlargement, Image D is a brain MRI with darkened areas, Image E displays a cerebral angiogram, Image F shows a vascular MRI of the neck, and Image G is an MRI of the lumbar spine.]FIGURE 1 | Hair and MRI of the patient. Hair of the patient (A). T2W and flair images revealed diffuse white matter lesions and ischemic infarctions (B and C). SWI showed microbleeds in the brain parenchyma (D). MRA showed normal intracranial arteries (E) and carotid arteries (F). T2W image showed lumbar disc herniation and degenerative lesions (G).
Sequencing
The pedigree is shown in Figure 2A. Given the diagnosis of CARASIL was established, whole exome sequencing as well as CNV-seq was employed for the diagnosis of this patient. A heterozygous missense mutation c.905G>A (p.Arg302Gln) was detected (Figure 2B), and the variant was likely pathogenic according to the ACMG classification (Mahale et al., 2021). No Notch 3 mutation was observed. Her mother carried the same mutation (Figure 2C) but her two daughters did not (Figures 2D, E).
[image: Pedigree chart and DNA sequence chromatograms. Left (A): Pedigree showing family members with genetic traits. Right (B-E): DNA sequence chromatograms for four family members, each highlighted by red arrows indicating specific nucleotides.]FIGURE 2 | Pedigree and sequencing results of the family. Pedigree of the family (A). Square, male; circle, female; diagonal black line, deceased individual; center dot symbol, individual with atypical and mild clinical symptoms; full black-filled symbol, individual affected by typical and severe clinical symptoms; empty symbol, clinically healthy relative; triangle, individuals with heterozygous mutation; asterisk, members undergoing genetic testing; arrow, proband. The heterozygous mutation of G905A in HTRA1 was detected in the patient (B) and her mother (C). Her two daughters were normal (D and E).
Follow-up
Following the patient’s release, a comprehensive follow-up has been conducted for a duration exceeding 3 years. Her conditions aggravated as time went by. She subsequently experienced cerebral infarction many times, resulting in a further deterioration of her physical activity and verbal function, and signs of dementia were increasingly conspicuous. Nine months after leaving the hospital, she underwent cystostomy, after which symptoms of bulbar paralysis such as coughing and swallowing difficulties were developed in late 2021. As a result, she became reliant on nasal feeding. Currently, there has been a notable deterioration in her motor function and activities of daily living, leading to a state of being confined to bed for a duration exceeding 1 year. Her mother passed away at the age of 64 years in 2021 due to intestinal blockage. Her two daughters, on the other hand, had no clinical signs and were considered to be in a normal state.
Figure 3 displays a temporal axis depicting the patient’s clinical symptoms and the corresponding therapies administered to her. Overall, her conditions progressed rapidly, and the medication’s efficacy was found to be limited, resulting in significant distress for both the patient and her family members. There was concern over the potential exacerbation of the illness.
[image: A timeline detailing the medical history of a patient from childhood to May 2023. Significant events include thinning hair since childhood, several ischemic strokes from April 2012, and complications like lumbago, headache, urinary retention, and cognitive disorders. The patient was hospitalized and treated with antiplatelet drugs. A cystostomy was performed, and there was a significant decline in activities of daily living by May 2023.]FIGURE 3 | Time axis of patient’s clinical symptoms and relevant therapies. IS, ischemic stroke.
DISCUSSION
CARASIL is an autosomal recessive inherited disease initially documented by a Japanese scholar in 1965 and officially named by Fukutake and Hirayama (1995). Homozygous mutations in the HTRA1 gene are responsible for the onset of the disease, whereas heterozygous mutations are usually considered to be non-pathogenic. The summary of variants identified in patients with HTRA1-related CARASIL is shown in Table 1. CARASIL is characterized by an earlier onset and the presence of distinctive non-neurological manifestations. Stroke often occurs at an early stage and exhibits a rapid progression, typically lacking the presence of major risk factors associated with cerebrovascular diseases such as hypertension and diabetes (Diwan et al., 2012). A majority of patients encounter recurring ischemic strokes, with lacunar infarction being the most common subtype. Recurrent episodes of infarction invariably result in the gradual deterioration of cerebral functions and finally culminate in dementia between the age of 30 and 45 years. Approximately 80% of CARASIL patients suffer from low back pain because of disk herniation and spondylosis deformans (Al et al., 2022). The majority of heterozygous HTRA1 carriers were asymptomatic, and only a few patients were symptomatic (Hara et al., 2009). Research has revealed that individuals with symptomatic HTRA1 heterozygous variations were likely to experience the beginning of symptoms at a later age compared to those with CARASIL. Moreover, these individuals might exhibit milder clinical manifestations as well as a delayed development of stroke and dementia. Meanwhile, it was consistently observed that they had a reduced incidence of extra-neurological symptoms such as baldness and spinal disorders (Tikka et al., 2014). However, the patient in our study was quite different from the individuals published previously, as she presented very severe clinical symptoms, rapid progression, and was highly consistent with the typical characteristics of CARASIL.
TABLE 1 | Summary of variants identified in patients with HTRA1-related CARASIL.
[image: Table listing genetic mutations related to cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL). Columns include nucleotide change, amino acid change, mutation type, number of patients and families, and references. Notable mutations include missense, frameshift, nonsense, and splice site. References are from various studies published between 2009 and 2023.]The pathogenesis of CARASIL is related to homozygous or compound heterozygous mutations, which ultimately lead to the functional impairment of HTRA1 (Kaur et al., 2021). Hara et al. (2009) demonstrated that homozygous mutation could result in protein products with clearly lowered protease activity, and patients with homozygous mutation presented typical CARASIL symptoms. HTRA1 belongs to the family of serine protein induced by heat shock and is highly conserved in evolution. The HTRA1 protein is composed of several distinct domains, including a signal peptide domain, an insulin-like growth factor binding protein domain, a Kazal serine protease inhibitor domain, a trypsin-like serine protein domain, and a PDZ domain. HTRA1 is a serine protease that forms homotrimers, with each HTRA1 subunit activating the adjacent HTRA1 via the sensor domain of loop 3 (L3, amino acid positions 301–314) and the activation domain of loop D (Zurawa-Janicka et al., 2017). Heterozygous R302Q HTRA1, meanwhile, forms trimers, and the mutation is located in L3 domain, which is important for trimer-associated HTRA1 activation (Nozaki et al., 2016). In the L3 domain, R302 is the only portion observed in the symptomatic carrier. R302 is essential for intermonomer communication and substrate binding (Cabrera et al., 2017). Hence, the occurrence of a mutation in the L3 domain that disrupts the process of signal transduction between the monomers may lead to the inhibition of the wild-type protease activity. The wild-type protease activity was interfered by the trimer-dependent activation cascade, which resulted in less than 50% of protease activity in symptomatic carriers (Nozaki et al., 2016). So the heterozygous variant has a dominant negative effect on the protease activity of wild-type HTRA1 involved in a stable trimer (Fasano et al., 2020; Yao et al., 2022). In addition, the mutated HTRA1 gene leads to reduced serine protease activity, which is unable to inhibit the TGF-β signaling pathway; the overexpression of this pathway promotes the deposition of extracellular matrix (ECM). The excessive accumulation of ECM further leads to the proliferation of vascular intima, division of the inner elastic layer, and degeneration of vascular smooth muscle, therefore contributing to the development of cerebral arteriolar stenosis in CARASIL. Then the clinical neurological symptoms and the corresponding extensive white matter lesions in imaging could be found (Yokobori and Nishiyama, 2017).
An investigation indicated that the R302Q variant in vivo could result in a mutant protein with 21%–50% of normal protease activity and was associated with increased TGF-β signaling in the small cerebral arteries (Hara et al., 2009). The aforementioned mutation was also identified in two Japanese individuals who were not related to each other and exhibited CSVD presenting with subcortical lacunar infarcts with a later age at onset (49–59 years) and no extra-neurological features (Ohta et al., 2020). Every instance of a heterozygous HTRA1 missense mutation has a distinct and unique pattern of HTRA1 expression. The patient reported in our study was quite different from previously published research participants, who presented with very severe clinical manifestations of CARASIL. One potential reason is that the patient’s heterozygous mutation may exert a significant inhibitory effect on protease activity. Moreover, variations in penetrance can potentially serve as an alternative explanation. For individuals carrying genetic mutations, some are completely normal, some only exhibit very mild or atypical features, and others can develop clinical diseases with typical symptoms. These suggest that incomplete penetrance is frequent and the effects of epigenetic modifications should be considered.
In conclusion, we reported an individual with heterozygous mutation in HTRA1 who had typical characteristics and severe symptoms of CARASIL with rapid progression. This is an extremely rare and particular case since it contributes to the advancement of our entire comprehension of CARASIL. Extensive genetic screenings and in-depth experiments of heterozygous HTRA1 variants are needed for further studies.
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Asparagine synthetase deficiency (ASNSD) is a rare congenital disorder characterized by severe progressive microcephaly, global developmental delay, spastic quadriplegia, and refractory seizures. ASNSD is caused by variations of the ASNS gene. The present study showed a Chinese family with a fetus suffering microcephaly. Whole-exome sequencing and Sanger sequencing were used to identify the disease-associated genetic variants. Compound heterozygous variants c.97C>T p. (R33C) and c.1031-2_1033del were identified in the ASNS gene and the variants were inherited from the parents. The mutation site c.97C>T was highly conserved across a wide range of species and predicted to alter the local electrostatic potential. The variant c.1031-2_1033del was classified pathogenic. However, there is no case report of prenatal diagnosis of ASNSD. This is the first description of fetal compound mutations in the ASNS gene leading to ASNSD, which expanded the spectrum of ASNSD.
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1. Introduction

Asparagine synthetase deficiency (ASNSD, OMIM 615574), a rare autosomal recessive neurometabolic disorder, is characterized by a triad of congenital progressive microcephaly, profound developmental delay, and axial hypotonia followed by spastic quadriplegia (1–4). ASNS gene plays a unique role in brain development and its mutations may result in fetal death or stillbirth (1). The affected individuals typically do not acquire any developmental milestones (2). To date, mutations in the ASNS gene have been reported in children or newborns from a variety of ethnic origins but not in fetuses (3, 5–16).

ASNSD has been reported in newborns or children with either homozygous or compound heterozygous mutations in the ASNS gene on chromosome 7q21 (2). The gene encodes asparagine synthetase enzyme which is involved in the synthesis of asparagine (7, 17). The ASNS protein (561 aa) is expressed in the brain, pancreas, thyroid and testes and liver. The adult brain expresses particularly high levels asparagine synthetase (18). However, only some patients had lower Asn levels in plasma and cerebral spinal fluid, which prevented diagnosis on biochemical bases (11).

In the current investigation, we report a case of fetus with severe brain dysplasia of a non-consanguineous couple. Prenatal whole-exome sequencing followed by Sanger sequencing identified compound heterozygous mutations in the ASNS gene, and therefore ASNSD was prenatally diagnosed. This is the first description of fetal compound mutations in the ASNS gene leading to ASNSD, which expanded the spectrum of ASNSD.



2. Case presentation

A 31-year-old healthy woman was referred to our clinic due to fetal encephalodysplasia (Figure 1A). Ultrasound scans of the fetus showed reduced biparietal diameter (5.1 cm and 8.3 cm respectively at the 24th and 37th week of gestation) and intrauterine growth retardation (Figure 1B). Fetal magnetic resonance imaging (MRI) at 37th weeks revealed thinner white matter in the temporal and frontal parietal regions on both sides of the fetus, and patchy white matter areas of the subfrontal cortex on both sides (Figures 1C,D). The biparietal diameter, head circumference, and femur length of the fetus were smaller than the gestational age-equivalents (86.1 mm, 299.2 mm, and 67.1 mm, respectively).


[image: Panel A shows a genetic pedigree with two family members having specific ASNS mutations: I₁ with c.97C>T and I₂ with c.1031-2_1033del; their child has both. Panel B is an ultrasound image displaying a cross-section with a measurement of 1.06 centimeters labeled D1. Panels C and D are MRI scans showing a sagittal view of a fetus's spine and axial view of the brain, respectively, highlighting detailed anatomical structures.]
FIGURE 1
Pedigree and fetal ultrasound scan and MRI findings. (A) Pedigree of the family. The solid square (male) represent the affected fetus. (B) Fetal ultrasound scan showed the fetal biparietal diameter was 8.3 cm at 37 weeks gestation (II 1). (C,D) The fetal brain MRI showed white matter abnormalities with frontal prominence, thinner white matter.




3. Methodology

To explore the possible genetic cause, we performed CMV to analyze the fetal umbilical blood, but the results did not reveal any disease-causing CNVs >100 kb, implying that the fetal encephalodysplasia might be caused by a single pathogenic gene mutation. To test this hypothesis, WES was carried out to analyze the DNA samples of the fetus and the parents. In the pedigree, we identified variants of c.97C>T p. (R33C) and c.1031-2_1033del in the ASNS (NM_133436.3) gene.

The variant of c.97C>T was paternally inherited and led to amino acid sequence modifications of p. (R33C) (amino acid arginine to cysteine) (Figure 2A), which was not found in HGMD with a minor allele frequency (MAF) of 0.000003977. ClinVar database rated it as possibly pathogenic. The results of Mutation Taster, PROVEAN, SIFT, and PolyphEN-2 software were all predicted to be harmful or possibly harmful. The mutation was rated as “variants of uncertain significance” according to the ACMG guidelines (2015).


[image: Diagram A shows sequencing chromatograms of the ASNS gene c.97C>T mutation for a father, mother, and fetus, with arrows pointing to the mutation site. Diagram B displays a comparative amino acid sequence alignment across various species, including humans, rats, mice, zebrafish, and others, highlighting conserved regions and differences.]
FIGURE 2
Analysis of the c.97C>T variant in the ASNS gene (A) sanger sequencing of the compound heterozygous variants. The black arrow refers to the variant of c.97C>T. (B) Conservation status among orthologs.


To test the evolutionary conservation of the p. (R33C) amino acid in WT ASNS, we compared wild-type amino acid sequence of ASNS across 12 different species The results demonstrated that the amino acid was reported to be highly conserved across all 12 species, suggesting that the amino acid plays crucial role in ASNS in the course of evolution and the maintenance of biochemically relevant activities (Figure 2B).

The variant of c.1031-2_1033del was maternally inherited and had a deletion of 5 nucleotides at the canonical splicing sites (Figures 3A,B), which was predicted to impair protein function. According to the ACMG and the AMP guidelines, the mutation of c.1031-2_1033del was predicted to be likely pathogenic. The variants of c.97C>T and c.1031-2_1033del are located in the Glutamine amidotransferase type-2 and Asparagine synthetase domains of the ASNS protein, respectively (Figure 3C).


[image: DNA sequencing graphs display genetic sequences for father, mother, and fetus, highlighting mutations. A schematic diagram shows mutation "agGTA del" between exons E8 and E9. A protein domain illustration marks mutations ASNS:c.97C>T and ASNS:c.1031-2_1033del in specific regions.]
FIGURE 3
The splicing variant in the ASNS gene and the locations of the variants. (A) Variant c.1031-2_1033del identified by Sanger sequencing. (B) Splicing model schematic representation. (C) The variants of c.97C>T and c.1031-2_1033del are located in the Glutamine amidotransferase type-2 and Asparagine synthetase domains of the ASNS protein, respectively.


An analysis of missense variant and the prediction of its deleterious effect were performed by homology modeling in DeepView/Swiss-PdbViewer using the most similar structures available in the Protein Data Bank. Protein structure 3D modeling was performed using Swiss-PdbViewer 4.1.0 (Swiss Institute of Bioinformatics, http://spdbv.vital-it.ch/) (19). The primary sequence of each candidate protein was loaded in Swiss-PdbViewer and aligned onto suitable modeling templates retrieved from SWISS-MODEL. The wild-type and c.97C>T splicing mutation ASNS proteins were superposed in three-dimensional (3D) space using Swiss-PdbViewer 4.1.0 (Figures 4A,D). The Glutamine amidotransferase type-2 domain (residues 2–191) of the wild-type and splicing mutation ASNS proteins is shown in Figures 4B,E. The ASNS c.97C>T splicing mutation altered the protein structure, especially the distances between Hydrogen Bonds and the electrostatic potential (Figures 4C,F).


[image: ASNS protein 3D structures and electrostatic potentials are displayed. Panels A to C show the wild type, with structural details and electrostatic potential highlighted. Panels D to F depict the c.97 C>T (p.R33C) mutation, indicating changes in structure and electrostatic potential. Arrows point to specific regions of interest in each panel.]
FIGURE 4
Structure of the ASNS protein. (A and D) The structure of wild-type and c.97C>T splicing mutation ASNS proteins as predicted by the Swiss-PdbViewer 4.1.0 respectively. (B and E) Hydrogen bonds are shown as dotted lines and the distances are indicated in the Glutamine amidotransferase type-2 domain (residues 2–191) of the wild-type and splicing mutation ASNS proteins. (C and F) The local electrostatic potential in wild-type of the ASNS protein (C). The ASNS c.97C>T splicing mutation altered the distances between Hydrogen Bonds and the electrostatic potential (F).


The pregnancy was terminated at 37th week after the fetal genetic diagnosis, MRI and thorough genetic counseling.

The use of medical information was approved by the Ethics Committee of Women's Hospital, School of Medicine Zhejiang University (IRB-20210230-R) and conformed to the Declaration of Helsinki. All participants provided their written informed consents.



4. Discussion and conclusions

So far, over 50 mutations in the ASNS gene have been reported to be associated with ASNSD (20–23) and 101 ASNSD cases have been reported in Chinese and English literatures, most of which are due to recessive missense mutations (4, 21). Among affected children, 71.9% (41/57) died before the age of one. Most surviving children exhibit symptoms such as intractable epilepsy and severe developmental delay (10).

ASNS catalyzes aspartate to asparagine via ATP, producing glutamate and ammonia from its N-terminal. ASNS loss results in reduced cellular asparagine levels critical for early neurological development (2, 24). Common clinical manifestations of ASNSD include microcephaly, severe psychomotor developmental delay, cortical blindness, hyperreflexia, encephalatrophy, increased limb muscle tone, decreased trunk muscle tone, feeding difficulties, and seizures (9, 18, 25). Almost all the cases in newborns or children had microcephaly. In the current investigation, fetal ultrasound and MRI showed that the fetal biparietal diameter was stunted and small for 2 weeks. As these phenotypes are difficult to detect in prenatal fetus, the symptoms of intellectual disability, epilepsy and progressive cerebellar atrophy cannot be observed prenatally. Therefore, it is difficult to diagnose ASNSD in the third trimester of pregnancy. Herein, we diagnosed an ASNSD fetus with the assistance of WES, MRI and ultrasound at the 37th week of gestation.

Hitherto, no case of prenatal diagnosis of ASNSD has been reported previously. There may be several reasons for this. Firstly, the diagnosis of ASNSD mainly depends on the clinical manifestations and the US or MRI after birth, half of the patients reported so far in the literature died during their first years and the others had poor neurological outcomes (11). Due to the limited clinical manifestations of the fetus in utero, the symptoms of intellectual disability, epilepsy and progressive cerebellar atrophy cannot be detected prenatally. Secondly, there is currently no specific biochemical examination method for the diagnosis of ASNSD, early detection and prenatal diagnosis of ASNSD may be valid tools to prevent the birth of affected. Previous reports have suggested that ASNSD should be considered in children with congenital microcephaly. This study suggests that fetuses with abnormal brain development and progressive small biparietal diameter should also be considered for this disease and undergo corresponding genetic examinations.

It has been reported that 81.94% of the ASNSD patients had ASNS gene missense variants (21). The variant c.97C>T (p.R33C) site occurres at the high conservation regions (Figure 2B). Protein function prediction analysis showed that c.97C>T caused the 33rd amino acid to change from arginine to cysteine, affecting the protein structure by changing the distance between hydrogen bonds and electrostatic potential. Previous studies have shown that field effect (electrostatic potential) rather than steric effect (volume) played a crucial role in determining abundance of amino acids (26). So, the ASNS c.97C>T mutation may affect protein function by changing the field effect, yet the exact mechanisms require further study.

In conclusion, we report the first case of a fetus diagnosed with ASNSD, which enriched the clinical phenotype of the disease. For fetuses with progressive small biparietal diameter or abnormal brain development, the disease should be considered, and genetic testing should be performed promptly.



Data availability statement

The data that support the findings of this study are available from the corresponding author HD and MD, upon reasonable request.



Ethics statement

The studies involving humans were approved by The Medicine Ethics Committee of Women's Hospital, School of Medicine Zhejiang University. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

LZ: Data curation, Writing – original draft. YS: Methodology, Writing – review & editing. YX: Writing – review & editing. PJ: Writing – review & editing. HD: Writing – review & editing. MD: Conceptualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.

This study was supported by National Natural Science Foundation of China, Grant/Award Number: 81901382.



Acknowledgments

We would like to thank the family in this study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

	1. Chiu M, Taurino G, Bianchi MG, Kilberg MS, Bussolati O. Asparagine synthetase in cancer: beyond acute lymphoblastic leukemia. Front Oncol. (2019) 9:1480. doi: 10.3389/fonc.2019.01480
	2. Ruzzo EK, Capo-Chichi JM, Ben-Zeev B, Chitayat D, Mao H, Pappas AL, et al. Deficiency of asparagine synthetase causes congenital microcephaly and a progressive form of encephalopathy. Neuron. (2013) 80(2):429–41. doi: 10.1016/j.neuron.2013.08.013
	3. Alfadhel M, Alrifai MT, Trujillano D, Alshaalan H, Al Othaim A, Al Rasheed S, et al. Asparagine synthetase deficiency: new inborn errors of metabolism. JIMD Rep. (2015) 22:11–6. doi: 10.1007/8904_2014_405
	4. Wang C, He G, Ge Y, Li R, Li Z, Lin Y. A novel compound heterozygous missense mutation in ASNS broadens the spectrum of asparagine synthetase deficiency. Mol Genet Genomic Med. (2020) 8(6):e1235. doi: 10.1002/mgg3.1235
	5. Lomelino CL, Andring JT, McKenna R, Kilberg MS. Asparagine synthetase: function, structure, and role in disease. J Biol Chem. (2017) 292(49):19952–8. doi: 10.1074/jbc.R117.819060
	6. Abhyankar A, Lamendola-Essel M, Brennan K, Giordano JL, Esteves C, Felice V, et al. Clinical whole exome sequencing from dried blood spot identifies novel genetic defect underlying asparagine synthetase deficiency. Clin Case Rep. (2018) 6(1):200–5. doi: 10.1002/ccr3.1284
	7. Ben-Salem S, Gleeson JG, Al-Shamsi AM, Islam B, Hertecant J, Ali BR, et al. Asparagine synthetase deficiency detected by whole exome sequencing causes congenital microcephaly, epileptic encephalopathy and psychomotor delay. Metab Brain Dis. (2015) 30(3):687–94. doi: 10.1007/s11011-014-9618-0
	8. Chen B, Li W, Wang X, Chen K, Hong X. Cyst-Peritoneal shunt for the treatment of a progressive intracerebral cyst associated with ASNS mutation: case report and literature review. World Neurosurg. (2019) 127:1–7. doi: 10.1016/j.wneu.2019.02.130
	9. Gupta N, Tewari VV, Kumar M, Langeh N, Gupta A, Mishra P, et al. Asparagine synthetase deficiency-report of a novel mutation and review of literature. Metab Brain Dis. (2017) 32(6):1889–900. doi: 10.1007/s11011-017-0073-6
	10. Palmer EE, Hayner J, Sachdev R, Cardamone M, Kandula T, Morris P, et al. Asparagine synthetase deficiency causes reduced proliferation of cells under conditions of limited asparagine. Mol Genet Metab. (2015) 116(3):178–86. doi: 10.1016/j.ymgme.2015.08.007
	11. Devi ARR, Naushad SM. Molecular diagnosis of asparagine synthetase (ASNS) deficiency in two Indian families and literature review of 29 ASNS deficient cases. Gene. (2019) 704:97–102. doi: 10.1016/j.gene.2019.04.024
	12. Schleinitz D, Seidel A, Stassart R, Klammt J, Hirrlinger PG, Winkler U, et al. Novel mutations in the asparagine synthetase gene (ASNS) associated with microcephaly. Front Genet. (2018) 9:245. doi: 10.3389/fgene.2018.00245
	13. Seidahmed MZ, Salih MA, Abdulbasit OB, Samadi A, Al Hussien K, Miqdad AM, et al. Hyperekplexia, microcephaly and simplified gyral pattern caused by novel ASNS mutations, case report. BMC Neurol. (2016) 16:105. doi: 10.1186/s12883-016-0633-0
	14. Sprute R, Ardicli D, Oguz KK, Malenica-Mandel A, Daimaguler HS, Koy A, et al. Clinical outcomes of two patients with a novel pathogenic variant in ASNS: response to asparagine supplementation and review of the literature. Hum Genome Var. (2019) 6:24. doi: 10.1038/s41439-019-0055-9
	15. Sun J, McGillivray AJ, Pinner J, Yan Z, Liu F, Bratkovic D, et al. Diaphragmatic eventration in sisters with asparagine synthetase deficiency: a novel homozygous ASNS mutation and expanded phenotype. JIMD Rep. (2017) 34:1–9. doi: 10.1007/8904_2016_3
	16. Yamamoto T, Endo W, Ohnishi H, Kubota K, Kawamoto N, Inui T, et al. The first report of Japanese patients with asparagine synthetase deficiency. Brain Dev. (2017) 39(3):236–42. doi: 10.1016/j.braindev.2016.09.010
	17. Zhang YP, Lambert MA, Cairney AE, Wills D, Ray PN, Andrulis IL. Molecular structure of the human asparagine synthetase gene. Genomics. (1989) 4(3):259–65. doi: 10.1016/0888-7543(89)90329-7
	18. Faoucher M, Poulat AL, Chatron N, Labalme A, Schluth-Bolard C, Till M, et al. Asparagine synthetase deficiency: a novel case with an unusual molecular mechanism. Mol Genet Metab Rep. (2019) 21:100509. doi: 10.1016/j.ymgmr.2019.100509
	19. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and guidelines for the interpretation of sequence variants: a joint consensus recommendation of the American college of medical genetics and genomics and the association for molecular pathology. Genet Med. (2015) 17(5):405–24. doi: 10.1038/gim.2015.30
	20. Abdel-Salam GMH, Abdel-Hamid MS. Asparagine synthetase deficiency with intracranial hemorrhage can mimic molybdenum cofactor deficiency. Neuropediatrics. (2021) 52(3):201–7. doi: 10.1055/s-0040-1718917
	21. Liu L, Wang J, Li H, Dong Y, Li Y, Xia L, et al. An intractable epilepsy phenotype of ASNS novel mutation in two patients with asparagine synthetase deficiency. Clin Chim Acta. (2022) 531:331–6. doi: 10.1016/j.cca.2022.04.989
	22. Alharby E, Faqeih EA, Saleh M, Alameer S, Almuntashri M, Pastore A, et al. Clinical, molecular, and biochemical delineation of asparagine synthetase deficiency in Saudi cohort. Genet Med. (2020) 22(12):2071–80. doi: 10.1038/s41436-020-0919-x
	23. Staklinski SJ, Chang MC, Yu F, Collins Ruff K, Franz DN, Qian Z, et al. Cellular and molecular characterization of two novel asparagine synthetase gene mutations linked to asparagine synthetase deficiency. J Biol Chem. (2022) 298(9):102385–401. doi: 10.1016/j.jbc.2022.102385
	24. Richards NG, Kilberg MS. Asparagine synthetase chemotherapy. Annu Rev Biochem. (2006) 75:629–54. doi: 10.1146/annurev.biochem.75.103004.142520
	25. Staklinski SJ, Chang MC, Ahrens-Nicklas RC, Kaur S, Stefanatos AK, Dudenhausen EE, et al. Characterizing asparagine synthetase deficiency variants in lymphoblastoid cell lines. JIMD Rep. (2023) 64(2):167–79. doi: 10.1002/jmd2.12356
	26. Bhattacharyya S, Varshney U. Evolution of initiator tRNAs and selection of methionine as the initiating amino acid. RNA Biol. (2016) 13(9):810–9. doi: 10.1080/15476286.2016.1195943



		CASE REPORT
published: 31 October 2023
doi: 10.3389/fgene.2023.1205052


[image: image2]
Case report: A novel WASHC5 variant altering mRNA splicing causes spastic paraplegia in a patient
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Background: Hereditary spastic paraplegia (HSP) is a progressive upper-motor neurodegenerative disease. Mutations in the WASHC5 gene are associated with autosomal dominant HSP, spastic paraplegia 8 (SPG8). However, due to the small number of reported cases, the exact mechanism remains unclear.
Method: We report a Chinese family with HSP. The proband was referred to our hospital due to restless leg syndrome and insomnia. The preliminary clinical diagnosis of the proband was spastic paraplegia. Whole-exome sequencing (WES) and RNA splicing analysis were conducted to evaluate the genetic cause of the disease in this family.
Results: A novel splice-altering variant (c.712–2A>G) in the WASHC5 gene was detected and further verified by RNA splicing analysis and Sanger sequencing. Real-time qPCR analysis showed that the expression of genes involved in the Wiskott–Aldrich syndrome protein and SCAR homolog (WASH) complex and endosomal and lysosomal systems was altered due to this variant.
Conclusion: A novel heterozygous splice-altering variant (c.712–2A>G) in the WASHC5 gene was detected in a Chinese family with HSP. Our study provided data for genetic counseling to this family and offered evidence that this splicing variant in the WASHC5 gene is significant in causing HSP.
Keywords: WASHC5, spastic paraplegia, splicing variant, heterozygote, whole-exome sequencing

INTRODUCTION
Hereditary spastic paraplegias (HSPs) are a group of genetically and clinically heterogeneous neurodegenerative diseases which involve the corticospinal tracts. Being a rare disease, the prevalence of HSP ranges from 2 to 5 in 100,000 cases worldwide (Shribman et al., 2019). Clinically, HSPs can be categorized as pure forms or complex forms. Cases with pure HSP form usually present with spasticity and weakness of the lower extremities but without other complications. Differently, apart from leg spasticity, cases with complex HSP forms usually have additional signs and symptoms, including ataxia, peripheral neuropathy, and intellectual disability and other clinical manifestations (de Bot et al., 2013; Murala et al., 2021).
In addition to the clinical phenotype, HSPs can also be categorized into different spastic paraplegia (SPG) types according to the inheritance pattern and pathophysiological molecular mechanism. As one of the most heterogeneous genetically neurodegenerative diseases, approximately 57 genetic loci (SPG1–57) and 37 causative genes have been reported to be associated with HSP and present with different hereditary patterns including autosomal dominant (AD) (SPG3A, SPG4, SPG6, SPG8–10, SPG12, SPG13, SPG17, SPG19, SPG29, SPG31, SPG33, SPG36–38, SPG41, SPG42, SPG72, and SPG73) and autosomal recessive (AR) (SPG5, SPG7, SPG11, SPG14, SPG15, SPG18, SPG20, SPG21, SPG23–28, SPG30, SPG32, SPG35, SPG39, SPG43–71, and SPG74) types (Marrone et al., 2022; Osmanovic et al., 2020; Prestsaeter et al., 2020; Rodrigues et al., 2020; Servelhere et al., 2021; Spagnoli et al., 2021; Yapijakis et al., 2021). Few other studies also reported some rare HSP families presenting with X-linked recessive (SPG1, SPG2, SPG16, SPG22, SPG34) or mitochondrial (MT-ATP6, MT-TI, MT-CO3, and MT-ND4) inheritance patterns (de Souza et al., 2017; Ishiura et al., 2014; Murala et al., 2021; Steyer et al., 2020). Among these SPG forms, SPG4 (OMIM#182601) is the most common form, followed by SPG3A (OMIM#182600), SPG8 (OMIM#603563) and SPG31 (OMIM#610250), which can be inherited in an AD manner (Ishiura et al., 2014). The remaining AD forms and most of the AR forms have only been reported in a few or single families (Meyyazhagan and Orlacchio, 2022). The enormous genetic heterogeneity of HSP brings great challenges to molecular diagnostics. In order to establish and refine the genotype–phenotype correlations, more HSP families are necessary to be identified and reported in the future.
Here, we report a Chinese family with HSP where the proband suffered from restless legs syndrome and insomnia. The preliminary clinical diagnosis of the proband was spastic paraplegia. Whole-exome sequencing (WES) was conducted to evaluate the genetic cause of HSP in this family. A novel splice variant in the WASHC5 gene was identified and was confirmed to affect splicing. Thus, the proband was molecularly diagnosed as being affected by HSP type SPG8.
CASE PRESENTATION
Clinical features
The proband is a 58-year-old woman from Jiangsu Province in China. She was referred to our hospital due to restless legs syndrome and insomnia. More than 2 years ago, the proband developed intolerable discomfort and stiffening in the left lower extremity without any trigger, which was temporarily relieved by mobility. A few months later, the symptoms were felt at rest or during sleep, which resulted in insomnia. There was patchy pain and numbness in the left sole which aggravated when the foot touched the floor, resulting in difficulty in walking. About a year ago, the proband started acupuncture treatment, but it did not improve her symptoms. In the past several months, the proband felt that her symptoms progressed. Discomfort in the left lower limb intensified, and concurrently, mild discomfort emerged in the right lower limb as well. The prolonged symptoms of discomfort and insomnia had contributed to the proband experiencing low mood and irritability. The proband is a non-smoker; had no previous history of hypertension, diabetes, cerebral infarction, or myocardial infarction; and denied bladder dysfunction. The proband’s cooperation during the examination was limited. She was alert and oriented, but in an anxious state. Her orientation was mostly intact, with no significant impairment in memory or calculation. Articulation was clear, bilateral nasolabial folds were symmetrical, and the tongue protruded centrally. Both pupils were equal and reactive to light, measuring 3.0 mm in diameter. Upon examination, it was found that the proband exhibited significant enhancement (++) in bilateral biceps and triceps reflexes. There was a slight elevation in the muscle tone in the left lower limb, with markedly increased bilateral patellar reflexes (+++), and a mild enhancement in bilateral ankle reflexes (+). The muscle strength of both limbs reached Grade 5, bilateral Babinski sign was negative, and bilateral sensory perception was symmetrical. The neck was relaxed, and there were no indications of Brudzinski’s sign or Kernig’s sign. No abnormalities were observed during the proband’s eye assessment. The patient exhibited normal hearing, and her intelligence was within the normal range. The proband’s cerebellar signs were within normal limits. The brain magnetic resonance imaging (MRI) of the proband showed mild brain atrophy (Figure 1A). The spinal cord MRI scans were normal (Figures 1B–D). The results of the laboratory examination are shown in the Supplementary Table S1. The results of the sensory nerve conduction velocity examination and motor nerve conduction velocity examination are shown in Supplementary Tables S2, S3, respectively. The findings indicated a reduction in the amplitude of the action potential of the left common peroneal nerve in the proband. The electromyography results revealed the absence of spontaneous muscle activity in the examined muscles of the proband’s left lower limb. However, due to inadequate patient cooperation during the testing procedure, other diagnostic data could not be obtained (Supplementary Table S4). There was no evidence indicating the presence of peripheral neuropathy in the proband. The electroencephalogram (EEG) showed mild abnormalities (Figure 1E). The self-rating anxiety scale (SAS) and self-rating depression scale (SDS) (Yue et al., 2020) were carried out, and the results showed mild anxiety (SAS score: 51, range 0–100) and severe depression (SDS score: 0.75, range 0–1). The major events as per medical records during 2018–2022 have been shown in Figure 1F. The proband was initially clinically diagnosed with spastic paraplegia.
[image: A. MRI axial view of the brain. B-D. Sagittal MRI views of the spine showing abnormalities. E. EEG tracing with highlighted abnormal pattern. F. Bar graph of clinical presentation frequencies. G. Pedigree chart indicating inheritance pattern. H. Flowchart of diagnostic workflow. I. DNA sequence chromatograms with annotations. J. Gel electrophoresis result showing bands. K. Diagram of exon structure in wild type and mutated transcript.]FIGURE 1 | Clinical data of the family with HSP. (A) Brain MRI of the proband. The spinal cord MRI scans showed the (B) cervical spinal cord, (C) thoracic spinal cord, and (D) lumbar spinal cord of the proband. (E) The EEG of the proband. Red lines represent the 3–7 Hz medium–high amplitude θ rhythm. (F) Major events in the medical record of the proband. (G) Genealogy of this family having HSP. Squares and circles indicate male and female, respectively. Filled symbols indicate affected individuals. Black indicates an affected individual observed by clinical and molecular examination. Gray indicates an individual suspected of having spastic paraplegia, but that was not examined clinically and molecularly. Open symbols indicate unaffected individuals. Slashes indicate the individuals who are deceased. The arrow indicates the proband. “A/G” indicates the individuals who carried the heterozygous splice variant (c.712–2A>G) in the WASHC5 gene. “A/A” indicates the individuals without the c.712–2A>G variant. (H) Schematic representation of the filtering strategies employed in the WES analysis. (I) Sanger sequencing showed the c.712–2A>G variant in the WASHC5 gene (left) and the characterization of the anomalous splicing induced by the c.712–2A>G variant (right). (J) Agarose gel electrophoresis showed the PCR amplification of the WASHC5 cDNA of the region from exon 6 to exon 7. The upper band corresponds to the mutant transcript. Lane 1: DNA size markers; lane 2: healthy family member (II-1) without the variant; and lane 3: the proband with the heterozygous c.712–2A>G variant. (K) Schematic representation of the anomalous mRNA splicing caused by the c.712–2A>G variant.
Family history showed that the proband’s father (I-2) began experiencing difficulties with walking in his 50s, which gradually worsened over time, eventually necessitating the use of a wheelchair in his later years. The proband’s brother (II-2) had suffered from lower back pain and non-rheumatic joint pains during his lifetime. The deceased family members (I-2 and II-2) were not examined; however, they were considered affected according to relatives. Clinical information was not available for the proband’s younger son since he died in a car crash when he was 15. The proband’s sister (II-1) had hypertension but denied having walking problems. Other family members showed no obvious abnormalities (Figure 1G). As the proband’s father had similar walking problems, it was inferred that the disease was probably dominantly inherited.
Genetic analysis
WES yielded 10.21 GB data with 98.1% coverage of the target regions and 96.0% of the target covered over ×10. All variants detected in the proband were initially screened and further filtered based on a gene panel of movement disorders, as outlined in Figure 1H; Supplementary Table S5. After analysis, a heterozygous splice variant (chr8:126088744T>C/NM_014846.4: c.712–2A>G) in WASHC5 was identified in the proband (Figure 1I). The c.712–2A>G variant was not found in the 1,000 Genomes Project (1,000G; http://www.1000genomes.org/), the Exome Aggregation Consortium (ExAC) database (http://exac.broadinstitute.org), and the NHLBI Exome Sequencing Project Exome Variant Server (ESP6500) and has a frequency of 0.000004 (1/251100) in the Genome Aggregation Database (GnomAD; http://gnomad.broadinstitule.org). The c.712–2A>G variant is predicted to be pathogenic by MutationTaster (http://www.mutationtaster.org/). According to the American College of Medical Genetics and Genomics (ACMG) guidelines (Miller et al., 2021), with the following evidence: PVS1 and PM2, the c.712–2A>G variant is classified as “likely pathogenic.” Sanger sequencing was performed in all available family members. Co-segregation analysis showed that the c.712–2A>G variant was not present in the healthy members (II-1, III-1, III-2, and IV-1) in this family (Figure 1G). Consequently, the diagnosis of the proband was determined to be SPG8 type.
RNA splicing analysis
To investigate the effect of the c.712–2A>G variant on pre-mRNA splicing, we further analyzed the WASHC5 cDNA obtained from peripheral blood samples of the proband and family members. The WASHC5 reference sequence and coding region (NM_014846.4) were obtained from the National Center for Biotechnology Information (NCBI) database (https://www.ncbi.nlm.nih.gov/). Primers were designed to target WASCH5 exons 5–7 to confirm aberrant splicing (forward: 5′-GCT​GGT​TTC​TTA​CTA​CCG​ATA​CA-3′; reverse: 5′-GGA​AGG​CTC​AAA​GTA​GAG​AAT​CA-3′). The DNA fragments were amplified by polymerase chain reaction (PCR). The PCR products were electrophoresed on agarose gels and were submitted for Sanger sequencing. Two transcripts were observed in gel electrophoresis. The Sanger sequence analysis of the region encompassing exon 6 and exon 7 found that the proband with the heterozygous c.712–2A>G variant showed two PCR products of 307 nucleotides and 337 nucleotides, corresponding to the wild-type and the mutated allele, respectively. The c.712–2A>G variant resulted in a 337 nucleotide aberrant PCR product in the proband. In contrast, relatives without the c.712–2A>G variant only had a single PCR product of the expected size (307 nucleotides) (Figure 1J). The Sanger sequencing of the mutant transcript confirmed that 30 nucleotides of intron 6 of the WASHC5 are preserved in the open-reading frame. The retention of 30 nucleotides leads to the insertion of 10 aberrant amino acids (LSRGVVLTLR) at position 237 of the WASHC5 protein, thus resulting in an abnormally prolonged protein (1,169 aa) (Figures 1I, K).
Bioinformatics analysis
SWISS-MODEL software (https://swissmodel.expasy.org/) showed that the splice variant may lead to an insertion of 10 amino acids behind Q237 in the mutated WASHC5 protein (Figure 2A). In addition, ConSurf Server software (http://consurf.tau.ac.il/) predicted that the 10 amino acids were inserted in the conserved region of the WASHC5 protein (Figure 2B). Furthermore, MetaDome software (https://stuart.radboudumc.nl/metadome/dashboard) indicated that the affected residues are located in the slightly intolerant region of the WASHC5 protein (Figure 2C).
[image: Diagram showing a study on WASHC5 protein. Panel A: Illustrates protein structures comparing wild-type and mutant versions, highlighting a region change from VNQQSA to VGKQEVFLVPNAA. Panel B: 3D protein structure displaying variable and conserved regions on an amino acid sequence. Panel C: Graph analyzing protein sequence conservation and disordered regions with color-coded indicators. Panels D, E, F, G: Bar charts depicting various assays' experimental data, labeled with different conditions and measurements.]FIGURE 2 | Bioinformatics analysis of the identified WASHC5 splice-altering variant. (A) Structure prediction of the wildtype WASHC5 (WASHC5-WT) protein structure and the c.712–2A>G mutant WASHC5 (WASHC5-MUT) protein structure. (B) Conservation analysis of the related amino acid region was predicted by ConSurf Server software. (C) The affected amino acid region was predicted as “slight intolerant” by MetaDome server software. Real-time PCR analysis of the proband (II-3) and controls (II-1 and III-2). The relative mRNA expression levels of the genes encoding members of the WASH complex (D) VCP, ARPC2, and ARPC3 (E) in peripheral blood lymphocytes (PBLs) are depicted. mRNA abundance of endosomal-related genes (F) and lysosome-related genes (G) in PBL. The expression levels of each gene in the proband were set to “1”. The experiment was repeated more than three times. Data are presented as mean ± standard error of mean (SEM). Two groups were compared using the unpaired Student’s t-test. A p-value <0.05 was considered statistically significant. *p < 0.05, the healthy family member (III-2) vs. the proband; #p < 0.05, the healthy family member (II-1) vs. the proband.
Real-time qPCR analysis
Strumpellin, encoded by the WASHC5 gene, is a key member of the Wiskott–Aldrich syndrome protein and SCAR homolog (WASH) complex. Strumpellin can activate the ubiquitous actin-related protein 2/3 (ARP2/3) complex and interact with p97/VCP (Fokin et al., 2021; Song et al., 2018). Furthermore, the abnormal strumpellin may lead to defects in the endosomal and lysosomal systems (Gomez et al., 2012; Lee et al., 2020; Song et al., 2018). To investigate the functional involvement of the heterozygous splice-altering variant (NM_014846.4:c.712–2A>G) of WASHC5 in this family, we next performed qPCR analysis. We isolated the mRNA from peripheral blood lymphocytes (PBLs) in the proband (II-3) and two healthy family members (II-1 and III-2). The proband (II-3) and the healthy family member (II-1) are siblings. All three subjects (II-1, II-3, and III-2) were female. The forward and reverse PCR primer sequences are listed in Supplementary Table S6. The relative mRNA levels of the target genes were normalized to that of ACTB and analyzed by the 2−ΔΔCT method. We set the mRNA levels of each gene in the proband (II-3) as “1.” qPCR analysis indicated that the expression of WASH complex member-related genes in the proband, including WASHC1 and WASHC3, was significantly decreased when compared with the healthy family members (Figure 2D). Compared with the healthy family members, the mRNA level of the VCP gene was significantly increased in the proband. We analyzed the expression of the ARPC2 and ARPC3 genes as representatives of the ARP2/3 complex. The results showed that there was a significant change in the proband’s ARPC3 gene expression (Figure 2E). In addition, the transcriptional analysis revealed that the expression of endosomal-related genes (RAB5A, RAB5C, RAB11A, and RAB11B) and lysosome-related genes (LAPTM4B and LAPTM5) was significantly upregulated in the proband when compared to the healthy family members (Figures 2F, G).
DISCUSSION
In the current research, we described a Chinese family with HSP. The proband suffered from restless leg syndrome and insomnia. The preliminary clinical diagnosis of the proband was spastic paraplegia. WES was conducted to evaluate the genetic cause of disease in this family. A heterozygous splice-altering variant (c.712–2A>G) in the WASHC5 gene was identified. Co-segregation analysis confirmed that this heterozygous splice variant was not present in the remaining unaffected family members (II-1, III-1, III-2, and IV-1). Two deceased family members (I-2 and II-2) were considered to be affected according to their relatives; however, they were deceased and could not be tested since their DNA was not available. Therefore, it was not possible to verify whether they carried the variant. Moreover, genetic analysis information was not available for the proband’s younger son (III-3) since he died in a car crash when he was 15. According to the literature, most of the symptoms of HSP are first observed in individuals aged 35–53, and intrafamilial phenotypic heterogeneity often existed (Valdmanis et al., 2007). Thus, although no walking problems were noticed before he died, we are not sure whether the proband’s son (III-3) was affected or not as he died before the age of onset. Based on the results of the co-segregation analysis, we have provided written genetic counseling to this family. It is reassuring to note that the proband’s sister (II-1) does not carry the c.712–2A>G variant, alleviating the need for undue concern in her case. Furthermore, we have determined that the proband’s offspring have not inherited the c.712–2A>G variant, indicating that its genetic impact can be excluded in future prenatal diagnostics.
Mutations in the WASHC5 gene, also known as the KIAA0196 gene, can lead to SPG8 (OMIM#603563). Since the splice-altering variant c.712–2A>G in the WASHC5 gene was identified, the diagnosis of the proband was further determined as SPG8. SPG8 is a rare autosomal dominant HSP characterized by onset of progressive lower limb spasticity and hyperreflexia in adults, resulting in impaired gait and difficulty in walking. The age distribution of symptom onset is wide, and the severity is variable. Some patients may become wheelchair-bound after several decades. Other patients’ presentation of symptoms may be late in their mid-50s with very slow deterioration. Other features may include upper limb spasticity, impaired vibration sense in the distal lower limbs, and urinary urgency or incontinence (de Bot et al., 2013). Ichinose et al. (2016) described the clinical and genetic findings in a patient with SPG8. The patient suffered from insomnia due to the pain caused by the nocturnal muscle spasm of his legs. Brain MRI and spinal cord MRI showed no significant abnormal findings. Jahic et al. (2014) detected a novel strumpellin alteration in a family with clinically pure HSP. The proband reported in the research of Jahic et al. (2014) had a 5-year history of progressively worsening ability to walk and complained of restless legs. Similarly, the proband in our study was referred to our hospital due to restless legs syndrome and insomnia. She had intolerable discomfort and spasticity in the left lower extremity. The symptoms were obvious at rest or during sleep, which resulted in difficulty sleeping. Moreover, the patients reported by de Bot et al. (2013) suffered from non-specific lower back pain and non-rheumatic joint pains, and this was the reason why the proband’s deceased brother in our study was considered to be affected. Notably, our proband showed asymmetric spasticity of a single lower extremity. To our knowledge, this phenotype has so far not been described in SPG8 patients. Thus, our proband’s phenotype expands the phenotypic spectrum of SPG8. Based on the genetic findings, the proband was managed with mecobalamin (1.5 mg/day), lorazepam (2 mg/day), and baclofen (30 mg/day, orally). Furthermore, a follow-up visit has been scheduled to ensure the patients benefit from personalized treatment.
Although approximately 57 genetic loci and 37 causative genes have been reported to be associated with HSPs (de Souza et al., 2017; Ishiura et al., 2014; Murala et al., 2021), only a few mutations have been reported as a cause of SPG8. To date, approximately 37 variants in WASHC5, including three splice mutations and one gross deletion variant, have been identified in a range of phenotypes (Elliott et al., 2013; Mulroy et al., 2021; D'Amore et al., 2018; Ma et al., 2018). Among them, only 24 mutations were reported in SPG8-affected individuals (Figure 3; Supplementary File S1). Here, we report the fourth splice-altering variant in the WASHC5 gene in a HSP patient. RNA splicing analysis revealed that the c.712–2A>G variant gave rise to a 337-nucleotide aberrant transcript in the proband, compared with the expected size transcript (307 nucleotides) in the healthy control (Figure 1H). In addition, Sanger sequencing of the mutant transcript confirmed the retention of 30 nucleotides of intron 6 of WASHC5 (Figures 1G, I). Furthermore, bioinformatics analysis predicted that the mutant transcript leads to the insertion of 10 aberrant amino acids in the intolerant region of the WASHC5 protein, breaking the original α-helix structure and resulting in an abnormally prolonged protein (Figures 2A, C). Given the degree of protein structure alteration, it was highly considered that the c.712–2A>G variant was responsible for the SPG8 in the proband. Performing additional functional analyses on the splice variant, such as investigating whether this variant affects protein stability and half-life, may yield further insights into the pathogenic mechanisms. Although the molecular mechanisms involved still require further exploration, our findings offer more evidence that splice variants of the WASHC5 gene are significant in HSP. Notably, the c.712–2A>G variant reported in this study has not been published; therefore, it is considered novel.
[image: Diagram displaying gene structure with mutations indicated above exons as C followed by numbers and base changes. An insertion of forty-nine amino acids is marked at position c.712-2A>G. Below, two protein domain structures compare WASHC5-MUT and WASHC5-WT, highlighting differences in different colored domains: N-terminal, spectrin repeat, and C-terminal domains.]FIGURE 3 | Schematic representation of all currently reported WASHC5 mutations. The WASHC5 gene is shown. The novel variant (c.712–2A>G) is marked in red letters.
The WASHC5 gene encodes the strumpellin protein which is involved in the formation of the WASH complex. The WASH complex is a large five-protein assembly that consists of the WASH protein (encoded by the WASHC1 gene), the FAM21 protein (encoded by the WASHC2 gene), the coiled coil domain containing 53 protein (CCDC53) (encoded by the WASHC3 gene), the strumpellin and WASH-interacting protein (SWIP) (encoded by the WASHC4 gene), and the strumpellin protein (Assoum et al., 2020; Clemen et al., 2022; Song et al., 2018). Previous studies have reported that disruption of either one of the five WASH complex subunits makes the whole complex unstable and may disturb the quantity of other WASH complex members (Jahic et al., 2015; Song et al., 2018). Consistent with the previous study, the mRNA level of WASHC5 in the proband was not altered by the c.712–2A>G variant. Interestingly, qPCR results revealed that the proband with the splice variant had lower mRNA levels of WASHC1 and WASHC3. The expression of genes encoding other WASH complex members hardly changed (Figure 2D). The WASH complex is a nucleation promoting factor that activates the ARP2/3 complex and participates in the spatial and temporal control of actin assembly at endosomes (Song et al., 2018). WASH complex-mediated actin is essential for both endosomal and lysosomal networks (Courtland et al., 2021; Gomez et al., 2012). In this process, the strumpellin protein acts at the interface between actin regulation and endosomal membrane dynamics. Pathogenic WASHC5 mutations in strumpellin can induce defects in endosomal fission or lysosome morphology, which further leads to HSP (Lee et al., 2020; Song et al., 2018). In our research, we found that the proband with the splice variant had a higher mRNA level of the VCP gene and lower mRNA level of the ARPC3 gene. Furthermore, the expression of endosomal-related genes (RAB5A, RAB5C, RAB11A, and RAB11B) and lysosome-related genes (LAPTM4B and LAPTM5) changed dramatically in the proband when compared with the healthy family members. No changes in RAB4A, LAMP1, and LAMP2 mRNA levels were detected (Figures 2F, G). These results indicate that both endosomal and lysosomal systems of the proband could be affected by the c.712–2A>G variant. This hypothesis will only be proven by further study. Additional functional analysis of the splice variant is recommended and may provide more information about the pathogenetic mechanism of HSP.
CONCLUSION
We used WES to evaluate the genetic cause of the disease in a Chinese family with HSP. A novel heterozygous splice variant (c.712–2A>G) of the WASHC5 gene was detected. The proband was further molecularly diagnosed with SPG8. Our study provided information for the genetic counseling of this family and offered more evidence that the splice variant of the WASHC5 gene is significant cause of HSP.
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Genetic disorders are significant contributors to infant hospitalization and mortality globally. The early diagnosis of these conditions in infants remains a considerable challenge. Clinical exome sequencing (CES) has shown to be a successful tool for the early diagnosis of genetic conditions, however, its utility in African infant populations has not been investigated. The impact of the under-representation of African genomic data, the cost of testing, and genomic workforce shortages, need to be investigated and evidence-based implementation strategies accounting for locally available genetics expertise and diagnostic infrastructure need to be developed. We evaluated the diagnostic utility of singleton CES in a cohort of 32 ill, South African infants from two State hospitals in Johannesburg, South Africa. We analysed the data using a series of filtering approaches, including a curated virtual gene panel consisting of genes implicated in neonatal-and early childhood-onset conditions and genes with known founder and common variants in African populations. We reported a diagnostic yield of 22% and identified seven pathogenic variants in the NPHS1, COL2A1, OCRL, SHOC2, TPRV4, MTM1 and STAC3 genes. This study demonstrates the utility value of CES in the South African State healthcare setting, providing a diagnosis to patients who would otherwise not receive one and allowing for directed management. We anticipate an increase in the diagnostic yield of our workflow with further refinement of the study inclusion criteria. This study highlights important considerations for the implementation of genomic medicine in under-resourced settings and in under-represented African populations where variant interpretation remains a challenge.
Keywords: clinical-exome, infant, diagnostic, South Africa, LMIC, implementation

1 INTRODUCTION
Genetic conditions are significant contributors to infant mortality, morbidity, and hospitalisations globally (Kingsmore et al., 2020). Despite advances in diagnostics with next-generation sequencing (NGS) and microarrays, it remains challenging to make diagnoses in infant populations. Infants often present with atypical or non-specific disease symptoms; many genetic disease phenotypes cannot be distinguished during the neonatal period; and disease progression may often be very rapid, making the identification and diagnosis of genetic conditions difficult (Wilkinson et al., 2016; van Diemen et al., 2017; French et al., 2019).
Clinical and whole exome sequencing (CES and WES), have been widely investigated for their use in diagnosing ill infants, with many studies evidencing their benefit (Petrikin et al., 2015; Smith et al., 2015; Willig et al., 2015; Stark et al., 2016; Meng et al., 2017; van Diemen et al., 2017; Farnaes et al., 2018; French et al., 2019; Kingsmore et al., 2019; Lunke et al., 2020; Wang et al., 2020). While WES targets all protein-coding regions of the genome, CES targets select genes with known disease associations and their flanking splice regions, and has been shown to provide an early, definitive diagnosis, preventing a diagnostic odyssey, and allowing for targeted clinical management (Smith et al., 2015). Virtual panels examining a subset of these clinically relevant genes from WES/CES data can be utilized to minimise the initial time and cost of analysis while offering the potential of comprehensive analysis of additional genes at a later stage with no additional laboratory costs, a key cost consideration for resource-constrained settings. Previous studies suggest that earlier diagnoses promote improved patient care and outcomes by facilitating changes in medical treatment, the early introduction of targeted therapies, increased surveillance, the appropriate initiation of comfort care, the reduction of costly, repeat, and sometimes invasive investigations, and the instigation of cascade testing for family members and counselling for reproductive planning–all measurable utility for the use of diagnostic testing (Rabbani et al., 2012; Splinter et al., 2018; Wright et al., 2018; Lunke et al., 2020).
Despite evidence from numerous research studies illustrating the benefits of CES for the diagnosis and management of ill infants, CES is not accessible in many parts of the world, particularly in low- and middle-income countries (LMICs). In many LMICs, CES is only offered in limited research settings (or not at all) creating larger health disparities in regions where access to primary healthcare and diagnostic services are already poor. This is true across the African continent, with few countries having established genetic services (Kamp et al., 2021). In South Africa, only three of the nine provinces offer genetic services in the State healthcare system, which services more than 80% of the population (Kromberg et al., 2013a; Stats SA, 2022). With limited access to genetic services, many affected by genetic conditions go undiagnosed and untreated. The lack of funding and resources for CES implementation is widely acknowledged by stakeholders, particularly shortages in infrastructure and trained genetics professionals (Kamp et al., 2021; Lumaka et al., 2022). The implementation of CES in the South African State healthcare system needs to be informed by international guidelines and standards, but requires optimisation in the local context to accommodate the scarcity of resources and the limited bioinformatics and genomics capacity (Kamp et al., 2021). The implementation of CES is further complicated by challenges in genetic data interpretation due to the underrepresentation of African populations in genomic databases and literature, African genetic diversity, and the lack of disease registries to document genetic disease prevalence (Kromberg et al., 2013b; Baynam et al., 2020; Lumaka et al., 2022). Despite these challenges, CES may offer significant improvements in the clinical management of vulnerable, underserved South African populations, including ill infants in the neonatal intensive care unit (NICU). Without a genetic diagnosis, infants with genetic conditions are constrained by less accurate risk assessments, prognoses, and specialist referrals; minimal assistance from support organisations and government welfare; and no access to emerging therapies and clinical trials, widening the existing healthcare disparities African populations face in accessing personalised healthcare.
With the shift in focus of genomic medicine to implementation science and translation into clinical practice, studies are needed to determine the benefits and challenges faced in implementing CES in real-world settings (Kingsmore and Cole, 2022). There are many barriers to the implementation of genomic medicine in LMICs which need to be investigated and addressed for genomic medicine and CES to be successfully integrated into global healthcare systems. To meet the World Health Organisation’s sustainable development goal to reduce neonatal and children under-5 mortality, the implementation of adequate genetic services to address the burden of genetic disease, often overshadowed and masked by infectious and communicable disease, is necessary in LMICs. Implementation should address the various barriers faced, including limited infrastructure and technology, shortages in the genetics workforce, poor genomic literacy amongst healthcare providers, poor literacy and education amongst the general population, language barriers and the lack of standardised genomics terminology in local languages, cultural and societal nuances around family structure, cultural beliefs around disease causality, and paucity of information around genetic disease burden in African populations (Kamp et al., 2021). These challenges will vary across LMICs due to population, economic, political, and social diversity, rendering a one-size-fits all implementation approach inappropriate for most settings and making investigations into unique, country-specific challenges necessary (Tiffin, 2014; Kamp et al., 2021; Lumaka et al., 2022).
We performed a scoping study to evaluate the diagnostic utility of singleton CES in a cohort of ill infants suspected of having a genetic condition in the South African State healthcare system through a series of three virtual gene panels. This study provides insight into the implementation of CES for ill infants in an under-resourced LMIC setting, where access to genetic services is limited, the burden of genetic disease is unknown and the interpretation of genomic data remains a considerable challenge.
2 METHODS
The study workflow is summarised in Figure 1.
[image: Flowchart detailing the process of genetic analysis through four main stages: 1) Recruitment involves parental consent, clinician referral, and sample collection. 2) DNA Extractions and Sequencing include preparation and quality assessment. 3) Exome Data Analysis covers read processing, variant calling, quality filtering, and annotation. 4) Variant Review and Reporting involves prioritization, classification, and clinical interpretation. The analysis includes specific tools like the Torrent Suite and VEP, and categorizes genetic variants based on clinical significance.]FIGURE 1 | Study overview and analysis workflow.
2.1 Recruitment
A cohort of thirty-two ill infants, suspected of having a genetic condition, were recruited from two State hospitals in Johannesburg, South Africa: Rahima Moosa Mother and Child Hospital (RMMCH) in Coronationville, and Nelson Mandela Children’s Hospital (NMCH) in Parktown. These hospitals are regional and quaternary hospitals respectively and serve mostly State patients. Participants were referred for genetic testing either directly by neonatologists and paediatricians without consultation with medical geneticists, or by medical geneticists at call out consultations or referral. Clinicians were provided a list of recruitment criteria, highlighting a broad range of phenotypic features that may be suggestive of a genetic cause for an ill infant’s condition. Infants were considered eligible for recruitment if they presented with any of the following: multiple congenital anomalies, a concern for their neurological status, metabolic abnormalities of uncertain cause, dysmorphic features or if they had abnormal growth parameters. Infants were excluded if they had significant teratogen exposure during pregnancy, experienced birthing trauma or asphyxia, or had a diagnosed infection that could be the primary cause of illness. Premature patients were considered eligible for inclusion if their clinical features were not primarily explained by prematurity.
Parents and guardians provided informed consent on behalf of infants for participation in the study after the study was explained to them by a principal investigator or genetic counsellor. A blood sample was collected for DNA extraction and exome testing from each participant. A saliva sample from available parents was banked at consent, however, this study employed exome sequencing of probands only.
Phenotypic information regarding the condition and medical history of the participants was provided by the referring clinician. Clinicians were provided a short format phenotype collection rubric to assist with this as a Redcap form (Supplementary Table S1) (Harris et al., 2009; Harris et al., 2019), and requested to provide any information they believed was relevant to a possible genetic diagnosis.
2.2 DNA extraction and next-generation sequencing
DNA extraction was performed on the stored participant blood samples using a modified salting-out method (Miller et al., 1988). DNA quality and quantity was assessed using the NanoDrop 2000 (Thermo Fisher Scientific, United States), gel electrophoresis and the Qubit 4.0 system (Thermo Fisher Scientific, United States). Library preparation was performed manually using the Ion Ampliseq Exome RDY library preparation kit, as per the manufacturer’s instruction. DNA libraries were quantified and sized using the TapeStation High Sensitivity D5000 ScreenTape assay (Agilent Technologies, Germany). Diluted libraries were loaded onto Ion 540 sequencing chips for exome sequencing using the automated Ion Chef instrument (Thermo Fisher Scientific, United States). Loaded chips were sequenced in-house on an Ion GeneStudio S5 sequencer (Thermo Fisher Scientific, United States). The laboratory processing time for four samples was approximately 5 days.
2.3 Exome data analysis
Read alignment to the GRCh37 human reference genome was performed on the Ion Torrent Suite software (Thermo Fisher Scientific, United States). Variant calling was subsequently performed using Ion Reporter software (Thermo Fisher Scientific, United States). Variants were annotated using the Ensembl Variant Effect Predictor (VEP), versions 107 and 108 (McLaren et al., 2016).
Variants were filtered and prioritised for manual curation using three sequential filtering approaches, summarised in Figure 1. The first variant filtering approach retained variants in a virtual gene panel consisting of 1,127 genes, curated for their association with neonatal- and early-childhood-onset conditions (Ceyhan-Birsoy et al., 2017; Milko et al., 2019) and genes with known founder variants and common variants in African populations (Krause et al., 2018) (NICU/African) (Supplementary Table S2). If no causative variant was identified, the second variant filtering approach, retaining variants with previous pathogenic, likely pathogenic and variant of uncertain significance (VUS) classifications on ClinVar, including variants with conflicting interpretations, was employed (Landrum et al., 2018). The third filtering strategy, employed if no causative variant was identified from the first two strategies, retained variants in 2,313 genes on the Deciphering Developmental Disorders Genotype to Phenotype (DDG2P) gene panel (Thormann et al., 2019). Filtered variants were then prioritised for manual curation based on the type of variant, population minor allele frequencies, previous pathogenic and likely pathogenic interpretations on ClinVar and predicted deleterious impacts on protein function from in silico prediction tools CADD, REVEL, BayesDel and MetaRNN (Ioannidis et al., 2016; Feng, 2017; Rentzsch et al., 2019; Li et al., 2022). Variants were visually inspected to determine quality using Integrated Genomics Viewer software (IGV) (Robinson et al., 2011).
Prioritised variants were classified according to the American College of Medical Genetics and Genomics and the Association for Molecular Pathology (ACMG/AMP) guidelines to determine their pathogenicity (Richards et al., 2015). Filtering, prioritization, manual curation and classification took approximately 6 h to perform per filtering strategy per sample. Pathogenic and likely pathogenic variants were then reviewed by a multidisciplinary team to determine if the diagnosis was appropriate for the participant. Findings were reported in a research report and returned to the referring clinicians and participants. VUSs and incidental findings were not reported in this study. Positive molecular findings were returned to parents by a genetic counsellor or medical geneticist, and appropriate downstream medical intervention and referrals initiated where necessary. Parents of participants with negative findings were invited for further consultation with a medical geneticist to discuss the implications of the negative result and determine an appropriate clinical management route going forward.
3 RESULTS
3.1 Cohort characteristics
Thirty-two infants under the age of two, with a suspicion of a genetic condition were recruited for CES between May 2021 and December 2022 (Table 1). A single participant was enrolled and excluded as the participant had received a blood transfusion and demised before an appropriate amount of time had passed for a blood sample to be drawn. Most participants were referred for genetic testing directly by their treating neonatologist or paediatrician (23) and were not formally assessed by a medical geneticist prior to recruitment. An equal proportion of male and female participants were recruited. Most participants were of African ancestry (26). Only two participants, NE025 and NE035, were born to self-reported consanguineous parents. The most frequent indications for CES were multiple congenital anomalies (9), cardiac defects and abnormalities (6), general dysmorphism (3) and neuromuscular abnormalities (3). No participants had abnormalities detected prenatally on ultrasound or had prenatal genetic investigations, however, fetal anomaly scans are infrequently performed as standard obstetric care in the State healthcare system.
TABLE 1 | Demographics and clinical characteristics of the patient cohort referred for clinical exome sequencing.
[image: A table summarizing characteristics of a study cohort of 32 participants. It includes details on hospital recruitment sites (RMMCH and NMCH), sex distribution (equal for male and female), referring clinicians, ancestry, consanguinity, and indications for genetic testing. The table also indicates the number and percentage of positive diagnoses for each category. Abbreviations are provided for the hospital names.]3.2 Genetic diagnoses from singleton CES
Singleton CES was performed on all participants with an average coverage of 134%X and 90% uniformity. A molecular diagnosis was confirmed for 7 of the 32 recruited participants, resulting in a diagnostic yield of 22% (Table 2). Five of the identified causative variants were in genes in our NICU/African virtual panel.
TABLE 2 | Positive infant diagnoses through clinical exome sequencing using three filtering strategies.
[image: A detailed table displays genetic study data, including columns for study ID, hospital, referring clinician type, sex, ancestry, indication for testing, phenotypic features, variant details, filtering strategy, classification, variant inheritance, and diagnosed condition. Abbreviations at the bottom explain terms.]Two participants received a severe myopathy diagnosis. A homozygous STAC3 variant (c.851G>C; p.Trp284Ser) was identified in participant NE001. This variant has been associated with a diagnosis of STAC3 myopathy (Horstick et al., 2013; Telegrafi et al., 2017; Waldrop et al., 2017; Zaharieva et al., 2018; Schoonen et al., 2019; Ravenscroft et al., 2021; Saleh et al., 2021). Multiple in silico prediction tools predict this variant to be deleterious to STAC3 function, confirmed in zebrafish models, which show a deficiency in skeletal muscle excitation-contraction coupling as a result of this missense mutation (Horstick et al., 2013; Linsley et al., 2017). A hemizygous, nonsense MTM1 variant (c.664C>T; p.Arg222Ter), affecting the functional myotubularin phosphatase domain of the MTM1 protein, was identified in participant NE021. This variant has been associated with severe X-linked myotubular myopathy (Laporte et al., 1997; Tanner et al., 1999; Biancalana et al., 2003; Longo et al., 2016). Both diagnosed myopathies had severe disease presentations, resulting in the demise of both infants within a week of life. Parents of these infants were offered prenatal testing for future pregnancies.
A pathogenic, heterozygous missense variant in COL2A1 (c.3589G > A; p.Gly1197Ser) was identified in participant NE022. This variant occurs in a predicted missense constrained gene and has predicted deleterious effects on type II collagen stability and structure (Beck et al., 2000). Other amino acid substitutions at the same position, p.Gly1197Ala and p.Gly1197Arg, have previously been reported as pathogenic. Mutations in the COL2A1 gene have been associated with a spectrum of overlapping skeletal dysplasias, therefore, this participant received a broad diagnosis of a COL2A1 collagen disorder (Cole et al., 1993; Nishimura et al., 2005; Terhal et al., 2015). Further assessments are needed to refine this diagnosis. This participant will need to be monitored for eye abnormalities, cervical instability and have their respiratory function assessed by the appropriate medical specialties.
Participant NE026 was diagnosed with Noonan-like syndrome with loose anagen hair caused by a heterozygous SHOC2 variant (c.4A > G, p.Ser2Gly). This variant, carrying a three-star ClinVar classification, has been shown to alter MAPK activation in in vitro studies and animal models (Cordeddu et al., 2009; Hoban et al., 2012; Gripp et al., 2013; Gargano et al., 2014; Choi et al., 2015). This participant will be referred for neurodevelopmental and cardiac assessments, as cardiac defects and psychomotor delay are frequently observed in this condition.
A hemizygous, nonsense OCRL variant (c.1621C > T, p.Arg541Ter) was identified in participant NE029, associated with X-linked recessive Lowe (Oculo-cerebro-renal) syndrome. This specific premature termination variant has been observed in other Lowe syndrome patients with similar clinical presentations (Hichri et al., 2011; Yang et al., 2014; Recker et al., 2015). This participant will require ophthalmology treatment for cataracts and glaucoma, as well as electrolyte monitoring for renal tubular acidosis. The mother of Participant NE029 received carrier screening by Sanger sequencing, confirming that she was not a carrier for the identified pathogenic variant.
Participant NE033 received a diagnosis of severe congenital nephrotic syndrome (Finnish type), harbouring a homozygous variant in the NPHS1 gene (c.1379G > A, p.Arg460Gln). This variant has been reported in a homozygous state in multiple congenital nephrotic syndrome cases (Beltcheva et al., 2001; Schoeb et al., 2010; Warejko et al., 2018; Mann et al., 2019). Participant NE033 presented with end stage renal disease and was unable to access renal replacement therapy in South Africa. Due to a poor prognosis and limited available medical intervention, this family received counselling on comfort care.
A heterozygous missense variant in TRPV4 (c.806G > A, p.Arg269His) was identified in participant NE034. This variant has been extensively reported in the literature for its association with autosomal dominant neuromuscular disease and skeletal dysplasia (Auer-Grumbach et al., 2010; Deng et al., 2010; Landoure et al., 2010; Zimon et al., 2010; Echaniz-Laguna et al., 2014; Louis et al., 2014; Biasini et al., 2016; Fleming and Quan, 2016; Jedrzejowska et al., 2019). Multiple functional studies support this variant’s gain of function role in increasing calcium channel activity, resulting in cell death and axonal degeneration (Deng et al., 2010; Landoure et al., 2010; Fecto et al., 2011; Klein et al., 2011; Takahashi et al., 2014). Participant NE034 presented clinically with only the skeletal features of TRPV4-associated disease and received a diagnosis of spondylometaphyseal dysplasia. As the neuropathic symptoms of this disease have been reported to occur after the neonatal period, this participant will need to be monitored for the development of these symptoms (Fleming and Quan, 2016). This participant will require physical therapy to maintain lower limb function. Pulmonary function and cervical spine stability will also be monitored in this participant.
4 DISCUSSION
This study generated valuable insights into the practicalities and utility of implementing CES in a NICU setting in South Africa. As the developed world moves toward rapid testing for ill infants, challenges in the implementation of genomic medicine in African and LMICs exacerbates existing healthcare disparities due to the slow uptake of these newer technologies, particularly in Sub-Saharan Africa, where most NGS testing, even in the research setting, is performed outside of the African continent (Baine-Savanhu et al., 2023). These challenges require careful consideration for the implementation of cutting-edge genomic services and for health equity to be achieved (Kingsmore and Cole, 2022).
We identified a genetic cause in seven ill infants with a range of clinical disease presentations, achieving a minimum diagnostic yield of 22%. Many studies globally have assessed the utility of CES in infant populations, showing impressive diagnostic yields of up to 70% (Clark et al., 2018), however, there is an absence of African individuals in these studies and low representation from LMICs. Patients of African ancestry are less likely to receive a diagnosis using current analytical strategies, as shown in the Deciphering Developmental Disorders study, creating a significant healthcare disparity for these populations (Wright et al., 2023). A tailored implementation strategy is needed for successful uptake of CES in Africa and in LMICs.
Comprehensive analysis strategies offer a higher probability of identifying a causative variant, however, these strategies are more time and labour intensive and have higher VUS rates (Stark and Ellard, 2022). A curated virtual panel of carefully selected genes, as demonstrated in this study, is an effective first approach for exome data analysis. Five of the seven causative variants identified in this study were in genes in our custom NICU/African panel, illustrating its utility for infant cohorts. The simplification of analysis pipelines and strategies in LMIC settings is necessary to deliver a result in a timely manner and with a low dependence on computational infrastructure and bioinformatics capacity. More comprehensive analysis pipelines, such as whole exome analysis, and the investigation of CNVs and structural variants could be deployed next for the remaining undiagnosed participants (Splinter et al., 2018). Undiagnosed participants may also benefit from reanalysis to incorporate updates to the virtual gene panel, new variant information, novel gene-disease associations, updated phenotypic data and bioinformatic advancements (Schobers et al., 2022).
The implementation of CES across the African continent and in LMICs is significantly under-investigated and many of the challenges associated with CES implementation into genetic service are exacerbated in an African setting. The significant barriers to the implementation of genomic medicine include a lack of infrastructure and support for clinical translation, the scarcity of information regarding African genetic epidemiology, poor genomic literacy among healthcare workers, few formally trained genetics professionals, a lack of investment by governments and international funders, the low cost effectiveness in establishing genetic services, and the fear of widening the existing disparities by only benefiting those who can afford access to these technologies (Jongeneel et al., 2022). These challenges, many seen in this study, need to be addressed when planning implementation strategies for CES in our context.
More than 70% of our infant cohort was referred for genetic testing directly by a neonatologist or paediatrician. Appropriate phenotyping and a predictive clinical diagnosis from a medical geneticist can direct CES data interpretation and contribute to a higher diagnostic yield (Trujillano et al., 2017; Gubbels et al., 2020). The limited formally trained genetics workforce in South Africa makes input from trained geneticists prior to genetic testing a virtually impossible task (Kromberg et al., 2013a). The engagement and upskilling of primary care medical specialities is necessary for CES implementation in under-resourced settings, to allow the few medical geneticists and genetic counsellors to be most efficiently utilised (Dragojlovic et al., 2020; Chou et al., 2021).
The lack of representation of African and Sub-Saharan African populations in publicly available databases and limited understanding of African genetic disease epidemiology makes CES data analysis and interpretation complex. A representative reference genome which considers African population diversity and disease epidemiology is essential in identifying disease-causing variants in a timely manner. A better understanding of genetic disease in African populations is key to improved management and service of our populations. This study allowed us to investigate genetic disease epidemiology in an underrepresented African population. The variant identified in participant NE001, diagnosed with STAC3 myopathy, has the highest carrier rate in the Genome Aggregation Database (GnomAD, accessed June 2023) in individuals of African/African American ancestry (Zaharieva et al., 2018; Gromand et al., 2022). Unpublished research from the South African National Health Laboratory Service revealed a frequency of 20% for this variant in a homozygous or compound heterozygous state in SMN1 negative African patients with myopathic phenotypes (Mhlongu et al., 2022). Despite its prevalence in African-ancestry patients, STAC3 testing has only been recognized as a common myopathy and introduced into diagnostic service in the South African State system within the past year.
Singleton CES was utilised in this study to elucidate the potential cause of disease in our infant cohort. Despite its recognised diagnostic superiority, trio-sequencing is costly to consider in LMICs, where limited financial resources must effectively serve large populations {Baine-Savanhu et al., 2023 #416} (Clark et al., 2018; Kingsmore et al., 2019). Trio-sequencing is thus not affordable at present in LMICs and the benefit versus cost requires further investigation. Complex family dynamics and social issues are other key considerations for African populations. In this cohort, only 31% of participants had both parents available at enrolment due to a variety of social factors, including: admission at hospitals far away from their residence with no access to transportation; the inability to get time off work for hospital visits; some participants were African immigrants who were not in South Africa as a complete family unit; and many participants were born to single-parent households and families. A diagnosis was still achievable in some participants in this study with singleton sequencing, illustrating the effectiveness and utility of this tool as a first-tier strategy, despite difficulties in documenting de novo mutations and reoccurrence risk. For effective implementation of genomic services in Africa, these social challenges need to be embraced to prevent the exclusion of patients who would greatly benefit from access to these services.
Approximately 80% of participants did not receive a molecular diagnosis in this study. The workflow offers a starting strategy in the diagnostic trajectory of these participants, who would benefit from further investigations to fill in gaps not addressed in our virtual gene panels. Refinement of the inclusion and exclusion criteria may provide more clarity to referring clinicians as to which infants would most benefit from CES, allowing for better utilisation of the scarce resources for testing. More comprehensive phenotyping may also provide more guidance in participant screening and in variant interpretation for a more cost- and time-effective implementation strategy.
In conclusion, this study yielded a definitive diagnosis for seven families affected by a genetic condition with minimal access to genetic testing in the South African State healthcare system, providing the first evidence of the diagnostic utility of CES for ill infants in an under-resourced NICU setting in Africa. Our experience can be used as a point of departure to develop feasible, local CES implementation strategies, utilising appropriately curated virtual panels to provide clinically actionable findings within an appropriate timeframe. Optimisation of an appropriate gatekeeping strategy that leverages locally available genetics capacity may increase our diagnostic yield and minimise inappropriate testing.
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Netherton syndrome (NS) is rare and multisystemic congenital skin disorder classically distinguied as a triad of congenital ichthyosiform erythroderma, trichorrhexis invaginata (TI), and an atopic diathesis. Recent advances in pathogenesis have explored the role of IL-23/Th17 pathway in NS. Herein, we present a 17 years old girl harbouring homozygous four base pair deletion in exon 26 of the SPINK5 gene, presented with pruritus, scaling, dry skin and generalized eczematous lesions. She was administered anti IL17A (subcutaneous secukinumab) therapy. The treatment was well tolerated and resulted in a favourable clinical response, reduction of the IL17A gene expression and CD4 + Th17 cell population after 6 months which revealed an abrogation of Th17-skewing during therapy.
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Introduction

Netherton syndrome (NS) is a difficult to treat autosomal recessive disorder that is associated with significant morbidity. It is characterised by the triad of congenital ichthyosiform erythroderma or ichthyosis linearis circumflexa, hair shaft abnormalities, and atopic diathesis. There is a paucity of therapeutic options that can lead to a satisfactory response in patients with NS. Recent studies have highlighted the possibility of targeting the interleukin-17 driven inflammatory pathway as an effective treatment strategy for the treatment of NS. Here, we present a case of NS who was successfully treated with secukinumab.



Report of a case

A 17-year-old girl, known case of NS (Homozygous four base pair deletion in exon 26 of the SPINK5 gene) presented with generalised erythema and scaling associated with marked pruritus. She had received treatment in the form of topical medications including emollients, corticosteroids, and a calcineurin inhibitor as well as systemic drugs including antihistamines, corticosteroids, acitretin (0.3 mg/kg/day for 2 months) and monthly doses of intravenous immunoglobulin (IVIG, 0.4 g/kg/day for 6 months) in the past (reported earlier) (1). The patient had minimal response to acitretin therapy, but showed a marked reduction in the erythema and scaling with IVIG. However, 6 months later, the child developed thrombosis of left sigmoid, and transverse sinus for which she was started on enoxaparin and IVIG was discontinued. Her past history was significant for growth hormone deficiency and exogenous Cushing's syndrome. On examination, the patient had central obesity with prominent striae. Cutaneous examination revealed generalised erythema and scaling in the form of ichthyosis linearis circumflexa (ILC) (Figure 1). Scalp hair was short and sparse and revealed trichorrhexis nodosa on light microscopy. The patient was planned for secukinumab therapy and relevant investigations were performed. To assess the efficacy of anti-IL17 therapy, mRNA expression of Th17 related pathway genes were checked at three different time points (Figure 3). Assessment of CD4+-T helper cell population in whole blood received from patient before and after anti-IL17A therapy (Figure 4).


[image: Four panels labeled A to D display skin conditions at baseline on different body areas. A shows the abdomen with reddish patches. B depicts the back with similar patches. C shows the thighs, showing redness and some inflammation. D focuses on the elbow area with visible redness and rough texture.]
FIGURE 1
Clinical photographs of the patient at baseline showing erythema and ichthyosis linearis circumflexa like scales over the abdomen (A), back (B), thighs (C), chest (D).


The blood counts and biochemistry were within normal limits; viral markers were non-reactive and chest x-ray did not show any abnormalities. Work-up for primary immunodeficiency disease (serum immunoglobulins, T-cell subtyping, nitroblue tetrazolium tests, complement levels) was also normal. Subsequently, the patient was administered subcutaneous 150 mg (weight of the patient being 53 kg)once a week for 5 doses followed by once a month. Significant improvement in disease severity in terms of pruritus as well as erythema and scaling could be observed after 8 doses (4 months) of secukinumab therapy (Figures 2A–2D). The ichthyosis severity score decreased considerably from 36 (pretreatment) to 18 after 4 months of treatment with a significant improvement in quality of life. Possible adverse event in the form of appearance of verruca vulgaris was observed after 4 doses of secukinumab therapy, however the same resolved without any active intervention within 2 months. No serious adverse events were reported. The relative mRNA levels of Th17 pathways were examined (Figure 3). The relative mRNA expression of the IL17A (6.45-fold; p = 0.001), IL21 (1.45-fold; p = 0.014), and IL22 (2.08-fold; p = 0.21) cytokines were elevated at first time points (before first dose of injection). Significant decrease was observed in mRNA level of IL17A gene at second (3.66-fold; p = 0.01) and third (0.0001-fold; p = 0.002) time points. The mRNA level of IL23 gene was low during first time point (0.11-fold, p = 0.018), unexpectedly increased during second time points (1.80-fold, p = 0.002) and reduced after third time point (0.0010 fold, p = 0.003). T-helper cell subtypes were assessed by flowcytometry techniques (Figure 4). There was gradual reduction in CD4+-IL17A positive cells (Th17 cells) from first time point to third time point (2.76%–0.76%). After second time point there was not much increase. CD4+-IL4 positive cell (Th2 cells) population was slightly increased in second (2.10%) and third time point (2.10%) as compared to first time point (1.96%). The reduction in CD4+-IFN-Gamma postive cells (Th1 cells) was sharp in second and third time point among all T-helper cell population. All together anti-IL17 therapy shows reduction in T-helper cells in the patients at three different time points.


[image: Four images labeled A to D show different body areas with skin conditions after four months and eight doses of treatment. Image A displays a stomach with visible spots. Image B features a back with a smoother appearance. Image C shows thighs with slight skin roughness. Image D focuses on a shoulder area with some spots and texture.]
FIGURE 2
Clinical photographs of the patient after receiving 8 doses of subcutaneous secukinumab showing marked reduction in erythema and scaling over the abdomen (A), back (B), thighs (C), chest (D).



[image: Bar graph depicting relative mRNA expression of IL-17A, IL-23, IL-21, and IL-22 in fold change normalized to β-actin. Four conditions are compared: Control, before injection, after four months, and after six months. IL-17A shows highest expression before injection. IL-22 expression peaks after four months. Statistical significance is indicated with p-values and asterisks.]
FIGURE 3
Relative mRNA expression of cytokine genes from patient before and after anti-IL17A therapy.



[image: Flow cytometry scatter plots and bar graphs depict CD4+ T helper cell populations at three time points: baseline, four months, and six months. Scatter plots show cell distribution in quadrants based on two fluorescent markers (IL17A, IFN-gamma). Bar graphs below each scatter plot quantify positive cell percentages for IL17A, IL-4, and IFN-gamma over time, highlighting changes in cell populations across the three time points.]
FIGURE 4
Assessment of CD4+-T helper cell population in whole blood received from patient before and after anti-IL17A therapy.




Discussion

NS is a rare autosomal recessive disorder characterized by a triad of congenital ichthyosiform erythroderma, hair shaft abnormalities, and atopic diathesis (elevated serum IgE) (2). The pathogenetic loss-of-function mutations in the serine protease inhibitor Kazal type 5 gene located on chromosome 5q31-32 encoding the lymphoepithelial Kazal-type related inhibitor leads to a reduction of serine protease inhibition in turn causing over desquamation of corneocytes.

According to the European Guidelines for the management of congenital ichthyosis, the treatment of NS involves use of topical emollients, keratolytics, glucocorticoids, calcineurin inhibitors, and calcipotriol. New therapeutic options involving narrowband ultraviolet B phototherapy, IVIG and anti TNF-α also appear to be effective as a treatment (3).

With the emerging evidence of 1l-17 driven inflammatory pathways playing a role in the pathogenesis of inherited ichthyosis and responsible for the cutaneous inflammation, interest has arisen in targeting this particular pathway for the treatment of ichthyosis (4, 5).

Secukinumab is a recombinant human monoclonal immunoglobulin G1 (IgG1)/κ antibody that selectively targets IL-17A and blocks its interaction with the IL-17 receptor. It has been used successfully in other proliferative skin disorders especially psoriasis where it effectively reduces the erythema and scaling by suppressing the IL-17 pathway. It is FDA approved for the treatment of moderate to severe plaque psoriasis, psoriatic arthritis and active ankylosing spondylitis. Recently, secukinumab has received FDA approval for the treatment of children (≥6 years) and adolescents with moderate to severe plaque psoriasis (6). There have been reports of marked cutaneous improvement in patients of NS with secukinumab therapy (7–10).

Our patient had already received multiple treatments in the past, however continued therapy with any of the drugs was not feasible either due to insufficient response or due to development of serious adverse events. Exhaustion of conventional therapies as well as promising results shown by secukinumab in patients with NS prompted us to initiate secukinumab therapy in this patient. The results were striking with marked cutaneous improvement of parameters including pruritus, erythema and ILC like scales. The patient continues to be maintained on monthly doses of secukinumab without any serious adverse events.

Our case further highlights the therapeutic potential of the interleukin-17 inhibitor drugs like secukinumab in patients with NS. However, long term studies on larger populations are needed to validate the findings of this study.
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Exome sequencing (ES) is a recommended first-tier diagnostic test for many rare monogenic diseases. It allows for the detection of both single-nucleotide variants (SNVs) and copy number variants (CNVs) in coding exonic regions of the genome in a single test, and this dual analysis is a valuable approach, especially in limited resource settings. Single-nucleotide variants are well studied; however, the incorporation of copy number variant analysis tools into variant calling pipelines has not been implemented yet as a routine diagnostic test, and chromosomal microarray is still more widely used to detect copy number variants. Research shows that combined single and copy number variant analysis can lead to a diagnostic yield of up to 58%, increasing the yield with as much as 18% from the single-nucleotide variant only pipeline. Importantly, this is achieved with the consideration of computational costs only, without incurring any additional sequencing costs. This mini review provides an overview of copy number variant analysis from exome data and what the current recommendations are for this type of analysis. We also present an overview on rare monogenic disease research standard practices in resource-limited settings. We present evidence that integrating copy number variant detection tools into a standard exome sequencing analysis pipeline improves diagnostic yield and should be considered a significantly beneficial addition, with relatively low-cost implications. Routine implementation in underrepresented populations and limited resource settings will promote generation and sharing of CNV datasets and provide momentum to build core centers for this niche within genomic medicine.
Keywords: copy number variation, exome sequencing, low-middle-income countries, variant calling, rare disease, monogenic disorders

1 INTRODUCTION
Exome sequencing (ES) is a widely used molecular approach and is recommended as a first-tier test for diagnostic purposes for rare monogenic disorders (Stark et al., 2016; Hu et al., 2018; Srivastava et al., 2019). ES identifies variants within coding exonic regions and is predominantly centered around single-nucleotide variant (SNV) discovery. Recent computational advances have made it possible to incorporate copy number variant (CNV) analysis from ES data, making it more practical and cost-effective, especially for disorders where both SNVs and CNVs are involved in disease etiology.
CNVs attribute to the pathogenesis of up to 15% of rare monogenic cases (Truty et al., 2019; Testard et al., 2022) and tend to have a more severe consequence on phenotype compared to SNVs due to their large size and effect on entire coding regions (Park et al., 2019). Progress has been made regarding joint SNV and CNV investigations in low-middle-income countries (LMICs); however, the gold standard for CNV detection remains chromosomal microarray (CMA) despite its inability to detect SNVs or smaller insertions and deletions. Thus, CMA does not facilitate the efficient use of resources when applied exclusively within already resource-limited settings (Park et al., 2019).
ES has proven to be a cost-effective first-tier test in developed countries, predicting a cost saving between $1,484 and $3,242 per diagnosis (Schwarze et al., 2018). Implementing a diagnostic exome is still thought to be higher in LMICs due to the lack of established infrastructure, high cost of reagents, and the need for personnel training (Wiener et al., 2023); however, studies show that traditional genetic testing and pre-ES investigations can cost up to six times more than local ES costs (Cordoba et al., 2018; Masri and Hamamy, 2021). ES as a first-line investigation would thus be beneficial for many patients and a worthwhile investment in a limited resource setting (Wiener et al., 2023). Despite the advances in ES, it is still not routinely used, especially in countries where genetic testing is limited. The overall diagnostic rate of ES is estimated at ∼25% (Yang et al., 2013; Lee et al., 2014; Fung et al., 2020); however, yields as high as 36% (Srivastava et al., 2019) and 41% (Dong et al., 2020; Wright et al., 2023) have been reported in patients with rare monogenic developmental disorders. In studies involving consanguineous patients, a yield of up to 86% has been reported (Hiz Kurul et al., 2022).
In this mini review, we present evidence to show that integrating CNV detection tools into a standard ES analysis pipeline should be considered since it is cost-effective, improves diagnostic yield, and shortens the diagnostic odyssey for patients.
2 BIOINFORMATIC CONSIDERATIONS AND CNV CALLING TOOLS
Many bioinformatic tools have been developed for the identification of CNVs from genome and ES data. While no additional sequencing costs are involved in the exome CNV analysis, computational costs relating to additional data analysis should be considered. Comparing computational costs of exome CNV tools, the average expected central processing unit usage was 5.68 GHz and an average of 267,55 Mb of space was used for a 11.2 Mb series of datasets with ×100 coverage (Zhao et al., 2020). Implementing CANOES on 285 samples took ∼6 min per sample using a 2.3 GHz central processing unit core (Backenroth et al., 2014) and for CLAMMS, (Packer et al., 2016) an estimate of ∼50 MB random-access memory is required per process. The four main approaches to detect CNVs (Figure 1) are read depth-based, paired-end mapping, split read-based, and assembly-based approaches (Zhao et al., 2013). A combination or ensemble approach is also commonly used as none of the methods alone detect all CNVs with high specificity and sensitivity. Here, we will focus on the most recent and most widely used CNV tools (Gabrielaite et al., 2021) divided into categories according to these different detection approaches (Table 1).
[image: Diagram illustrating four structural variant detection methods: A) Read-depth shows exome regions with mapped reads. B) Split-read shows mapped and split reads. C) Paired-end mapped shows clustered reads. D) Assembly based shows de novo assembly with a contig.]FIGURE 1 | Illustration of the four main CNV calling methods from NGS data. Adapted from Zhao et al. (2013), licensed under CC BY 2.0. (A) Read depth-based, (B) Split read-based, (C) Paired-end mapping, and (D) assembly-based approaches.
TABLE 1 | Summary of bioinformatic tools for CNV detection using next-generation sequencing data.
[image: Table listing various tools used for detecting genomic variations, categorized by method, advantages/attributes, and references. Tools include CANOES, CLAMMS, CoNIFER, and others, with methods like read depth, split read, paired-end, and ensemble approach. Each tool's advantages and its reference are provided.]2.1 Read depth-based approach
This approach relies on the depth of coverage to estimate the copy number that the genomic region is correlated with. A higher depth of coverage at a specific region indicates a gain, whereas a lower depth of coverage indicates a loss of copy number. This approach performs well in complex genomic regions (Yoon et al., 2009). CLAMMS (Packer et al., 2016), CoNIFER (RRID:SCR_013213) (Krumm et al., 2012), ExomeDepth (RRID:SCR_002663) (Plagnol et al., 2012), XHMM (Fromer et al., 2012), cn.MOPS (RRID:SCR_013036) (Klambauer et al., 2012), and GATK-gCNV (Babadi et al., 2022) are amongst the most recent and often used read depth-based tools. As only the exonic regions are sequenced, some considerations need to be addressed for these tools to function optimally. ES is considered more appropriate for this approach since it has higher coverage than whole genome sequencing. The majority of tools developed to date for the identification of CNVs from ES data are thus based on this approach. When using read depth-based CNV detection, one should take into consideration that most tools require the use of a reference panel of samples. An assumption of the read depth approach is that reads are distributed uniformly across the genome; however, this is not the case for exome sequencing. Reference samples are thus used to control these biases created by regions of variable depth across exons by establishing a baseline for CNV calling, which ensures the accurate detection of CNVs. These samples should ideally be matched in terms of preparation and sequencing platform and even sequencing batch if possible to limit technical biases which might hinder CNV detection. A number of tools require matched case–control samples as inputs; however, many tools use multiple test samples as a cohort to serve as reference samples for the analysis. The number of samples to be used ranges from below ten to hundreds of samples; for instance, cn.MOPS requires a minimum of six samples, whereas XHMM has a minimum of 50 samples. Several read depth-based tools have been developed and implemented on ES data (Krumm et al., 2012; Tan et al., 2014; Pfundt et al., 2017; Zhao et al., 2020; Gordeeva et al., 2021).
2.2 Split read-based approach
This approach detects unmatched read pairs; thus, one read aligns to the reference genome, while the other read fails to map or aligns only partially to the genome. This potentially identifies the breakpoints for CNVs. A few recent tools developed based on this approach are PINDEL (RRID:SCR_000560) (Ye et al., 2018), PRISM (RRID:SCR_005375) (Jiang et al., 2012), SVseq2 (Zhang et al., 2012), and Gustaf (Trappe et al., 2014). One tool developed specifically for ES data is INDELible (Gardner et al., 2021) which was designed to target smaller structural variations (21–500 bp) mostly missed by other CNV calling tools.
2.3 Paired-end mapping approach
This approach was the first approach to put forth the possibility of using next-generation sequencing (NGS) data to detect CNVs (Tuzun et al., 2005; Korbel et al., 2009). It relies on the insert size from the library preparation process and identifies any decreased insert size or swapped read directions between read pairs to identify a CNV or mobile element, insertions, inversions, and tandem duplications. In regions of low complexity containing segmental duplications, this approach seems to be limited. A number of tools have been developed, such as BreakDancer (RRID:SCR_001799) (Fan et al., 2014), HYDRA (RRID:SCR_005260) (Quinlan et al., 2010), PEMer (RRID:SCR_005263) (Korbel et al., 2009), and Ulysses (Gillet-Markowska et al., 2015) being the most widely used (Zhao et al., 2013; Gabrielaite et al., 2021).
2.4 Assembly-based approach
The assembly-based approach assembles reads de novo and does not align to a reference genome. Overlapping reads are assembled, and these contigs are then compared to the reference genome, identifying regions with contradictory copy numbers. A minimum read coverage is required for tools based on this approach to be used successfully. The most commonly used assembly-based tool is Magnolya (RRID:SCR_000164) (Nijkamp et al., 2012).
2.5 The ensemble approach
None of the abovementioned methods alone detects the full spectrum of CNVs with high sensitivity and specificity, and thus it is recommended to use an ensemble approach. In this regard, several tools have been developed to integrate multiple approaches and increase performance. These include DELLY (RRID:SCR_004603) (Rausch et al., 2012), LUMPY (RRID:SCR_003253) (Layer et al., 2014), Manta (Chen et al., 2016), CNVer (RRID:SCR_010820) (Medvedev et al., 2010), and GenomeSTRiP (Handsaker et al., 2011). Although this approach is recommended, there is still no gold standard for CNV detection, especially from ES data. A review of recent publications making use of these bioinformatic tools will thus provide a clearer indication of what approach to consider when calling CNVs from ES data.
3 BEST APPROACHES FOR CNV CALLING FROM ES DATA
As there are many tools available for CNV detection from ES data, recommendations have been made focusing on the use of these tools for optimal results. In a recent comparative analysis of ES-focused CNV tools (Zhao et al., 2020), the recommendations for obtaining the best results were related to the specific dataset. In terms of accuracy, it was recommended to use CNVkit (Talevich et al., 2016) if CNV size is small (<100 kb), whereas cn.MOPS seems to be optimal if CNV size is larger. If the dataset presents with more insertions, using CoNIFER is recommended, and CNVkit is seemingly the best for identifying deletions. If there is no prior knowledge of the dataset, then using cn.MOPS and CoNIFER together is recommended (Guo et al., 2013; Zhao et al., 2020).
Different tools have been designed to obtain optimal sensitivity and specificity focused on rare or common CNVs as well as population size. Previous limitations, for instance, only being able to identify CNVs spanning at least two or more exons, GC content, or mappability biases as well as sequencing noise have been addressed, and many tools have been developed to try and overcome these difficulties (Pounraja et al., 2019; Bigio et al., 2020; Filer et al., 2021; Babadi et al., 2022). CLAMMS was developed to be more suitable for large population studies (Packer et al., 2016) and integrated more easily into an automated variant calling pipeline. In order to more accurately identify rare and intragenic homozygous and hemizygous deletions, HMZDelFinder (Gambin et al., 2017) was developed, and the newer HMZDelFinder_opt (Bigio et al., 2020) outperforms the older version in terms of accuracy and specifically identifies partial exon deletions. ExomeDepth has also been widely used (Marchuk et al., 2018; Rajagopalan et al., 2020; Zhai et al., 2021) and designed to control technical variability between samples. CANOES (Backenroth et al., 2014) is complementary to methods like XHMM and CoNIFER, and accuracy can be improved when using CANOES in combination with one of these methods. CN-Learn identifies true CNVs with higher precision and recall rates without compromising performance even with as little as 30 samples (Pounraja et al., 2019). This tool uses CNVs predicted by four different CNV callers (CANOES, CODEX, XHMM, and CLAMMS) which were found to enhance performance instead of using the tools as standalone methods. Another study also merged results from CANOES and HMZDelFinder after each tool was applied separately (Dong et al., 2020). It was also suggested to combine GATK-gCNV, LUMPY, DELLY, and cn.MOPS which have the best recall and capture different CNVs (Gabrielaite et al., 2021). While LUMPY and DELLY have been developed for whole-genome sequencing data, GATK-gCNV and cn.MOPS should be used with ES data. In a recent study, CNVkit, XHMM, EXCAVATOR2, and ExomeDepth were used for ES-based CNV calling in order to maximize the sensitivity and make ES a more powerful tool to diagnose neurodevelopmental disorders (Zhai et al., 2021).
It is clearly demonstrated that the ensemble approach yields optimal results while increasing the sensitivity and specificity of CNV detection (Välipakka et al., 2020). Individual implementation strategies could still be helpful and lead to an increased diagnostic yield but is largely influenced by the available computing infrastructure in specific environments as well as adequate representation of the different calling strategies. CNV calling from ES data should be particularly attractive in resource-constrained settings with reduced capital expenditure and required infrastructure.
4 VALUE OF CNV CALLING FROM ES IN RESOURCE-CONSTRAINED COUNTRIES
In a recent study (Dong et al., 2020), an overall yield of 41.4% was reported by the simultaneous analysis of SNV and CNV, of which 12.0% can be attributed to CNVs. Another study based in China found that SNV and exome-based CNV calling yielded an overall diagnostic rate of 58.8%, of which diagnostic CNVs accounted for 17.6% (Xiang et al., 2021). A comprehensive method was used for CNV identification which included combining XHMM and principal component analysis with CNVKit. Similarly, it was found that incorporating exome-based CNV detection into conventional SNV analysis for a single trio-ES test significantly improved the diagnostic rate (Zhai et al., 2021). When combining SNV and CNV analyses, an overall diagnostic yield of 54% was obtained, which included 18.9% from CNV analysis alone. CNVs in this study were detected using CNVkit, XHMM, EXCAVATOR2, and ExomeDepth, which were all retained and annotated thereafter.
In an effort to identify the cause of congenital heart disease in 96 child participants from Nigeria, a combined approach was applied by making use of ES from patient and parents (where available) and performing XHMM CNV analysis on the data (Ekure et al., 2021). Assessing the genomic etiology of autism spectrum disorder in India, a diagnostic yield of 29.7% of individuals in total was obtained for exome sequencing, of which CNVs contributed 3%, and interestingly, CMA analysis carried out on the same cohort yielded a diagnostic rate of 2.9% (Sheth et al., 2023). Thus, combined CNV and SNV analysis from ES data significantly increased the diagnostic yield versus only using CMA (29.7% vs. 2.9%). The combined SNV and CNV analysis from the discussed literature has been shown to increase the diagnostic yield by as much as 18% (Figure 2), which is an additional diagnosis for ∼2 out of every 100 individuals. The average increased yield attributed to CNVs from the discussed research is 10.7% without additional testing costs involved. Therefore, implementing ES as a first tier for diagnosis, especially when incorporating CNV analysis, should be considered because it is efficient and cost-effective and shortens the diagnostic odyssey for patients who would not have otherwise necessarily received a molecular diagnosis.
[image: Bar chart titled "Improved diagnostic yield by combined SNV and CNV analysis," displaying diagnostic yields for seven data points. Each bar has segments for "SNV only" and "CNV only." Diagnostic yields range from 30% to 60%, with bars showing varying levels of SNV and CNV contributions.]FIGURE 2 | Average diagnostic yield of exome SNVs and combined SNVs/CNVs from 1. Zhai et al. (2021), 2. Truty et al. (2019), 3. Pranav Chand et al. (2023), 4. Moosa et al. (2022), 5. Xiang et al. (2021), 6. Sheth et al. (2023), and 7. Dong et al. (2020).
As is the case for most resource-limited settings, the cost of sequencing a trio and availability of both parents are always the important limiting factors. A study carried out in India (Pranav Chand et al., 2023) on children with neurodevelopmental delay found that a proband-only ES approach obtained a diagnostic yield of 31.5% of these children. Addition of parental samples increased this yield by only 3%, and CNVs contributed to 6.5% of the diagnoses. Another study conducted in China had an overall diagnostic rate of 28.8% after analyzing 1,323 pediatric patients, which proved to be a relatively efficient and cost-effective approach in a developing country (Hu et al., 2018). A South African study (Moosa et al., 2022) found that proband-only ES is a very valuable tool for diagnosis, especially if CNV analysis is included. A diagnostic yield of 51% was obtained with 46% of patients presenting with SNVs and 5% with CNVs. Even though trio-ES has been shown to have the best outcome for a positive diagnosis (Wright et al., 2023), proband-only exome analysis has proven to be a feasible option for diagnosis in settings with limited resources or difficulty in obtaining parental samples.
Another advantage of identifying CNVs in underrepresented populations is the expansion of variant representation in predominantly European-focused public data repositories. Recent progress has been made to contribute CNVs from African population groups to variant databases (Nyangiri et al., 2020; Romdhane et al., 2021; Yilmaz et al., 2021) as the lack of diversity of high-quality genomic data, specifically from Africa, hampers the implementation of appropriate genetic services and brings forth healthcare inequalities (Baine-Savanhu et al., 2023). The lack of representation in population frequency databases has also made clinical interpretation and classification of CNVs more challenging in LMICs. Standardized CNV reporting is possible by using specific ACMG and Clinical Genome (ClinGen) Resource guidelines for CNV classification (Riggs et al., 2020), but careful evaluation of CNVs is encouraged to ensure that only likely disease-causing CNVs matching the patient phenotype are reported. Resolving VUSs remains challenging if population representation is inadequate. Furthermore, additional investigations including validation and functional experiments are often not available in LMIC laboratories. Distinguishing benign CNVs from pathogenic CNVs can be challenging, and thus a number of tools have been developed to enable a more convenient manner of CNV annotation and interpretation. These tools provide support for annotation and/or classification of CNVs, and many tools are web-based, easy to use, and freely available. A recent review have summed up these tools comprehensively to make it easier for clinicians, laboratory scientists, and genetic counselors to make a decision as to which tool would work best in their setting (Pös et al., 2021).
5 DISCUSSION
Overall, simultaneous analysis of CNVs and SNVs through ES shows potential as a first-tier investigation for diagnosing rare monogenic disorders. Novel candidate genes and variants have been identified, representing the first step in genomic studies within understudied populations. The diagnostic yield of the current gold standard for CNV detection (CMA) is 15%–20% (Miller et al., 2010), which is significantly lower than ES. In a recent scoping review, it was shown that ES for diagnosing neurodevelopmental disorders outperforms CMA by 10%–28% (Srivastava et al., 2019), further supporting the combined SNV and CNV analysis approach from ES data. Although it would be ideal to validate exome CNVs with methods such as microarray, it is costly and often not feasible in LMICs. Accurate CNV calling incorporating thorough quality control can help limit false-positive and false-negative results. This is evidenced by eliminating the need for Sanger sequencing validation of SNVs when proper quality control is carried out (Strom et al., 2014). It is also important to note that ES CNV tools have limitations due to their inability to detect specific types of variations, for instance, balanced structural variants (translocations and inversions), mosaicism, and smaller CNVs (<50 bp). Although analyses and technologies are improving to address these shortcomings, it should be considered when implementing these tools. Whole-genome sequencing and array-based techniques can be used to identify these variations; however, this will incur additional costs. Long-read sequencing has the ability to detect these structural variations as well as SNVs, making it ideal to implement as a single assay to replace all the above methods. At present, this technology is too expensive to use as a first-tier test; however, as costs decrease, this might be a possibility for future consideration.
It is evident that a more diverse reference genome representing a larger range of population groups is required to improve CNV calling and classification. Improved diversity in population frequency databases will also provide access to key data needed for the clinical interpretation of CNVs. Although there is still limited data and genetic services in most of Africa, making it difficult to translate research into clinical healthcare services (Kamp et al., 2021), a current and thorough analysis of the cost-benefit for ES would be beneficial toward motivating the adoption of ES as a first-tier test in resource-constrained environments. This review highlights the need for incorporating not only efficient but appropriate exome pipelines in LMICs to further implement genomic medicine and make it more attainable for all. A wider adoption of CNV calling from ES data and use over time will allow for more opportunities to achieve this. Reanalysis of data should be considered for patients without a definite diagnosis as this has proven to increase diagnostic yield (Liu et al., 2019; Schuermans et al., 2022). More CNV publications and ClinVar submissions (Landrum et al., 2014; Landrum et al., 2016; Landrum et al., 2017) from understudied populations will expand the size and scope and improve the resolution of clinically relevant CNVs in the public domain. Public data repositories like ClinVar and DECIPHER (Bragin et al., 2014) have contributed to diversifying data; however, more effective production and sharing of genomic datasets are needed to advance genomic medicine globally. Recent initiatives have been established to facilitate African data-sharing and empower health experts by availing tools, training, and coordination to strengthen laboratory and bioinformatic capacity (Mulder et al., 2016; Mulder et al., 2018; Makoni, 2020; Lumaka et al., 2022). International collaborations and training could be crucial to resolve the true impact of CNVs and build strong core groups with expertise, experience, and technical competence to accurately report on CNVs in a diagnostic context within LMICs. CNV calling from existing ES datasets from non-European individuals may therefore be an important analysis to invest in.
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Introduction: Monogenic diabetes (MD) accounts for 3%–6% of all cases of diabetes. This prevalence is underestimated due to its overlapping clinical features with type 1 and type 2 diabetes. Hence, genetic testing is the most appropriate tool for obtaining an accurate diagnosis. In Tunisia, few cohorts of MD have been investigated until now. The aim of this study is to search for pathogenic variants among 11 patients suspected of having MD in Tunisia using whole-exome sequencing (WES).
Materials and methods: WES was performed in 11 diabetic patients recruited from a collaborating medical center. The pathogenicity of genetic variation was assessed using combined filtering and bioinformatics prediction tools. The online ORVAL tool was used to predict the likelihood of combinations of pathogenic variations. Then, Sanger sequencing was carried out to confirm likely pathogenic predicted variants among patients and to check for familial segregation. Finally, for some variants, we performed structural modeling to study their impact on protein function.
Results: We identified novel variants related to MD in Tunisia. Pathogenic variants are located in several MODY and non-MODY genes. We highlighted the presence of syndromic forms of diabetes, including the Bardet–Biedl syndrome, Alström syndrome, and severe insulin resistance, as well as the presence of isolated diabetes with significantly reduced penetrance for Wolfram syndrome-related features. Idiopathic type 1 diabetes was also identified in one patient.
Conclusion: In this study, we emphasized the importance of genetic screening for MD in patients with a familial history of diabetes, mainly among admixed and under-represented populations living in low- and middle-income countries. An accurate diagnosis with molecular investigation of MD may improve the therapeutic choice for better management of patients and their families. Additional research and rigorous investigations are required to better understand the physiopathological mechanisms of MD and implement efficient therapies that take into account genomic context and other related factors.
Keywords: whole-exome sequencing, bioinformatics analysis, 3D structural modeling, syndromic diabetes, genetic diagnosis, North African population, personalized medicine

INTRODUCTION
Diabetes is one of the fastest growing global health emergencies of the 21st century. According to the 10th edition of the International Federation of Diabetes (IDF), 537 million adults aged between 20 and 79 years are currently living with diabetes (“IDF Diabetes Atlas 10th Edition” n.d.). In addition, this real burden is responsible for one death every 5 s. The Middle East and North Africa (MENA) region has the second highest rate in terms of diabetes prevalence, with a predicted increase of 87% between 2021 and 2045 (“IDF Diabetes Atlas 10th Edition” n.d.). The American Diabetes Association (ADA) classifies diabetes into four groups: type 1 diabetes (T1D), type 2 diabetes (T2D), gestational diabetes, and monogenic or atypical forms of diabetes (Care and Suppl, 2022). Monogenic diabetes (MD), as the name implies, results from a single gene rather than the contribution of multiple genes and environmental factors, as seen in T1D and T2D (Sanyoura, Philipson, and Naylor, 2018). It represents 3%–6% of all cases of diabetes. This prevalence is underestimated due to the misdiagnosis of MD as T1D or T2D (Shepherd et al., 2016). Thus, genetic investigation is essential to determine the MD class/subtype (Hattersley et al., 2018). There are currently more than 50 subtypes of MD, including neonatal diabetes mellitus (NNDM), maternally inherited diabetes and deafness (MIDD), maturity-onset diabetes of the young (MODY), rare diabetes-associated syndromic diseases, and other as yet unknown subclasses (Yeung et al., 2018). Each type is characterized by its phenotypic character, its causal gene, and its mode of transmission. Studies carried out in Europe, Asia, and the United States have reported a great deal of clinical, phenotypic, and genetic heterogeneity in MD (Mohan et al., 2018; Johnson and Jessica, 2019), while these forms of diabetes are still poorly known in the MENA region. In Tunisia, few cohorts of MD have been investigated until now. All these studies have shown that Tunisians have MD types different from those described in European populations. Indeed, among 89 patients screened for the most frequent mutations described in MD, only 13% were positive. This result suggests the involvement of other unidentified genes and variants describing different MD types with largely unknown genetic determinants among the Tunisian population.
The aim of this study is to identify genetic loci and causative mutations in Tunisian suspected MD patients using next-generation sequencing (NGS) technologies, namely, whole-exome sequencing “WES.” Through this study, we hope to aid clinicians in making better choices for the treatment of diabetic patients.
MATERIALS AND METHODS
Patients and sample collection
A total of 11 Tunisian suspected MD patients were recruited from the National Institute of Nutrition and Food Technology (INNTA) based on the following criteria:
	➢ Hyperglycemia or diabetes mellitus recognized according to the latest American Diabetes Association guidelines as ≥1.26 g/L (7 mmol/L) (Care and Suppl, 2022)
	➢ Young age of diabetes onset (≤40 years)
	➢ Family history of diabetes in at least two generations
	➢ Absence of or low pancreatic autoantibody titers

In order to take part in this study, patients, their parents, and participating family members gave their written informed consent. The study protocol was conducted according to the Declaration of Helsinki. It was approved by the Ethical Committee in Pasteur Institute of Tunis “IPT” (Registration numbers IRB00005445 and FWA00010074; ref. 2020/10/I/LR16IPT/V2).
Details about the medical history of the patients and their extended family members (where available) were documented using a questionnaire. In addition, clinical and metabolic data were collected from all patients, including the following details: demographic information, anthropometric measurements, diabetes history, and information related to treatment (oral anti-diabetic (OAD) and/or insulin injection).
Biochemical parameters, such as fasting plasma glucose (FPG), glycated hemoglobin (HbA1c), C-peptide, lipid profile [total cholesterol (TC), triglycerides (TG), high-density lipoprotein (HDL), and low-density lipoprotein (LDL)], C-reactive protein (CRP), and creatinine were measured in the Laboratory of Clinical Biochemistry and Hormonology in IPT.
Research for diabetes autoantibodies has been carried out in collaboration with the Laboratory of Clinical Immunology in IPT. In our study, glutamic acid decarboxylase (GAD), islet antigen 2 (IA2), and islet cell antibodies (ICAs) were analyzed in order to select suspected MD patients for genetic testing.
According to the literature, the antibody’s sensitivity as a screen criterion is still controversial. On the one hand, previous studies have shown that the presence of pancreatic autoantibodies makes the diagnosis of MD very unlikely, and genetic testing should not be performed (Mcdonald et al., 2011). On the other hand, recent studies have shown the coexistence of autoimmune diabetes and maturity-onset diabetes (MODY) in one patient (Donovan et al., 2022). In fact, 1%–2% of patients diagnosed with MODY had positive GAD antibodies (J. Urbanová et al., 2014). So, using negative antibodies as a screening method may not be practical without standardization. Thus, in this study, we chose to include examination of the autoantibody titers among MD subjects selected for genetic testing as reported by Jana Urbanová et al. (2013).
Genomic investigation

	• DNA extraction

We extracted genomic DNA from total blood using the FlexiGene DNA Kit (QIAGEN). Then, DNA quality was assessed using a NanoDrop spectrophotometer (Thermo Fisher Scientific) and DeNovix (Life Science Technologies).
	• WES

We performed WES in collaboration with RAN Bi Links SARL (Carthagenomics) using the SureSelect Human All Exon V6 Kit (Agilent Technologies, CA, United States) and the Twist Human Core Exome Kit (Twist Biosciences). The captured libraries were sequenced on NovaSeq 6,000 System (Illumina, San Diego, CA, United States) to generate 151-bp paired-end reads.
	• Bioinformatic analysis

The quality of the sequencing reads in FASTQ files was evaluated using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), which was followed by adapter trimming using BBDuk (https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbduk-guide/). We aligned reads to the human reference genome hg38, and we subsequently called the genetic variants in a VCF file following the GATK best practices. Variant annotation was processed using ANNOVAR (Jiang et al., 2016). Prioritization of potential disease-causing variants was carried out in a set of 173 genes implicated in MD using the Variant Annotation and Filtering Tool (VarAFT) (Desvignes et al., 2018). The gene list was prepared through a literature review using PubMed (https://www.ncbi.nlm.nih.gov/pubmed) and Mastermind (https://mastermind.genomenon.com/) [Supplementary Table S1].
In our study, all variants with minor allele frequency (MAF) > 0.01 in gnomAD (http://gnomad. broadinstitute.org) and GME (http://igm.ucsd.edu/gme/) databases were excluded. We kept non-synonymous, non-sense, frameshift, and splice site variants as they are more likely to have a functional impact. Non-synonymous variations were filtered to only retain those that were expected to be harmful by at least eight in silico pathogenicity prediction software tools. In addition, we selected variants predicted to alter splice sites by the Human Splicing Finder database (Desmet et al., 2009). Finally, we used Depth and Coverage Analysis (DeCovA) to evaluate the coverage of the genes that were selected (Dimassi et al., 2015). We screened different bioinformatics databases, such as PubMed (https://www.ncbi.nlm.nih.gov/pubmed), ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), VarSome (https://varsome.com/), and LOVD (https://www.lovd.nl), to identify prioritized variants and compare the clinical traits of the carriers and any genotype–phenotype correlations that had been found.
Additionally, we predicted the likelihood combinations of pathogenic variations using the machine-learning tool ORVAL (Oligogenic Resource for Variant AnaLysis: https://orval.ibsquare.be/). This website uses a variety of variants, genes, and gene pair biological features to make predictions and create networks of potential pathogenic variant combinations in gene pairs rather than isolated variations in individual genes. ORVAL offers the opportunity of an interactive exploration of the results to derive a biological explanation for patients. It provides a new crucial step in assisting researchers to better understand and investigate more complex genetic diseases (Renaux et al., 2019).
	• Sanger sequencing

Sanger sequencing was performed to confirm the likely pathogenic predicted variants identified in patients to check for familial segregation. In short, using oligonucleotide primers designed by Primer3 software, genetic variations with exons were amplified from DNA samples using polymerase chain reaction (PCR). The ABI PRISM BigDye Terminator v3.1 Cycle Sequencing Kit was used to sequence the amplicons produced on the automated ABI3500 (Applied Biosystems, CA, United States) available in the technical platform in IPT. BioEdit software version 7.1 was used for the sequencing analysis (Hall, 1999).
	•Structural modeling of the impact of newly identified variants

We studied the effect of some variants at the level of protein structure and function. The protein structures of INSR and GCKR were retrieved from the Protein Data Bank (PDB) (https://www.rcsb.org/) (PDB accession code: 7PG3 and 4BB9). For proteins that have not yet been explored by nuclear magnetic resonance spectroscopy (NMR spectrophotometry) or X-ray crystallography, we used the I-TASSER web server to generate a three-dimensional structure (3D). Since the I-TASSER web server is restricted to model protein chains with a maximum of 1,500 amino acids (aa), we created a partial 3D structure of proteins with a size less than 1,000 aa. Once energy minimization was performed on each predicted model using the YASARA minimization server (http://www.yasara.org/) (Krieger et al., 2009), MolProbity (http://molprobity.biochem.duke.edu/) and ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php) servers were applied to analyze the Ramachandran plot and to assess the quality of the obtained models, respectively. Then, the effect of variants on protein stability was assessed using mCSM (https://biosig.lab.uq.edu.au/mcsm/stability) and DUET (https://biosig.lab.uq.edu.au/duet/stability) servers. The Dynamut2 server (http://biosig.unimelb.edu.au/dynamut2/) was used to predict and visualize the interactions among aa residues, and the HOPE server (https://www3.cmbi.umcn.nl/hope/) was utilized to evaluate the size, hydrophobicity, and intramolecular interactions of both the wild-type and the mutant protein.
RESULTS
Cohort study description
This study reports biochemical, immunological, and genetic results of 11 Tunisian suspected MD patients. The anthropometric and clinical characteristics of participants are summarized in Table 1. Biochemical measurements and immunological analysis results are reported in Table 2.
TABLE 1 | Anthropometric and clinical characteristics of the 11 suspected MD patients.
[image: Table listing patient data with columns for Patient ID, Gender, Circumstance of diabetes discovery, Age at diagnosis, Age at survey, Treatment, Family members with diabetes, and Other clinical features. The table includes various patients (P1 to P11) detailing their gender, fasting plasma glucose levels, treatments, and additional clinical observations. Notable conditions include overweight, high triglycerides, neurological problems, and developmental delays. Some patients show a significant family history of diabetes.]TABLE 2 | Biochemical and immunological results of the 11 suspected MD patients.
[image: A table displaying biochemical data for eleven patients (P1-P11), including fasting plasma glucose (FPG), HbA1C, total cholesterol, triglycerides, HDL, LDL, creatinine, CRP, C-peptide, and pancreatic antibodies. Data indicate varying levels across parameters, with some values marked as not available (NA). The notes explain abbreviations and mention that there are negative results for three pancreatic antibodies throughout.]All patients revealed the absence of the three measured pancreatic antibodies except P2 and P9, who had positive GAD antibodies with low titer. So, immunological results confirm the eligibility of the 11 MD patients for genetic testing. The family history of diabetes and other information about clinical features are shown in Figure 1.
[image: Pedigree charts A to K depict genetic inheritance patterns and associated medical conditions across different family members. Circles and squares represent females and males respectively, with shaded symbols indicating affected individuals. Various medical conditions, such as obesity, hypoxia tolerance, and neurological issues, are annotated. Specific family members are identified with labels, and genetic terms like "homozygous" and "heterozygous" are used. Each chart section highlights unique familial genetic traits, showcasing patterns of acquired and inherited conditions.]FIGURE 1 | Pedigrees of the 11 suspected MD patients’ families. F indicates the proband’s family. P indicates the proband. The arrows indicate family members, whose DNA samples are available in the present study. Double horizontal lines indicate inbreeding. White squares and circles indicate healthy males and females, respectively. Black squares and circles indicate males and females with diabetes, respectively. The information below family members is ordered as follows: age at examination, age at diabetes diagnosis, clinical features, and/or specific anti-hyperglycemia treatment. OAD indicates oral antidiabetics. HBP refers to high blood pressure. CHD refers to coronary heart disease. TG refers to triglycerides. CHL +++ indicates hypercholesterolemia. Symbols + and or – indicate Sanger segregation information. +//+ indicates the presence of the variant in the homozygous state. +//- indicates the presence of the variant in the heterozygous state. -//- indicates the absence of the variant.
Genetic findings
Our genetic investigation revealed the presence of variants in several genes, including MODY and non-MODY genes. The WES analysis among 11 suspected MD patients revealed the presence of 19 variants, of which five were novel (Table 3). Our results showed the presence of variants in a single gene for five patients, namely, P5 (KANK1; c.1652G>A [p.Cys551Tyr]), P6 (TTC8; c.194A>G [p.Asp65Gly]), P8 (ALMS1; c.1448G>C [p.Gly483Ala ] and c.9617C>T [p.Thr3206Ile]), P9 (WFS1;c.2206G>A [p.Gly736Ser]), and P10 (INSR; c.1649C>T [p.Ala550Val]).
TABLE 3 | List of the filtered genetic variants identified in the 11 suspected MD patients.
[image: A table listing genetic assessments for eleven patients, showing genes, exons, reference sequences, genetic variants, genotypes, consequences, dbSNP IDs, gnomAD frequencies, pathogenicity scores, ClinVar IDs, references, ACMG classifications, and final pathogenicity assessments. Notes indicate heterozygous and homozygous states, with some variants labeled as likely benign, likely pathogenic, or of uncertain significance.]The six remaining patients carried variants in more than one gene, such as the P1 (ABCC8 and KANK1), P2 (PPP1R3A and RFX6), P3 (UCP2 and FN3K), P4 (BBS12 and TTC8), P7 (PPP1R3A and GCKR), and P11 (PDX1 and ALMS1).
WES analysis performed in P1 led to the identification of two missense variants in ABCC8 (c.250G>A, p.Val84Ile) and KANK1 (c.793G>A, p.Glu265Lys) genes. According to the ACMG classification, the heterozygous ABCC8 variant is considered as a variant of uncertain significance (VUS). Both variants are reported as VUS in ClinVar (ID:554707 and ID:1353906). Moreover, the two identified variants are very rare (gnomAD frequency = 1.989e-05 and 7.57 × 10−5, respectively).
Another variant in the KANK1 gene (c.1652G>A, p.Cys551Tyr) was found in the heterozygous state in P5. The frequency of this variant is rare worldwide (gnomAD, frequency = 1.25 × 10−4). According to the ACMG guidelines, it is predicted as benign, although there are conflicting interpretations reported in ClinVar, classifying it as a VUS (ID: 426868).
Genetic investigation of P2 allowed the identification of two non-synonymous heterozygous variants in PPP1R3A (c.2267C>T, p.Pro756Leu) and RFX6 (c.1733G>C, p.Arg578Pro) genes. The rs151310594 (p.Pro756Leu) variant located in the PPP13A gene is rare according to gnomAD (frequency = 0.0009). It is reported in ClinVar (ID: 393402) as associated with monogenic diabetes, while it is classified as likely benign according to the ACMG classification. (Richards et al., 2015). The second variant, c.1733G>C (p.Arg578Pro), located in the RFX6 gene has conflicting interpretations of pathogenicity (VUS). It is a rare variant according to the gnomAD database (frequency = 2.1 × 10−4).
Two novel heterozygous potential pathogenic variants in UCP2 (c.382G>A, p.Ala128Thr) and FN3K (c.101A>G, p.Asp34Gly) genes have been identified in P3. The two identified variants in UCP2 and FN3K genes are reported for the first time, considered as likely benign according to the ACMG guidelines.
The patient P4 carries two potential pathogenic variants in BBS12 (c.355G>A, p.Gly119Ser) and TTC8 (c.194A>G, p.Asp65Gly) genes. First, a homozygous variant was found in the BBS12 gene, which is considered as benign according to the ACMG guidelines, despite the conflicting interpretations reported in ClinVar (ID:215543). Second, a heterozygous rare variant (frequency = 3.23 × 10−3) in the TTC8 gene (p.Asp65Gly) was found in the proband. According to the ACMG guidelines, this variant is predicted as likely benign; however, conflicting interpretations were reported in ClinVar (ID: 262515).
The variant (c.194A>G, p.Asp65Gly) identified in the TTC8 gene was also found in the heterozygous state in P6.
The filtering and prioritization of variants conducted in P7 allowed the identification of two potential pathogenic variants. The first variant (c.2267C>T, p.Pro756Leu) identified in the PPP1R3A gene, the same found in P2, was present in both the proband and the healthy parents. This result excludes the possible pathogenic effect of this variant in this family. The second variant (c.316G>A, p.Gly106Arg) was identified in the GCKR gene (glucokinase regulatory protein) described for the first time (frequency = 1.97 × 10-5) and classified as a VUS in accordance with the ACMG guidelines.
The genetic results of patient P8 showed the presence of two missense variants in the ALMS1 gene. These two variations (c.1448G>C, p.Gly483Ala and c.9617C>T, p.Thr3206Ile) are rare according to the gnomAD database (f = 0.0000121 and 0.0003, respectively). According to the ACMG classification, they are considered as likely benign. In ClinVar (IDs: 1903933 and 449932), the available evidence is currently insufficient to determine the role of these two variants in the disease. Therefore, they have been classified as VUS.
We identified another novel heterozygous variant (c.41_42insGGA) in the ALMS1 gene for P11. We excluded this variant as it is classified as benign in line with the ACMG guidelines and ClinVar. Our genetic analysis showed the presence of another heterozygous variant in the PDX1 gene (pancreatic and duodenal homeobox 1) in P11. It is a rare variant with conflicting interpretations in ClinVar (ID: 8859). This variant (c.226G>A, p.Asp76Asn) is predicted to be pathogenic according to the UniProt database.
Patient P9 carried two potential pathogenic variants. The first variant was identified in the KLF11 gene. It is a rare missense variant (c.1382G>A, p.Arg461Gln) classified as benign in compliance with the ACMG guidelines and ClinVar (ID: 2167243). Therefore, we excluded this variant. The second variant (c.2206G>A, p.Gly736Ser), located in exon 8 of the WFS1 (Wolframin ER transmembrane glycoprotein) gene, is classified as pathogenic according to the ACMG criteria.
Our genomic investigation allowed the identification of a novel heterozygous pathogenic variant (c.1649C>T, p.Ala550Val) in exon 8 of the INSR gene in patient P10 and in his diabetic father having type A insulin resistance. P10 is a 17-year-old male having diabetes, hypertension, overweight, low HDL-CHL, and renal agenesis.
ORVAL results are summarized in Table 4, showing the possible pathogenic combinations between the variants identified among these patients.
TABLE 4 | Potential pathogenic variant combinations and their effect on disease-causing among suspected MD patients.
[image: Table listing genetic data for multiple patients. It includes columns for Patient ID, Variant Combinations, VarCoPP score, Predicted Pathogenicity, and Type of Digenic Effect. Entries indicate disease-causing predictions, low pathogenicity, or lack of variant combinations, with digenic effects categorized as true digenic, monogenic plus modifier, or dual molecular diagnosis.]Sanger sequencing results confirmed the presence of all variants identified by WES in all probands and their family members if they were available (Figure 1) (see Supplementary Table S2).
Structural analysis
In the present study, we carried out modeling structure protein for the following patients: P5, who carried a variant in the KANK1 protein; P7, who harbored a novel variant in the GCKR protein; P8, who had two variants in the ALMS1 protein; and P10, who carried a novel variant in the INSR protein.
The predicted 3D protein structure of KANK1 (aa:180-626) was evaluated to assess the reliability of the generated model. The Ramachandran plot shows that 92.1% of the residues reside within a favorable region and 5.2% are in the allowed region. ProSA indicates a Z-score value of −4.82, which is within the Z-score range of the experimentally determined protein structure using X-ray spectroscopy (see Supplementary Figure S1A). The KANK1 variant (c.1652G>A) induced the change of cysteine residue with a bigger and less hydrophobic tyrosine residue at position 551 of the KANK1 protein (p.Cys551Tyr). mCSM showed a decrease in KANK1 protein stability (0.732 kcal/mol). Also, DUET confirmed this finding, revealing a negative ΔΔG value of −0.561 kcal/mol. In fact, the mutant residue Tyr551 disrupts a hydrogen bond with the residue Glu554 and creates two hydrophobic interactions with Val547, as well as two polar interactions with Glu554 via its aromatic ring. It also creates two polar interactions with Gly548 (see Supplementary Figure S2B).
Regarding the GCKR variant (c.316G>A, p.Gly106Arg) identified in P7, it leads to the substitution of a neutral residue by a larger, hydrophobic, and positively charged residue located in the sugar isomerase domain −1 (SIS-1). mCSM and DUET showed a decrease in the protein stability, indicating a negative ΔΔG value of −0.949 kcal/mol and −0.988 kcal/mol, respectively. The 3D structure analysis showed that this substitution induced a steric clash, which may destabilize the folding of the fructose-binding domain (see Supplementary Figure S2A).
To study the effect of variants (c.1448G>C, p.Gly483Ala and c.9617C>T, p.Thr3206Ile) identified in the ALMS1 gene in patient P8, we generated two models of the ALMS1 protein (aa: 322-521 and aa: 3162-3331) using the I-TASSER server. These models were evaluated to ensure their reliability. The Ramachandran plot analyses for the first model indicated that 91.4% of its residues were in the most favored region, while 7.6% of residues were in the allowed region (see Supplementary Figure S1B). In the second model, out of 167 amino acids, 142 (85%) were in the favored region, and 19 (11.4%) were in the generously allowed region (see Supplementary Figure S1C). Both ALMS1 models generated were within the Z-score range of the experimentally determined protein structure using X-ray spectroscopy and nuclear magnetic resonance of −1.23 and −1.26, respectively (see Supplementary Figures S1B, C). The first identified variant, p.Gly483Ala, resulted in a decrease in protein stability. Indeed, DUET displayed a slight negative ΔΔG value (−0.033 kcal/mol) as well as mCSM (−0.271 kcal/mol). It induced the loss of a hydrogen bond with Lys486 and three polar interactions with Ala485 and Lys486. Conversely, it created an additional hydrogen bond with Ser480 and two polar interactions with Ser480 (see Supplementary Figure S2D). The second variant, p.Thr3206Ile, was found to be stabilizing according to DUET (0.314 kcal/mol), while mCSM and Dynamut2 indicated a destabilizing effect (−0.221 kcal/mol and −0.45 kcal/mol respectively). This led to the loss of three hydrogen bonds with Gln3203 and Lys3269 and the appearance of two additional polar interactions with Lys3211 (see Supplementary Figure S2E).
Concerning the variant found in the INSR gene (c.1649C>T, p.Ala550Val) in P10, it leads to the substitution of an alanine residue with a larger residue at position 550 of the INSR protein (p.Ala550Val). This variant resulted in a decrease in protein stability. mCSM analysis displayed a ΔΔG value of −0.188 kcal/mol. However, DUET had a stabilizing effect (0.093 kcal/mol). Due to this discord, we turned to Dynamut2 and SDM, which in turn demonstrated a loss in stability by displaying negative ΔΔG values of −0.51 kcal/mol and −0.21 kcal/mol, respectively. Moreover, this variant occurs in fibronectin type III domain (FnIII-1), which is implicated in insulin biding. Comparing the 3D structure of the wild type to the mutant protein, we observed that this substitution induces the appearance of two hydrophobic interactions with Phe541 (see Supplementary Figure S2C).
Monogenic diabetes subclasses
Both clinical traits and genetic variants helped identify diabetes subtypes among the 11 recruited patients. We noted the presence of many types of diabetes, including the idiopathic type 1 diabetes identified for P3 and MODY subclasses described for P1 (ABCC8_MODY), P2 (RFX6_MODY), P7 (GCK_MODY), and P11 (PDX1_MODY). Four patients had syndromic forms of diabetes, including the Bardet–Biedl syndrome in P4 and P6, the Alström syndrome in P8, and the insulin resistance syndrome type A in P10. Patient P9 showed isolated diabetes with significantly reduced penetrance for Wolfram syndrome-related features. An unclassified form of diabetes caused by mutation in the KANK1 gene was identified in P5 (Table 5).
TABLE 5 | Diabetes subtypes among the 11 Tunisian diabetic patients.
[image: Table showing patient details including IDs, clinical features, causative genes, and MD subtypes. Patient P1 has fasting hyperglycemia with genes ABCC8 and KANK1. P2 has diabetes with gene RFX6. P3 has ketoacidosis linked to UCP2 and FN3K. P4 has diabetes associated with BBS12 and TTC8. P5's diabetes is linked to KANK1. P6's signs include deafness, linked to TTC8. P7 lacks ketoacidosis, linked to GCKR. P8 has hearing loss linked to ALMS1. P9 has diabetes linked to WFS1. P10 is overweight with INSR. P11 has nephropathy, linked to ALMS1 and PDX1. Italics indicate gene names.]These genetic findings were taken into account and were communicated to the referring physicians in order to adjust the treatment for better healthcare management of the diabetic patients. Among the 11 studied patients, genetic analysis allowed precise medication adjustment for three patients.
DISCUSSION
MD is a health problem with major health complications in certain admixed populations, such as the Tunisian population (Kefi et al., 2015), which is characterized by a high level of consanguinity, which increases the occurrence of genetic disorders (Ben Halim et al., 2013). In this study, 11 suspected MD patients were screened for MD using WES. We observed four cases of MODY subtypes, four cases with syndromic forms of diabetes, one patient with idiopathic T1D, one patient with an isolated form of diabetes with reduced penetrance or non-penetrance for other Wolfram syndrome-related features, and one unclassified case with an unknown form of diabetes. Our genomic investigation pinpoints the high clinical and genetic heterogeneity of MD among Tunisians.
According to the OMIM database, mutations in the ABCC8 gene are associated with maturity-onset diabetes of the young (MODY_12, MIM # 125853). The identified variant (p.Val84Ile) in P1 is located in a conserved region of transmembrane domain 0″ TMD0” of sulfonylurea receptor 1 (SUR1) and causes non-neonatal diabetes mellitus (Meng Li et al., 2021). Our result is in accordance with another study showing the wide spectrum of clinical forms of ABCC8 mutations, ranging from permanent neonatal diabetes mellitus (PNDM) to less severe forms of diabetes with variable expression and age at onset (M. Li, Han, and Ji, 2021). The identified variant was reported first in a European ancestry man who developed diabetes at an early age (12 years old) with persistent mild hyperglycemia (Gonsorcikova et al., 2011), unlike our index case, P1, who developed diabetes at the age of 27 with a high fasting hyperglycemia (19.08 mmol/L). P1 clinical profile bears a resemblance to a previously reported Tunisian patient harboring a variant in the same gene (ABBC8_MODY) (Dallali et al., 2019).
The clinical severity observed in this patient could be explained by the presence of another variant in the KANK1 gene, claimed to be associated with FPG in East Asians (Hwang et al., 2015). Actually, the KANK1 protein (KN motif and ankyrin repeat domain-containing protein 1) plays a role in cytoskeleton formation by regulating actin polymerization and negatively regulating Rac1 and RhoA G protein signaling pathways that have been implicated in insulin secretion (Chundru et al., 2021). ORVAL tool interrogation confirmed the potential pathogenic effect of the ABCC8–KANK1 combination with 99% confidence. It seems that these two variants interact together with a true digenic disease-causing mechanism. In other words, the coexistence of these two variants is at the fundamental cause of disease etiology in this patient. To sum up, these arguments suggest the combined causative effect of the identified variants within the ABCC8 and KANK1 genes and confirm the genotype/phenotype correlation in P1. Our genetic testing prompted the referring physician to recommend P1 to stop insulin and switch to the combination of sulfonamides with glinides. This precise medication adjustment seems to be much more efficient for better glucose homeostasis of P1 (Ovsyannikova et al., 2016). All of P1’s family members developed diabetes before the age of 40. Unfortunately, we do not have their samples to search for the proband’s variants and provide for genetic counseling.
Patient P5 had celiac disease since birth, which led us to suspect T1D, but the absence of anti-pancreatic autoantibodies excluded this suggestion. WES identified a variant (p.Cys551Tyr) in KANK1 that results in a non-conservative amino acid substitution, which likely impacts the secondary structure of the protein as these residues differ in polarity, charge, size, and/or other properties. Advanced modeling of the protein sequence and biophysical properties (such as structural, functional, and spatial information and amino acid conservation, physicochemical variation, residue mobility, and thermodynamic stability), as well as our structural analysis (Figure 2A) (see Supplementary Figure S2B), indicates that this missense variant is expected to disturb KANK1 protein function. In addition, Sanger sequencing confirmed the presence of the KANK1 variant in both the patient and his diabetic father. This variant was absent in the healthy mother. Taking into account all these arguments, this variant is likely to be pathogenic. It is important to perform in vivo functional studies to confirm the true impact of this variation on the onset of diabetes.
[image: Genetic diagrams labeled A, B, C, and D illustrate gene structures with exons as black bars and mutations indicated by red arrows. A shows KANK2 with a mutation at exon 2. B displays GPC2 with a mutation at exon 2. C represents ANKS6 with mutations at exons B and B. D illustrates JNS with a mutation at exon 7. Protein domains are color-coded beneath each diagram.]FIGURE 2 | Schematic representation of the different proteins for which we performed structural modeling.
The PPP1R3A gene (the protein phosphatase 1 regulatory subunit 3) encodes the regulatory subunit that binds to muscle glycogen with high affinity, thus playing an important role in glycogen metabolism. This gene is associated with T2D and lipid metabolism (Zhang et al., 2014). In the literature, a total of 15 variants have been identified in the PPP1R3A gene at present (Doney et al., 2003). In our study, the rs151310594 identified in the PPP1R3A gene was absent in the diabetic mother, thus ruling out the possibility of its role in the development of diabetes in this family. The second variant, c.1733G>C (p.Arg578Pro) located in the RFX6 gene, was identified in seven individuals from 2,793 Indian people, which seems to be linked to monogenic diabetes (Narang et al., 2020). The RFX6 gene regulates the transcription factors involved in beta-cell maturation and function (Wurdeman et al., 2017). It was reported to be associated with the Mitchell–Riley syndrome (MRS, MIM# 615710), which is characterized by neonatal diabetes with pancreatic hypoplasia, duodenal and jejunal atresia, and gall bladder agenesis (Zegre Amorim, 2015). Until now, only eight patients have been confirmed with MRS presenting all the typical clinical traits, contrary to our patient, who presented atypical clinical features of MRS characterized by abdominal pain and vomiting. All reported cases of MRS were found to have homozygous or compound heterozygous variants in RFX6 (Reh, 2014), in opposition to our index P2, who carries the RFX6 variant in the heterozygous state. In addition to that, the RFX6 variant was also present in the mother without any typical clinical signs of MRS. All these observations refute the diagnosis of MRS in this family; however, according to the literature, individuals with RFX6 heterozygous variants may be more susceptible to develop type 2 diabetes at a younger age (Sansbury et al., 2015). In this context, Patel et al. showed that heterozygous variants in RFX6 can cause mild MODY with reduced penetrance (Piccand et al., 2014). In fact, patients with RFX6-MODY had normal development of the β islet cells but defective insulin secretion, leading to hyperglycemia (Homeostasis et al., 2014). In our study, the RFX6 variant was confirmed in the patient and her mother, who had diabetes since the age of 31 years. ORVAL output revealed a low VarCopp score of 0.59, indicating the low possibility of interaction between these two variants. In all, we retained only the RFX6 variation describing the RFX6_MODY as the likely cause of disease subtype in this family. Our results emphasize the need for a deeper investigation into the function of the RFX6 gene to pave the way for novel therapeutic approaches (Passone et al., 2022).
UCP2 is a protein-coding gene of the mitochondrial uncoupling protein (UCP) that plays a role as a critical link between obesity, cell dysfunction, and type 2 diabetes (J. Li et al., 2019). Concerning the FN3K gene, it encodes an enzyme that catalyzes the phosphorylation of fructosamines, which may result in deglycation. Among its related pathways are the metabolism of proteins and Gamma carboxylation. Genome-wide association studies (GWAS) revealed a link between FN3K variants and elevating hemoglobin A1 (HbA1C) measurement and the onset of type 2 diabetes and its complications (Dunmore et al., 2018). The presence of both variants among the proband and the unaffected father does not explain the occurrence of diabetes but rather the genetic predisposition to obesity in this family. A low pathogenicity of variant combination has been detected by ORVAL (low VarCopp score). On the other hand, the presence of diabetic ketoacidosis, the onset of hyperglycemia, the extremely low C-peptide (0.187 ng/mL), and the absence of the three pancreatic antibodies fulfilled the diagnostic criteria of the idiopathic T1D (Kaneko et al., 2017). In addition, this atypical form of T1D has been reported since 2000 as a novel subtype of T1D characterized by the presence of a combination of typical signs of T1D (diabetic ketoacidosis) and clinical course that often resembles T2D. Moreover, idiopathic T1D is most commonly seen in obese African–American individuals (Sobngwi and Gautier, 2002). More interestingly, 4% of a cohort of children with monogenic diabetes in Qatar had idiopathic T1D (Abdel-Karim et al., 2021). Based on our clinical and genomic findings, the proband was assigned a diagnosis of idiopathic T1D, and she is predisposed to obesity; thus, nutritional follow-up with a hypocaloric diet has been highly recommended for early disease prevention.
According to the literature, the BBS12 gene is associated with Bardet–Biedl syndrome (BBS), an autosomal recessive genetic disorder characterized by the presence of the following primary features: retinal degeneration, central obesity, postaxial polydactyly, learning problems, and renal abnormalities. Moreover, BBS is often complicated by other minor symptoms, including hepatic fibrosis, diabetes mellitus, neurological problems, speech and lingual deficits, facial dysmorphism, dental anomalies, developmental delay, hypertension, brachydactyly/syndactyly, cardiovascular anomalies, reproductive anomalies, short stature, and hearing loss (Khan et al., 2016) (MIM # 615989). Our results confirm, in part, the findings of Deveault et al., who identified the same variant in the homozygous state in a patient fulfilling the BBS criteria (Deveault et al., 2011). Our patient presents some minor clinical criteria of BBS, including behavioral problems, learning disabilities, and short stature. Many European ancestry patients carrying the same variant were diagnosed with BBS in the absence of major clinical characteristics (Billingsley et al., 2010; Chen et al., 2011). This clinical heterogeneity may be explained by the high genetic specificity and signature of BBS among populations even with the late onset of clinical signs. Another heterozygous variant in the TTC8 gene (p.Asp65Gly) was found in the proband. Indeed, the TTC8 (tetratricopeptide repeat domain 8) is a protein-coding gene expressed in ciliated cells involved in the formation of cilia. This gene is directly linked to BBS (Sato et al., 2019). In fact, the TTC8 variant (p.Asp65Gly) led to the change of an aspartic acid amino acid to glycine (p.Asp65Gly), which is a hydrophobic amino acid. Thus, it may have an impact on the protein function. This variant was absent in the unaffected mother and sister. The ORVAL outputs a high VarCopp score = 0.93, showing a true digenic combination between the two variants. This result confirmed well the absence of diabetes among the mother and the sister, who carried only one mutation. Our results are in line with the finding of Dallali et al., who identified an oligogenic inheritance of BBS in a Tunisian patient (Dallali et al., 2021). This case highlighted the clinical variability in BBS, which may be underdiagnosed in patients with milder phenotypes.
The variant (c.194A>G, p.Asp65Gly) identified in the TTC8 gene was also found in the heterozygous state in P6. Sanger sequencing confirmed the presence of this variant in both the index and the father. The father presented minor clinical features of BBS, including distinctive facial dysmorphia, dental abnormalities, and short stature. The proband presented both major BBS clinical features, namely, learning difficulties, and minor BBS traits such as speech deficits, development delay, diabetes mellitus, and brachydactyly. This case draws attention to the high clinical heterogeneity of BBS not only at the population level but also at the family level. Further genetic investigations, such as long-read sequencing, will be useful in order to identify structural variations that were missed in the WES analysis. We recommend screening for other BBS clinical features in this family.
The GCKR gene encodes a regulatory protein that inhibits glucokinase (GCK) enzyme in the liver and pancreatic islet cells. The effect of the GCKR protein depends on the presence of fructose 6-phosphate and is antagonized by fructose 1-phosphate. Given the role of glucokinase in the development of maturity-onset diabetes of the young GCK_MODY or MODY_2 (MIM # 125851), mutations in GCKR have been considered to be associated with MODY_2 (The et al., 2001). A recent study showed an association between GCKR mutations and high FPG levels, triglyceride measurement, and obesity (Langer et al., 2021). Previous studies reported that a common genetic variant in GCKR (rs1260326) was associated with varying metabolic characteristics (Goodman et al., 2020; Zahedi et al., 2021). Until today, only four variants in the GCKR have been reported as associated with monogenic disorders. The 3D structure analysis of the GCKR protein showed that p.Gly106Arg is located in sugar isomerase domain −1 (SIS-1) (Figure 2B) and induced a steric clash, which may destabilize the folding of the fructose-binding domain (see Supplementary Figure S2A). Sanger sequencing showed the presence of this variant in the obese father and its absence in the healthy mother. All these scientific data affirm the involvement of this variant in the appearance of diabetes and obesity in the index case. In addition, ORVAL analysis excludes the interaction between PPP1R3A and GCKR genes (low VarCoPP score = 0.53). Based on the genetic findings, the treatment was adjusted from high doses of insulin to low doses of insulin associated with a healthy lifestyle, as recommended by a previous study (Anik et al., 2015). Interestingly, this variant (c.316G>A; p.Gly106Arg) is associated with diabetes in P7 and with obesity in his father. Hence, we highlighted the clinical variability of this variant in the same family. To the best of our knowledge, we are the first to describe GCKR variation in a Tunisian MD patient.
Homozygous or compound heterozygous variant mutations in the ALMS1 gene may cause Alström syndrome (MIM#606844), characterized by a progressive loss of vision and hearing, heart disease, obesity, T2D, and short stature. This disorder can also cause serious problems involving the liver, kidneys, bladder, and lungs. In this study, P8 had hearing loss, diabetes, and neurological problems, which suggest the diagnosis of Alström syndrome. In line with a previous study showing that approximately 70% of patients during infancy or adolescence with Alström syndrome develop cardiomyopathy (Dassie et al., 2021), P8 may develop a heart condition with age. Similarly, Hearn et al. reported a patient with Alström syndrome carrying compound heterozygous variant mutations in the ALMS1 gene (Hearn et al., 2002). Our 3D structural analysis revealed that the first variant (c.1448G>C, p.Gly483Ala) (Figure 2C) induces the loss of a hydrogen bond with Lys486 and three polar interactions with Ala485 and Lys486. Conversely, it creates an additional hydrogen bond with Ser480 and two polar interactions with Ser480 (see Supplementary Figure S2D). The second variant (c.9617C>T, p.Thr3206Ile) (Figure 2C) leads to the loss of three hydrogen bonds with Gln3203 and Lys3269 and the appearance of two additional polar interactions with Lys3211 (see Supplementary Figure S2E). Sanger sequencing confirmed the presence of the two ALMS1 variations in the proband. The healthy mother carried only one variant mutation (c.9617C>T) in the heterozygous state. Taking into account all these findings, we confirmed the diagnosis of Alström syndrome in P8. Functional analysis is needed in order to better understand the effect of these two variants.
PDX1 is associated with the MODY_4 subtype (MIM#600733). Reading through the literature, MODY_4 or PDX1_MODY is a rare form of monogenic diabetes caused by heterozygous variants in PDX1 that leads to pancreatic beta-cell dysfunction. Up to date, only few mutations in the PDX1 gene have been linked to monogenic diabetes. In 2015, three new patients with MODY were described as harboring variants in PDX1 (Mangrum et al., 2015). At a clinical level, our patient has diabetes and is overweight. This result corroborates a previous study highlighting the diagnosis of MODY_4 in obese and non-obese patients with hyperglycemia (Abreu et al., 2021). Regarding medication, MODY_4 patients have a variable treatment response, which depends on the mutation and its consequences. In fact, some patients require only a strict diet, while others show improvement with oral diabetes medications and/or insulin (Abreu et al., 2021).
The variant (c.2206G>A, p.Gly736Ser) located in exon 8 of the WFS1 (Wolframin ER transmembrane glycoprotein) gene was present in P9 and her diabetic mother and absent in the healthy father. According to the literature, 88% of variants located in exon 8 of the WFS1 gene are associated with WS (Hardy et al., 1999), characterized by diabetes, optic atrophy, and deafness. Our results conflict with the diagnosis of the classical form of WS for P9 and her mother because of the absence of other clinical features of WS, such as optic atrophy and deafness. Hence, the diagnosis of P9 and her mother is an isolated form of diabetes with reduced WS-related features. Our case supports other studies that have shown some WFS1 variant mutations causing isolated diabetes with significantly reduced penetrance or non-penetrance for other WS-related features (Bonnycastle et al., 2013; Bansal, Boehm, and Darvasi, 2018). Our results are in agreement with previous studies displaying the high clinical heterogeneity of WFS1 variants in both heterozygous (Rendtorff et al., 2011) and compound heterozygous patients (Lieber et al., 2012), giving the example of a French diabetic girl harboring the same variant (c.2206G>A, p.Gly736Ser) described in our patient P9 and showing all clinical features of WS, including diabetes, optic atrophy, and neurologic symptoms (Giuliano et al., 2005). All these arguments confirm the causative effect of this variant in the development of diabetes in this family. Our results require regular clinical monitoring of the patient and her family for optic atrophy and other manifestations of WS.
The insulin receptor (INSR) gene encodes a member of the receptor tyrosine kinase family, which is proteolytically processed to generate alpha and beta subunits that form a heterotetrameric receptor. The binding of insulin or other ligands to this receptor activates the insulin signaling pathway, which regulates glucose uptake and release, as well as the synthesis and storage of carbohydrates, lipids, and proteins (Ansarullah et al., 2021). Variant mutations in this gene underlie the inherited severe insulin resistance syndromes, including type A insulin resistance, Donohue syndrome (leprechaunism), and Rabson–Mendenhall syndrome (Rojek et al., 2021). The diagnosis of these disorders is difficult and complex since they share the same clinical spectrum, affecting many organ functions (kidneys, heart, skin, muscles, and others).
For our patient P10, we excluded the diagnosis of Donohue syndrome (leprechaunism) and Rabson–Mendenhall syndrome since they are typically life-threatening, contrary to the insulin resistance syndrome type A, whose symptoms frequently do not manifest until adolescence or later. Insulin resistance syndrome type A can be caused by heterozygous, homozygous, or compound heterozygous variant mutations in the INSR gene (MIM#147670).
In affected males, symptoms of insulin resistance syndrome type A are less obvious than in females, characterized by diabetes mellitus, insulin resistance, and acanthosis nigricans (Musso et al., 2004).
Our 3D structure analysis showed that the variant c.1649C>T, p.Ala550Val identified in P10 occurs in the fibronectin type III domain (FnIII-1), leading to the appearance of two hydrophobic interactions with Phe541 (Figure 2D). Our findings are different from those reported in the literature, showing that variant mutations in the FnIII domains cause Donohue syndrome more frequently than milder type A insulin resistance (Hosoe et al., 2021; Yu et al., 2022). Type A insulin resistance is associated with variant mutations affecting the TK domain. Indeed, variant mutations in the TK domain (β subunit) are significantly higher in patients with insulin resistance type A (59.3%) than in patients with Donohue syndrome (12.5%) (p = 0.00025) or patients with Rabason–Mendenhall syndrome (26.1%) (p = 0.024) (Hosoe et al., 2017).
We highlighted clinical heterogeneity related to INSR gene variations. Hence, the importance of studying more cases is highlighted, in particular from under-represented populations, such as the Tunisian population characterized by a mosaic genetic structure.
Regarding treatment, for patient P10 harboring a variant in the INSR gene associated with insulin resistance syndrome, medication adjustment was made from a treatment based on a combination of metformin with sulfonylureas to a treatment based only on Glucophage (Metformin®) (Moreira et al., 2010). This therapy has improved the patient’s glycemia.
In this work, multiple gene mutations were identified as associated with MD, which emphasizes the high clinical and genetic heterogeneity of MD among the Tunisian population. This variability may be explained by genetic, environmental, and behavioral factors.
Through this study, we highlight the relevance of an early genetic testing of MD. Providing an accurate molecular diagnosis of MD is of significant importance for both diabetic patients and clinicians for many reasons. Indeed, molecular diagnosis 1) improves MD patient classification and treatment and avoids unnecessary medication. For example, in our study, patients P1, P7, and P10 received precise medication adjustment. Also, it 2) provides insights into the prognosis and long-term management of the disease, 3) informs family screening in order to prevent complications and improve overall family health, and 4) enhances knowledge about pathophysiological mechanisms of MD to develop targeted therapies.
Taking into account all these points, molecular diagnosis of MD has a significant socio-economic impact on the public healthcare system, particularly in developing countries.
CONCLUSION
MD is a collection of inherited disorders of non-autoimmune diabetes that remains insufficiently diagnosed despite increasing awareness. Proper recognition of the clinical manifestations, family history, and genetic testing are important to efficiently diagnose MD and to ensure better healthcare management of patients.
The present study highlighted the high complexity and heterogeneity of MD among Tunisian patients. Through our genetic analysis, we underline the importance of advancing human genetics in low- and middle-income countries to improve public healthcare and increase knowledge about uncommon forms of diabetes. Additional research and rigorous investigations are required to better understand the physiopathological mechanisms of MD and to implement efficient therapies that take into account genomic context and other related factors.
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Background: Over 200 pathogenic variants in the cystic fibrosis transmembrane conductance regulator (CFTR) gene are associated with cystic fibrosis (CF)—the most prevalent autosomal recessive disease globally, the p.Phe508del variant being the most commonly observed.
Main text: Recent epidemiological studies suggest a higher global prevalence of CF than previously thought. Nevertheless, comprehensive CF data remains extremely scarce among African populations, contributing to a significant information gap within the African healthcare system. Consequently, the underestimation of CF among children from African populations is likely. The goal of this article is to review the pathogenesis of CF and its prevalence in the countries of North Africa.
Conclusion: The prevalence of CF in North African countries is likely underestimated due to the complexity of the disease and the lack of a timely, proper clinical and genetic investigation that allows the early identification of CF patients and thus facilitates therapeutic recommendations. Therefore, specific genetic and epidemiological studies on African individuals showing CF symptoms should be conducted to enhance the diagnostic yield of CF in Africa.
Keywords: CF, CFTR, monogenic disease, rare disease, North Africa

INTRODUCTION
Cystic fibrosis (CF) (CF; MIM# 219700) is an autosomal recessive genetic disease caused by variants in the cystic fibrosis transmembrane conductance regulator (CFTR; MIM *602421) gene, which affects the function of this ion channel protein to maintain chloride balance across apical membranes (Stewart and Pepper, 2017). More than 2000 variants have been identified in the CFTR gene, with more than 200 responsible for CF (http://www.cftr2.org/index.php); additionally, p.Phe508del is the most common variant. An epidemiological review of these pathogenic variants revealed that they are often population-specific, ranging according to country of origin and ethnicity (Bobadilla et al., 2002).
CF is the most common autosomal recessive disease in individuals of European descent and is characterized by chronic lung disease, pancreatic insufficiency, elevated sweat chloride concentration levels, and obstructive azoospermia (Gajbhiye and Gaikwad, 2017). In addition, epidemiological studies conducted over the last 2 decades have demonstrated that CF occurs more commonly than previously thought in populations of non-European descent, and the disease is now recognized in many parts of the world (Bell et al., 2020a). It is estimated that CF affects approximately 72,000 patients worldwide (Hammoudeh et al., 2021), with a rate of 1/2000 in European ancestry populations (Gajbhiye and Gaikwad, 2017), an incidence of 1 in 12,000 in South Africa’s mixed ancestry population (Carles et al., 1996; Feuillet-Fieux et al., 2004) and an incidence of 1 in 14,000 in African American black people. However, the occurrence of CF in black African populations with no European ancestry contribution is unknown (Carles et al., 1996). This variation in reported incidence arises from differences in the sampled population and the detection method used, whether it is newborn screening, newly reported cases, or calculations based on death certificates (Hamosh et al., 1998a).
This article aims to review the fundamental molecular and cellular mechanisms of CF, its prevalence in North African countries (Morocco, Algeria, Egypt, Libya, and Tunisia), and the pathogenic variants identified within these populations. We herein discuss the information gap regarding the epidemiology of the disease in these countries as well as the challenges impeding a proper CF diagnosis in North African patients. Based on the available data, we present our vision of the possible actions that can be taken to overcome these challenges and fill the knowledge gaps.
CFTR (CYSTIC FIBROSIS TRANSMEMBRANE CONDUCTANCE REGULATOR)
Overview of CFTR structure, function and regulation
The cystic fibrosis transmembrane conductance regulator (CFTR) was first cloned in 1989 (Riordan et al., 1989), which enabled studies into its structure, function, regulation, and biogenesis (Akabas, 2000). CFTR is localized on human chromosome 7, long arm, region q31-q32 and is approximately 250 kb in size with 27 exons (Zielenski et al., 1991). The CFTR gene encodes for a 1480 amino acids ABC (ATP-binding cassette) membrane transport protein (Akabas, 2000), the structure of which is mainly conserved among ABC transporters. It comprises five functional domains: two hydrophobic membrane-spanning domains (MSD1, MSD2), two hydrophilic membrane-associated domains containing nucleotide-binding domains (NBD1, NBD2), and a distinctive regulatory (R) domain containing multiple consensus sequences for phosphorylation by protein kinases A (PKA) and C (PKC) (McCarty, 2000; Kleizen et al., 2020) (Figure 1A).
[image: Diagram depicting CFTR protein structure and function. Panel A shows CFTR mRNA, highlighting domains and mutation locations across TM1, NBD1, R-domain, TM2, and NBD2. Panel B illustrates CFTR gating cycle with conformational changes from closed to open states, highlighting ATP binding and hydrolysis events.]FIGURE 1 | (A) CFTR primary and secondary structure. CFTR coding sequence variants identified in the different North African populations are included. (B) Schematic summary of phosphorylation-mediated CFTR gating regulation. MSD: membrane-spanning domain, TMD: transmembrane domain, NBD: Nucleotide-binding domain, R: regulatory domain.
Interestingly, CFTR is considered the only ABC protein that functions as an ion channel since almost all other ABC proteins act as transport ATPases. In addition, thanks to its enzymatic activity, CFTR is also the only ligand-gated channel that consumes its ligand (ATP) during the gating cycle as a molecular mechanism mediating the channel closure (Figure 1B). These two distinguishing features caught the attention of researchers in the field because, accordingly, CFTR did not seem to fit perfectly into the ABC “transporter” scheme, suggesting that CFTR is likely a result of evolution on an ABC transporter, turning it into an ion channel (Hwang and Kirk, 2013). CFTR is a channel that permits anions to flow across the membrane in either direction (absorptive or secretory). However, while chloride is the most abundant inorganic anion in the body, the CFTR pore primarily conducts Cl- and bicarbonate ions (HANRAHAN et al., 2003). CFTR is a phosphorylation-dependent epithelial Cl-channel and is expressed in the plasma membranes of several epithelial cells, including those of the kidney, gut, pancreas, sweat glands, and conducting airways, where it permits transepithelial Cl-flow (Sheppard and Welsh, 1999; McCarty, 2000). However, growing evidence indicates that CFTR is also present in the intracellular compartments such as the endosomes, lysosomes, phagosomes and mitochondria. Consequently, impairment of CFTR function leads to impairment of ion flow across the epithelial tissues and affects the proper functioning of these organelles (Lukasiak and Zajac, 2021).
Regulation of CFTR biogenesis, traffic and gating, once delivered to the plasma membrane, determines the proper activity of the channel and thus ensures the fine-tuned modulation of chloride secretion by the epithelial cells. In this context, CFTR shares with other transmembrane proteins the common biogenesis and traffic features that include mRNA transcription and alternative splicing that take place in the nucleus; translation, protein folding, and core glycosylation occurring at the endoplasmic reticulum; trafficking to and across the Golgi apparatus that includes further glycosylation and other posttranslational modifications such as phosphorylation and ubiquitination; and finally vesicular delivery to the cell surface (McClure et al., 2016). However, during the last decades and with the revolutionary involvement of structural biology in resolving protein structure and function, particular models of CFTR gating mechanisms have been proposed (Csanády et al., 2019). Almost all these models share the common feature that CFTR closure/opening is associated with an ATP binding/hydrolysis cycle at NBD1 and NBD2 and a phosphorylation/dephosphorylation cycle of the R domain. One of the suggested mechanisms that control the closed state of the CFTR channel implicates the interaction between NBD1 and the R domain. This physical interaction impedes NBD1 to dimerize with NBD2. To allow channel opening and chloride secretion, the NBD1-R domain complex is separated by the multi-sites protein kinase A (PKA)-mediated phosphorylation of the R domain, which triggers large conformational rearrangements at the TMDs that gradually attenuate these steric hindrances leading finally to the release of the R domain and allowing the head-to-tail heterodimerization of NBD1 and NBD2.
Consequently, ATP binds to the CFTR channel, leading to the opening of the channel pore and the secretion of chloride ions. ATP hydrolysis and CFTR dephosphorylation will allow the R domain to wedge between the NBDs and the channel to come back to its closed state (Hegedus et al., 2009; Corradi et al., 2015; Liu et al., 2017; Della Sala et al., 2021) (Figure 1B). Like many other ion channels, CFTR channels are also able to aggregate in dimers and form a microdomain through connection with other interacting proteins such as synaptosome-associated protein, 23 kDa (SNAP23), AMP kinase (AMPK), protein phosphatase-2A (PP2A), syntaxin-1A (SYN1A), and Munc-18a which promote channel inactivation/closure or protein kinase C (PKC), Na+/H+ exchanger regulatory factor isoform-1 (NHERF1), ezrin and receptor for activated C-kinase-1 (RACK1) that in the opposite allow the efficient PKA-mediated phosphorylation of CFTR and ultimately its activation/opening (Guggino and Stanton, 2006).
It is important to note that the CFTR protein is abnormally expressed in several types of tumour cells that originated as epithelial cells. There is a recent interest in the correlation between abnormal CFTR protein (including expression and mutations) and various cancers. For instance, a study demonstrated that CFTR was highly expressed in Ph + acute leukaemia cells, which protected and maintained the continuous activation of BCR-ABL and the canonical Wnt/β catenin signalling pathway by decreasing PP2A phosphatase activity (Yang et al., 2017). To the best of our knowledge, no direct link has been reported so far between CF and the development or progression of Ph-like acute leukaemia.
CFTR variants
Alteration in the CFTR protein processing or function leads to the impairment of the channel in epithelial cells, which in turn results in the accumulation of more viscous mucus, primarily in the lungs, where the most severe symptoms occur, and also in the pancreas, hepatobiliary tree, gastrointestinal tract, sweat glands, and genital apparatus. To date, there are more than 2000 variants that have been found in the CFTR gene. Initially, these variants were classified into five (and occasionally six) functional groups, and these class systems provide a practical foundation for identifying fundamental defects at the cellular level (Cutting, 2015). CFTR pathogenic variants are classified according to the following classes (Cant et al., 2014; Gajbhiye and Gaikwad, 2017) (Figure 2):
	• Class I: CFTR manufacturing ends prematurely due to early termination of transcription, which reduces or abolishes CFTR protein synthesis. The most common class I pathogenic variants are p.Gly542Ter in Mediterranean countries, p.Arg1162Ter and p.Trp1282Ter in Ashkenazy Jews.
	• Class II: There is no appropriate processing of CFTR and proteins within the cell. This class includes the common p.Phe508del variant, responsible for >90% of CF cases that have been reported thus far (Cant et al., 2014), which is translated into full-length nascent polypeptide chains but fails to fold and is consequently targeted for destruction rather than trafficked to the plasma membrane (PM).
	• Class III: CFTR reaches the cell surface but does not appropriately open to transport chloride. This functional class, which includes the second most frequent pathogenic variant p.Gly551Asp, is seen in just a small number of CF patients (2%–3%).
	• Class IV: CFTR reaches the PM but has lower channel conductance even when the gate is open. These are rare variants that cause disease in 2% of CF patients and are generally located in the MSDs, including p.Arg117His and p.Arg334Trp or p.Arg347Pro in MSD1
	• Class V: The least prevalent functional class; it represents a completely functioning CFTR at the PM but with lower abundance due to incorrect mRNA splicing. An example of these pathogenic variants is the p.Ala455Glu variant.
	• Class VI: Even though the CFTR protein functions, it is unstable at the cell surface (Gajbhiye and Gaikwad, 2017). This variant class includes the p.Gln1412Ter variant.

[image: Diagram illustrating four classes of CFTR protein mutations. Class I shows no synthesis of CFTR. Class II depicts misfolded protein retained in the Golgi apparatus. Class III and IV show proteins reaching the cell surface with reduced function, while Class V and VI illustrate issues with protein quantity and stability. The wild-type CFTR is shown at the surface functioning properly.]FIGURE 2 | Classes of CFTR variants. Class I: defective CFTR gene transcription, Class II: defective CFTR protein trafficking from the endoplasmic reticulum to the Golgi apparatus leading thus to its degradation by the proteosomes, Class III: Defective CFTR regulation leading to non-functional CFTR channels, Class IV: Defective CFTR function leading to reduced CFTR gating, Class V: Defective CFTR processing leading to reduced cell surface expression, Class VI: Production of less stable CFTR channels leading thus to their recycling by the endosome/lysosome system.
All CF patients have a combination of two (or more) variants (Cant et al., 2014; Bareil and Bergougnoux, 2020). The disease phenotype varies by the severity of the CFTR variants. In this regard, it has been assumed that when CF-causing pathogenic variants are coupled, they cause severe CF clinical symptoms. However, moderate or mild variations are associated with CFTR-related disorders (CFTR-RD), and such patients present diffuse bronchiectasis, pancreatitis, male infertility, and congenital bilateral absence of vas deferens). A limited number of CFTR variants are linked to a wide range of phenotypes, ranging from CF to CFTR-RD or from CFTR-RD to no symptoms. On the other hand, there are many genetic variants with undefined clinical significance since they are extremely rare and have not yet been functionally investigated (Bareil and Bergougnoux, 2020).
CF diagnosis in Africa and challenges
There is a notable lack of information on CF in the populations of the African continent. Despite a limited number of reports from African communities, reports from South African blacks populations stated that many children with CF are likely misdiagnosed due to the similarities between the CF phenotype and that of phenocopic pathologies frequently characterized in Africa such as, primary protein energy malnutrition (PEM) manifesting elevated sweat chloride values, tuberculosis, recurrent lung infections, infantile diarrhoea, HIV/AIDS, failure to thrive, or a high infant mortality rate (Rodrigues et al., 1994; Padoa et al., 1999). Only after twin black African boys were identified as the first diagnosed cases of CF at Johannesburg’s Baragwanath Hospital did researchers recommend that clinicians consider CF a potential diagnosis in this ethnic group. Sadly, the first set of premature ethnic Bantu twins with CF born at the hospital succumbed to meconium ileus, with a subsequent tragic case detailed in an addendum (Hargraves et al., 1948). The first report of CF pathogenic variants in South African black patients with no known white admixture showed that 3120+1G-A is a common variant in African black people (Carles et al., 1996). While CF is considered an uncommon disease among African populations, and since screening sweat tests are hardly performed in many African hospitals and can be challenging to interpret, many clinicians do not consider CF a probable diagnosis. For example, CF was formerly diagnosed in Sudan based on history and clinical and radiological data. The sweat test first appeared in 2008 and was only available at one hospital in Khartoum (Ibrahim et al., 2014). Moreover, molecular genetic tests necessary to diagnose CF are costly and mostly unavailable in many African populations; this leads to a lack of accurate and timely CF diagnosis, leading to early complications and mortality due to insufficient medical care (Mutesa and Bours, 2009).
The scarcity of CF data in populations of non-European descent is particularly evident across Africa. Except for South Africa, the absence of patient registries for this condition means African CF patients cannot access treatment therapies based on established registry data patterns. Even though there is a vast genetic variation within African populations, their genomes have been relatively under-investigated (Van Rensburg et al., 2018). However, researchers have revealed that the clinical symptoms of CF are identical in black and non-black individuals, with the notable exception of black patients having lower nutritional status, which appears to be independent of age and genotype. Black people with CF had more severe gastrointestinal difficulties, as indicated by lower nutritional status and a higher frequency of distal intestinal obstruction syndrome (DIOS), which may be responsive to intensive dietary management. Consequently, the diagnosis should be investigated in black individuals with unexplained chronic lung disease or malabsorption symptoms (Hamosh et al., 1998b).
Variants identified in North African countries
For this review article, we surveyed CF on the African continent using Google Scholar and PubMed, searching for the term “cystic fibrosis” alongside the names of North African countries: Morocco, Algeria, Egypt, Libya, and Tunisia. The aim was to report on the genetic screening data of North African individuals carried out within Africa. A total of 17 reports on molecular research into the cause of CF were published by clinicians and researchers from five North African countries (see Table 1).
TABLE 1 | Summary of reported variants in North African CF patients conducted in Africa.
[image: A detailed table listing genetic variants, their rs IDs, the North African countries where they are identified, and references. The table includes data for countries like Egypt, Algeria, Tunisia, and Libya, with references to various studies for each variant.]Morocco
In the Moroccan population, the epidemiology of CF is poorly documented, and the percentage of CF carriers in the general Moroccan community has never been studied (Ratbi et al., 2008; Ratbi and Sefiani, 2011). There is limited data about Moroccans with CF who migrated to Europe. To our knowledge, no information on the frequency of CF variants among the native Moroccan population exists. A study included 150 healthy native Moroccans (unfortunately, the exact ethnic background of these Moroccan patients was not determined) who were screened at the Institut National d'Hygiène for 32 CFTR gene variants. Two people were heterozygous for the p.Phe508del variant, and eight others were heterozygous for the 5T (c.1210-12T[5]) variant (Ratbi et al., 2008) (Figure 3A, B).
[image: Diagram showing a membrane protein structure. Panel A depicts a linear model with sections labeled MSD1, MSD2, TMD1, TMD2, NBD1, NBD2, and mutations E1104X, ΔF508, G542X, N1303K, W1282X. Panel B shows a three-dimensional ribbon structure of the protein with similar labels, highlighting mutation positions in blue, green, and orange boxes.]FIGURE 3 | (A) 3D and Schematic CFTR structure diagram of prevalent variants in North Africa. (B) Variant in red was reported in all North African populations; variants in purple were reported in Tunisian, Algerian, and Egyptian populations; variant in green was reported in Egyptian, Algerian, Tunisian, and Libyan populations. MSD: membrane-spanning domain, TMD: transmembrane domain, NBD: Nucleotide-binding domain, R: regulatory domain.
Algeria
Like Morocco, individuals in Algeria are also at risk of CF; however, there is a lack of information and data in the literature about the incidence, clinical profile, and range of CFTR gene variants. A variety of studies have been performed (Loumi et al., 1999; Loumi et al., 2008; Sediki et al., 2014) in Algeria on CF patients, where 27 exons of the CFTR gene were screened, and scanning the 30 variants that are most prevalent in the Northern European population was performed in these studies. The following variants were identified in the 27 exons screened: c.3909C>G (p.Asn1303Lys), c.579 + 1G>T (711 + 1G>T), c.2260G>A (p.Val754Met), c.1680-1G>A (1812−1G→A), c.2051_2052delinG (2183AA/G), c.1624G>T (p.Gly542Ter), c.1684G>A (p.Val562Ile), c.1477_1478del (p.Gln493fs), c.4139delC (p.Thr1380AsnfsX4), c.3846G>A (p.Trp1282Ter), c.2930C>T (p.Ser977Phe), CFTRdel2-3 (21 Kb) (Loumi et al., 2008). In addition, screening of the 30 most common variants in the Northern European population revealed the following results: c.1521_1523delCTT (p.Phe508del), c.579 + 1G>T (711 + 1G>T), c.1624G>T (p.Gly542Ter), c.3909C>G (p.Asn1303Lys), and c.1652G>A (p.(Gly551Asp) (Sediki et al., 2014) (Figure 3A, B).
Egypt
In a centralized study of 60 patients admitted for CF clinically diagnosed with two positive sweat tests, patients were tested for the 36 most frequent variants. The 36 variants examined were present in 27 out of the 60 patients. The authors, however, did not identify all 36 variants screened for, but they did identify frequent and rare variants in the Egyptian population with CF. Among the 120 alleles studied, 50 positive alleles (41.6%) were detected. Among these, c.1521_1523delCTT (p.Phe508del) represented 58%, followed by c.2051_2052delinG (2183AA/G) (10%). Testing of intron 8 (T) n variations showed that the T7 (c.1210-12T[7]) allele (71.7%), T9 (c.1210-12T[9]) allele (25.8%), and T5 (c.1210-12T[5]) allele (2.5%) were the three most common alleles. The variants detected in this study were c.1521_1523delCTT (p.Phe508del) (58%), c.2051_2052delinG (2183AA/G) (10%), c.3909C>G (p.Asn1303Lys) (6%), c.443T>C (p.Ile148Thr) (4%), c.3846G>A (p.Trp1282Ter) (4%), c.464G>A (p.Gly155Asp) (2%), CFTRdel2-3 (21 KB) (2%), c.3067_3072del (3199del6) (2%), and c.1040G>C (p.Arg347Pro) (2%). Moreover, patients who were homozygous for p.Phe508del reported having more severe clinical presentation than other patients harbouring different variants or compound heterozygosity. The variant 2183AA/G (a frameshift variant A to G at 2183 and deletion of A at 2184), reported to be related to the moderate-severe form, was encountered in 10% of this studied population. Additionally, this variant was found to exist at the same rate in other populations in Syria and Algeria, and it was encountered at a similar frequency (Loumi et al., 2008; Jarjour et al., 2018), and it was identified additionally in Iran, Latin America, and Southern Europe (Rolfini and Cabrini, 1993). In addition, two variants were reported only in the Egyptian population: c.3484C>T (p.Arg1162Ter) and c.1631C>A (p.Ala544Glu), in a 6% and 4% ratio, respectively. Out of 27 patients in the reported study, 16 were homozygous, 7 were compound heterozygous, and 4 were heterozygous. Furthermore, 57% of patients were consanguineous, with a CF family history in 23% (Shahin et al., 2016). The same centre conducted another study for another 100 patients who presented respiratory symptoms; in this study, out of the 100 cases, only 36 tested sweat positive; genetic tests were performed on them, where 10 patients were negative (27%), 14 were heterozygous (38%), and 8 were homozygous (22%) (El-Falaki et al., 2014). Overall, both studies concluded that c.1521_1523del (p.Phe508del) was present in approximately 42% of homozygous cases, and approximately 27% were heterozygous. However, the CFTR gene was not completely sequenced, and the inclusion criteria could over- or underestimate many variants, considering that the clinical presentation is reported to be more clinically severe than for other variants. An extensive study, including middle clinical presentation, could shed more light on the mutational spectrum in Egyptian patients. These observations could be made from another study conducted by Al-Haggar et al. that included patients with difficult-to-treat asthma. In this study, the analysis of the CFTR gene found that out of the 61 patients, 20 were heterozygous, and 4 were homozygous for p.Phe508del. In addition, the second most represented variant was c.3846G>A (p.Trp1282Ter), with 25 patients harbouring the variant, of which 20 were compound heterozygous. In comparison, for the remaining 5 patients, the study could not determine the second implicated variants. p.Phe508del/p.Gly542Ter was found in 12 patients, and consanguinity was 70% in this study cohort. Six carriers of single variants in this research had minor respiratory symptoms and negative sweat tests. Out of the 112 probands of difficult-to-treat asthma, 61 individuals carried one or more of the studied three variants (54.5%): 36 individuals had two variants (considered CF after sweat chloride testing for confirmation) and 25 individuals carried single variants (Al-Haggar et al., 2020) (Figures 3A,B).
Libya
There is little information about CF in Libya. To date, only ten unrelated Libyan families with CF children have been the subject of a single study, which revealed four variants (c.1521_1523del (p.Phe508del), c.1670delC (p.Ser557fs), c.3909C>G (p.Asn1303Lys), and c.3310G>T (p.Glu1104Ter)), with p.Glu1104Ter having the highest incidence (Hadj Fredj et al., 2011). This is probably because Libya’s first CF centre was only opened in 2008. The literature states that 31 individuals were diagnosed with CF from the CF centre’s creation date till December 2010 (Repetto et al., 2011) (Figure 3A, B).
Tunisia
Although North African countries, including Tunisia, account for a significant majority of CF reports and statistics in the African continent (reviewed in (Abubakar Bobbo et al., 2023)) and while clinical testing for CF has been conducted in Tunisia since the 1990s, global frequency and incidence of CF in Tunisia is still poorly estimated, and the genetic background is not yet fully deciphered. Considered a rare disease with variable clinical manifestations, CF may still be underdiagnosed due to the restricted access to the sweat test, especially in public healthcare centres, the limited awareness about the disease pathophysiology by both medical professionals and patient’s families, mainly in the rural areas and the limited number of specialized genetic testing/counselling professionals. The first report on the genetics of CF in the Tunisian population was published by Messaoud et al. and dates back to 1996 (Messaoud et al., 1996). Subsequently, numerous CF cases have been identified thanks to the improvement of diagnostic tools (FREDJ et al., 2013; Boussetta et al., 2018; Hamouda et al., 2020). A molecular study on CFTR gene coding region analysis in CF Tunisian families revealed twelve variants (c.1521_1523del (p.Phe508del), c.3310G>T (p.Glu1104Ter), c.3909C>G (p.Asn1303Lys), c.579 + 1G>T (711+ 1T > G), c.3846G>A (p.Trp1282Ter), c.1624G>T (p.Gly542Ter), c.3472C>T (p.Arg1158Ter), c.3889dup (4016insT), and c.2353C>T (p.Arg785Ter), c.3067_3072del (p.Ile1203Val), c.1679 + 5A>G (1811+5A > G), and c.4136 + 2T>G (4268 + 2T > G)). With p.Phe508del being the most common variant in the Tunisian population, which is higher than in other North African populations. According to the literature, this variant may have been imported into the country at the time of the Roman and Vandal invasions. The p.Glu1104Ter variant is this population’s second most common variant (Fredj et al., 2009). Two case reports revealed the presence of the rare c.57G>A (p.Trp19Ter) variant. This nonsense variant has been described thus far in the Tunisian population, suggesting that c.57G>A (p.Trp19Ter) is specific to Tunisian CF patients with significant morbidities (De et al., 2013; Mohamed, 2020). A third case report by Hadj Fredj and coworkers identified a new variant c.3598_3599delinsG (p.Lys1200fs), in exon 19 of the CFTR gene in combination with 3442 G→T (p.Glu1104Ter) variant in a Tunisian CF patient (FREDJ et al., 2013). More recently, the same variant was identified again by Hamouda et al., who have published a preliminary national report on CF’s clinical and genetic characteristics in Tunisia. This study involved 123 Tunisian children with CF from the country’s north, center, and south (Hamouda et al., 2020). The genetic screening of the CFTR gene resulted in the identification of 17 variants, including six novel variants (c.254G>A (p.Gly85Glu), c.1392 + 6_1392+7insA (1524 + 5 InsC), c.2290C>T (p.Arg764Ter), c.1545_1546delTA (1677delTA), del ex1-2, c.3196C>T (p.Arg1066Cys)) with p.Phe508del being again the most prevalent variant followed by three other variants (c.1624G>T (p.Gly542Ter), c.3846G>A (p.Trp1282Ter) and c.3909C>G (p.Asn1303Lys)) commonly identified in the Mediterranean area (Figure 3A, B). Interestingly, the available data points to the fact that CF is probably more prevalent in the south than elsewhere in the country and that the homozygous form is predominating for almost all identified variants. This is in line with the higher consanguinity rates reported in these regions that potentially increase the likelihood of inheriting autosomal recessive disorders like CF. Moreover, it seems that the distribution of CFTR variants in the Tunisian population is different compared to the rest of the populations in North African countries. Particularly, unique variants such as c.2766del8 (p.Leu878PhefsX15), c.3497T>G (p.Phe1166Cys), and c.3128T>G (p.Leu1043Arg) have been exclusively identified, pinpointing their specificity to the Tunisian population (Messaoud et al., 1996; Boussetta et al., 2018). Confirming this specificity by larger scale genetic studies might be very helpful not only from the anthropological side but also from the medical side knowing that this will facilitate designing personalized CFTR variant modulators and CF therapeutic tools.
The way forward (NBS program, NGS, treatment with modulators)
Cystic fibrosis is recognized as a rare disease, yet it is becoming increasingly important for public health organisations at national and international levels. In Africa, people with rare diseases must combine their specific needs with more fundamental requirements, such as nutrition and preventing infectious diseases (Baynam et al., 2020). The development of newborn screening programs (NBS), formalized airway-clearing therapy, and reduced malnutrition by the use of efficient pancreatic enzyme replacement and a high-energy, high-protein diet are just a few examples of the many approaches to how clinical care has improved (Bell et al., 2020b). In nations with well-developed CF research, CF registries, and NBS, the median survival rates for CF patients have risen significantly over the years. In Canada, it is 52 years; in the United States, it is 42; in Europe, it is 40; and in Australia, it is 27 (Van Rensburg et al., 2018). Compared to African countries with underdeveloped CF research, patient’s life expectancy is lower. Based on data from 2008, a CF patient’s life expectancy in South Africa (SA) was less than 21 years. (Van Rensburg et al., 2018). Diagnosing within the first few weeks of birth is too late to achieve the best outcomes. If CF remains undiagnosed and untreated early in life, it can progress to severe symptoms (De Boeck, 2020). Based on CF registry data, it has been expected that each patient whose diagnosis is delayed will spend approximately one million euros more on treatment during their lifetime than a patient detected through NBS (Stewart and Pepper, 2016). Based on these observations, CF newborn screening has been implemented in several nations. We now understand that CF newborn screening improves survival, and its advantages outweigh its risks (De Boeck, 2020).
In addition, the discovery of the CFTR gene significantly improved CF diagnosis and treatment. This discovery has increased the capacity to diagnose CF and genotype patients concurrently, identify pancreatic functional status immediately, and plan therapeutic strategies including CFTR modulator selection based on the genotypes. The past 10 years have seen an increase in the use of next-generation sequencing (NGS) methodologies for genetic and genomic sequencing. According to reports, NGS has successfully used DNA isolated from commonly dried blood spot specimens to improve the detection capacity of CFTR pathogenic variants. All of the coding areas, intron/exon borders, and chosen intronic sections were designed to be sequenced by the NGS assay (Farrell et al., 2020). In South Africa, NGS is becoming more widely available and less expensive. This diagnostic approach presents, however, difficulties related to the interpretation of the clinical significance of detected variants, many of which can be predicted to be novel in the SA population. Research is now being conducted to determine the best and most economical method and strategy for molecular confirmation of CF in SA (Zampoli On Behalf Of The Msac M, 2018). Access to NGS and other molecular tests is still limited in numerous African countries, including those in North Africa. This limitation is due to various challenges, including the scarcity of adequate facilities, lack of sufficient funding, and inefficiencies in health systems. Further complicating the situation is the underrepresentation of African population data in widely used databases, which hinders the ability to obtain accurate molecular diagnoses for individuals in these regions. Consequently, despite South Africa’s advancements in this field, many other African countries continue to struggle with accessing NGS and molecular testing facilities. (Adebamowo et al., 2018; Phillips et al., 2021; Lumaka et al., 2022).
The discovery of innovative small-molecule treatments that target fundamental CFTR malfunction on several levels brings CF to the forefront of precision medicine (De Boeck and Amaral, 2016; Quon and Rowe, 2016). Significant positive impacts on outcomes such as pulmonary function, pulmonary exacerbations, and nutrition have been observed in clinical trials with the CFTR modulator medications ivacaftor, which targets the p.Gly551Asp variant, and lumacaftor/tezacaftor, which targets the p.Phe508del variant (Elborn et al., 2016; Taylor-Cousar et al., 2017). None of these treatments is now registered or regulated in any African country, and it is unlikely that medical insurance plans or the public health sector will start funding them anytime soon considering the price is currently US$300,000 per year. The Medical and Scientific Advisory Committee (MSAC) and the CF community are interacting with global pharma to push for accessible pricing for these new medications (Zampoli On Behalf Of The Msac M, 2018).
CONCLUSION
In this review article, we gathered available data about CF’s pathophysiology, prevalence and genetic backgrounds in North African populations. We discussed herein the lack and scarcity of CF epidemiological data in these populations, pointing out additionally the challenges impeding proper management of the disease, particularly the limited access to diagnosis tools (sweat tests, genetic testing counselling, etc.), which in turn lead to CF misdiagnosis and underdiagnosis in these countries.
The prevalence of CF phenocopy diseases and limited access to specialized healthcare made it difficult for many African children with CF to be correctly diagnosed, preventing them from receiving adequate medical follow-up (Stewart and Pepper, 2017). Additionally, consanguineous marriages are common in Arab and North African countries. For instance, in Tunisia and Morocco, consanguineous marriages account for 40%–49% and 29%–33% of all unions, respectively. This cultural practice leads to more children born with congenital malformations, recessive diseases, and increased morbidity and mortality (Jaouad et al., 2009; Anwar et al., 2014). Patients with CF born in Africa face a higher risk and can expect to live approximately half as long as their European counterparts. The absence of an effective and comprehensive public health strategy for CF in African countries is mainly responsible for this disparity (Stewart and Pepper, 2016). Large-scale genetic and epidemiological studies focusing on African individuals displaying CF symptoms are crucial for enhancing CF screening yield in the region.
In the presence of several prevalent CF phenocopic diseases, such as recurrent pulmonary infections and PEM and with the complexity of CF as a multisystemic disease, it became more and more apparent that relying only on the clinical investigation is not sufficient to confirm or rule out CF in African patients. We propose that now is the right time to transition towards genomic sequencing as the primary diagnostic method. Integrating NGS with the appropriate bioinformatics pipeline could significantly reduce the time and cost associated with CF diagnosis (Stewart and Pepper, 2017). Our group is currently developing a method to sequence the CFTR gene completely using long-read-based Oxford Nanopore Technologies (El Makhzen et al., 2023). We suggest this approach could be well-suited for genetic laboratories with limited resources since it is cheaper and relatively easy to implement. Nearly all African studies on CFTR pathogenic variation in CF patients have been limited only to genetic mutation screening without any further functional investigations. Given this, there is also an increasing need to venture into the functional exploration of population-specific variants in Africa. This would also permit the development of personalized variant modulators and therapeutic tools for thousands of young CF patients. Finally, promoting education about CF in the African healthcare sector will also be an asset that will allow better outreach to CF patients, better selection of CF care practices, and the implementation of a participative approach in which both patients with CF and their families are involved in improvement efforts, as demonstrated by the sponsored North American CF Conference (NACFC), which has resulted in an increased CF patients’s survival in the United States of America (Mogayzel et al., 2013).
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Introduction: Inherited mitochondrial diseases are the most common group of metabolic disorders caused by a defect in oxidative phosphorylation. They are characterized by a wide clinical and genetic spectrum and can manifest at any age. In this study, we established novel phenotype–genotype correlations between the clinical and molecular features of a cohort of Tunisian patients with mitochondrial diseases.
Materials and methods: Whole-exome sequencing was performed on five Tunisian patients with suspected mitochondrial diseases. Then, a combination of filtering and bioinformatics prediction tools was utilized to assess the pathogenicity of genetic variations. Sanger sequencing was subsequently performed to confirm the presence of potential deleterious variants in the patients and verify their segregation within families. Structural modeling was conducted to study the effect of novel variants on the protein structure.
Results: We identified two novel homozygous variants in NDUFAF5 (c.827G>C; p.Arg276Pro) and FASTKD2 (c.496_497del; p.Leu166GlufsTer2) associated with a severe clinical form of Leigh and Leigh-like syndromes, respectively. Our results further disclosed two variants unreported in North Africa, in GFM2 (c.569G>A; p.Arg190Gln) and FOXRED1 (c.1261G>A; p.Val421Met) genes, and we described the first case of fumaric aciduria in a Tunisian patient harboring the c.1358T>C; p.Leu453Pro FH variant.
Conclusion: Our study expands the mutational and phenotypic spectrum of mitochondrial diseases in Tunisia and highlights the importance of next-generation sequencing to decipher the pathomolecular mechanisms responsible for these disorders in an admixed population.
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1 INTRODUCTION
Inherited mitochondrial diseases (iMDs) represent a group of neurometabolic disorders recognized as the largest class of inborn errors in metabolism, with an estimated incidence of 1 in 4,300 individuals (Lehmann and McFarland, 2018). They include a large variety of pathologies with a mitochondrial oxidative phosphorylation (OXPHOS) defect as a common denominator. The OXPHOS system is composed of five multimeric protein complexes integrated in the inner mitochondrial membrane to generate cellular energy as ATP (Jarovsky et al., 2006).
Considering the ubiquitous expression of mitochondria in all nucleated cells and their crucial role in the production of 95% of cellular energy, iMDs can affect any tissue and any organ. Particularly, vulnerable are those with high energy requirements such as the brain, skeletal muscles, heart, liver, and endocrine glands (Jarovsky et al., 2006; Nsiah-Sefaa and McKenzie, 2016). Although iMDs have traditionally been viewed as syndromic presentations, they may present overlapping symptoms that extend beyond recognized syndromes, as well as manifest as single-system disorders (Macken et al., 2021). iMDs can also occur at any age with varying severity, ranging from lethal forms in the neonatal period to moderate or atypical forms in adults (Klopstock et al., 2021). These pathologies can be caused by alterations in the mitochondrial DNA (mtDNA) and/or of the nuclear genome, mainly in genes that encode respiratory chain subunits and OXPHOS complex assembly factors and proteins involved in mtDNA replication, transcription, translation, and maintenance (Frazier et al., 2019). Therefore, they present all modes of inheritance, including autosomal dominant, recessive, X-linked with both inherited and de novo mutations, and maternal inheritance (Alston et al., 2017). However, the term “mitochondrial diseases” has recently been broadened to include another set of pathologies, called secondary mitochondrial dysfunctions, caused by mutations in nuclear genes not related to the OXPHOS assembly and activity. They affect diverse mitochondrial functions including, among others, protein biogenesis, mitochondrial morphology and dynamics, lipid biogenesis, and the Krebs cycle (Ceccatelli Berti et al., 2021; Baker et al., 2022). iMD diagnosis remains a challenge given their clinical, biochemical, and molecular heterogeneities. The identification of causal genes is consequently a key tool in supporting the clinical diagnosis (Muraresku et al., 2018).
Since 10% of human genes are predicted to have a mitochondrial function, 1,136 nuclear and mtDNA genes have been considered candidate genes for iMDs, according to the MitoCarta database (MitoCarta3.0) (Rath et al., 2020; Alston et al., 2021). Yet today, over 350 nuclear genes are implicated in mitochondrial disorders (McCormick et al., 2018b; Alston et al., 2021). This number is permanently growing due to the consistent application of next-generation sequencing (NGS), which allows the discovery of new causative genes and mutations, with more than 20 novel genes implicated in mitochondrial diseases identified each year (McCormick et al., 2018a).
The aim of this study was to use high-throughput next-generation sequencing and efficient bioinformatics tools to identify variants causing iMDs among Tunisian families from this underrepresented population.
2 MATERIALS AND METHODS
2.1 Patients
Our study was conducted in accordance with the principles outlined in the Declaration of Helsinki and following the Institutional Review Board recommendations. It was approved by the Ethical Committee of the Institut Pasteur de Tunis (Tunisia) (Registration Number IRB00005445; reference 2017/28/ILR16IPT). Five patients of Tunisian origin with clinical features suggestive of a mitochondrial disease were recruited from the Department of Pediatric Neurology, Mongi Ben Hamida National Institute of Neurology, Tunisia. The diagnosis was suspected based on the clinical and radiological presentation suggestive of an iMD, as well as biochemical abnormalities indicating possible mitochondrial dysfunction. As index cases were younger than 18 years of age, written consent was signed by the parents. Blood samples were obtained from all patients and their parents.
2.1.1 Patient 1
Patient 1 (P1) is a 13-year-old girl, born to a non-consanguineous couple after a full-term pregnancy and normal delivery. The onset of the disease started when P1 was 1 year old, marked by a delay in psychomotor acquisitions, followed by abnormal eye movements. At the age of 3 years and 8 months, she had two generalized tonic–clonic seizures with ocular revulsion. After 1 month, she was admitted to the neuropediatric department at the National Institute of Neurology (NIN) of Tunis in view of a psychomotor delay. A neurological examination revealed a quadripyramidal syndrome, cerebellar syndrome, horizontal nystagmus, and dystonia. Cerebral magnetic resonance imaging (MRI) showed a necrotizing striatal involvement associated with diffuse cortico-subcortical atrophy and pontocerebellar signal hyperintensities. A doublet lactate peak was observed using spectroscopy (Figure 1). Laboratory examinations revealed lactic acidemia (5.28 mmol/L; normal value 0.5–2.2 mmol/L) and elevated lactate levels in the cerebrospinal fluid (CSF) (3.26 mmol/L; normal values < 2 mmol/L), while plasma amino acid chromatography was normal. Electroencephalography (EEG) showed a slowed background rhythm with no paroxysmal pattern. Eye fundus examination was normal. Muscle biopsy disclosed small mitochondrial overload on cytochrome oxidase/succinate dehydrogenase (COX/SDH) stain with the absence of ragged red fiber. The progression of the disease was marked by the onset of myoclonus and generalized dystonia, which were treated with trihexyphenidyl but without significant improvement. Seizures were initially treated with valproic acid, resulting in the appearance of tremors and drowsiness. As a result, the treatment was switched to carbamazepine, which successfully controlled the epilepsy. Additionally, P1 received carnitine, thiamine, and coenzyme Q10, but these did not significantly improve her condition.
[image: Multiple MRI scans of the brain are arranged in a grid, labeled A1 to E3. Each scan displays different sections and orientations of the brain, highlighting various regions and structures for medical analysis and comparison.]FIGURE 1 | Brain MRI findings in investigated patients. A: Axial T2 (A1, A3) and FLAIR (A2)-weighted images of patient 1 brain MRI showing bilateral and symmetrical striatal hyperintensities, with the presence of cavitations (thin black arrow), associated with T2 and FLAIR hyperintensities of the periventricular and subcortical white matter (thin white arrow), splenium of the corpus callosum (thick black arrow), middle cerebellar peduncles (thick white arrow), and cerebellar white matter (white arrowhead); B: Axial (B1-B3) and sagittal (B2) brain MRI of patient 2 showing bilateral hyperintense lesions in T2 (B1, B2) and diffusion (B3)-weighted images affecting the cortex and subcortical white matter in frontal areas (thick white arrow), the thalami (thick black arrow), the midbrain, the pons, the medulla oblongata, and the cerebellum (thin black arrow), as well as cortico-subcortical atrophy predominant at the subtentorial level and agenesis of the corpus callosum; C: Axial (C1, C2) and coronal (C3) T2-weighted images of patient 3 brain MRI showing bilateral and symmetrical hyperintensities affecting the cerebral peduncles (thin black arrow) and subthalamic nuclei (thin white arrow); D: Axial (D1–D3) T2-weighted images of Patient 4 brain MRI showing bilateral and symmetrical hyperintensities affecting the thalami (thin white arrow), the midbrain (thin black arrow) and the posterior part of the medulla oblongata (thick white arrow); E: Axial (E1, E2) and sagittal (E3) brain MRI of patient 5 showing significant subcortical atrophy with the enlargement of the third and lateral ventricles, mild hyperintensities of the periventricular white matter in FLAIR-weighted image (E1) which are isosignal in T1-weighted image (E2), and hypoplasia of the brainstem.
2.1.2 Patient 2
Patient 2 (P2) was a girl born from a second-degree consanguineous marriage after a full-term normal delivery. Since birth, she exhibited a weak cry and had difficulties with feeding. At the age of 5 months, she started vomiting up to seven times a day, accompanied by motor retardation and loss of babbling, for which she was admitted to the pediatric department. A clinical examination revealed hypotonia and psychomotor delay. She underwent cerebral computed tomography, which showed bifrontal, thalamic, and bulbar hypodensities, cerebellar hypoplasia, and agenesis of the corpus callosum. Then, she was referred to the NIN neuropediatrics department at the age of 7 months. She presented no ocular or auditory pursuit, weak cry, axial hypotonia, spastic tetraparesis, axial dystonia, divergent strabismus, horizontal nystagmus, and severe hypotrophy. Laboratory investigations revealed high lactate levels in blood (5.97 mmol/L; normal value 0.5–2.2 mmol/L) and CSF (3.88 mmol/L; normal values < 2 mmol/L). Brain MRI indicated bilateral and symmetrical supratentorial and subtentorial signal abnormalities, with a lactate doublet peak on spectroscopy images of cortico-subcortical, cerebellar, and brainstem atrophy and a complete agenesis of the corpus callosum (Figure 1). Electromyography revealed a slight decrease in motor action potential amplitudes in the median and ulnar nerves. Plasmatic amino acid chromatography and eye fundus were normal. She died at 18 months under unexplained circumstances.
2.1.3 Patient 3
The proband (P3) is a 15-year-old male born to a healthy first-degree consanguineous couple, after a normal pregnancy and delivery. He had two generalized tonic–clonic seizures at the age of 9 months treated with valproic acid. The evolution was marked by psychomotor regression and the persistence of seizures. Since the age of 15 months, episodes of abnormal posture of the fingers and toes lasting 1–2 min were noted, and they disappeared spontaneously. He was admitted to the NIN neuropediatric department at the age of 3 years. A clinical examination revealed axial hypotonia, spastic tetraparesis, and nystagmus. Eye fundus showed optic atrophy, and auditory-evoked potentials were impaired, suggesting hearing loss. He had a high level of lactate in the CSF (4.4 mmol/L; normal values < 2 mmol/L) and an elevated lactate-to-pyruvate ratio of 36.78 in the serum. MRI showed bilateral and symmetrical subthalamic T2 hyperintensities affecting cerebral peduncles and subthalamic nuclei with lactate, as shown by spectroscopy. Plasmatic amino acid chromatography revealed a slight increase in alanine and threonine levels, while chromatography showed that the urinary organic acid level was normal. The evolution was marked by an episode of altered consciousness occurring simultaneously with a pulmonary infection at the age of 26 months. He was admitted to pediatrics, where investigations revealed metabolic acidosis and elevated transaminases, leading to the switch from valproic acid to phenobarbital. The disease course was characterized by a gradual improvement in psychomotor development. At the age of 4 years and 7 months, a muscle biopsy with an ultrastructural study was conducted, revealing the proliferation of mitochondria with abnormal shapes, along with osmiophilic inclusions and mild lipid overload. Subsequently, the patient received treatment with carnitine, coenzyme Q10, and vitamins, along with a prescription for motor and speech therapy.
At the age of 5 years, he showed an improvement in psychomotor abilities by acquiring assisted walking and syllabic language. He returned for consultation at the age of 11 years with a worsened clinical presentation. He lost his ability to walk and to control his head and presented axial hypotonia, strabismus, and spastic tetraparesis. The evolution was marked by the development of scoliosis.
2.1.4 Patient 4
Patient 4 (P4) is a 3-year-old girl born to a first-degree consanguineous couple after a full-term pregnancy and vaginal delivery. The disease started at the age of 5 months, marked by the observation of spontaneous and rapid bilateral conjugate eye movements initially neglected. She also exhibited a bad ocular pursuit at the age of 7 months associated with delayed psychomotor acquisitions. She was referred to the neuropediatric department at the age of 10 months in view of a psychomotor delay. A neurological examination revealed axial hypotonia, generalized dystonia, and nystagmus. A brain MRI examination was performed and revealed bilateral and symmetrical lesions in the substantia nigra, thalami, quadrigeminal tubercles, and posterior bulb, with a lactate peak revealed by spectroscopy (Figure 1). Transesophageal echocardiography showed that the left ventricle was moderately dilated and hyperkinetic. Eye fundus was normal. The biochemical analysis revealed high lactate levels in blood (5.87 mmol/L; normal value 0.5–2.2 mmol/L). She was treated with carnitine, coenzyme Q10, thiamine, and biotin. The evolution of the disease was marked by an improvement in dystonia, along with the persistence of hypotonia, babbling language, and the observation of a ptosis at the age of 15 months.
2.1.5 Patient 5
Patient 5 (P5) is a 4-year-old girl born to first-degree consanguineous healthy parents after full term and a normal delivery. Her family history included the deaths of two siblings, a brother at 8 months and a sister at 1 day under unexplained circumstances, as well as two miscarriages at 8 months and 6 months. In the first months of her life, she presented with a psychomotor delay. She did not acquire either the sitting position or the head control, with the absence of babbling. She also displayed chronic constipation, recurrent vomiting, weak cry, and dysphagia. At 6 months of age, hypotonia and severe psychomotor retardation were observed. One year later, she presented recurrent seizures. A clinical examination revealed no eye pursuit, global hypotonia, abolished reflexes, strabismus, nystagmus, and slight dysmorphic features. Brain MRI revealed cortico-subcortical atrophy, brainstem hypoplasia, and periventricular white matter signal abnormality (Figure 1). Electromyoneurography showed mixed axonal and myelinating neuropathy affecting the four limbs. Abdominal ultrasonography images, auditory-evoked potential, and eye fundus examination were normal. CSF lactate measurement revealed lactatorrachia (2.6 mmol/L; normal values < 2 mmol/L), and the urinary chromatography of organic acids showed an increase in lactic acid levels by 28%. She was prescribed carnitine, coenzyme Q10, and levetiracetam, but poor compliance resulted in only partial control of the epilepsy. At the last clinical evaluation, the patient showed the persistence of global hypotonia and psychomotor delay, poor eye pursuit, and bruxism.
2.2 Methods
2.2.1 DNA extraction, quantification, and quality control
Genomic DNA from patients and their parents was extracted from peripheral blood using the FlexiGene DNA Kit (QIAGEN) according to the manufacturer’s instructions. Tthe quality and quantity of the extracted DNA were assessed using the DeNovix DS-11 NanoDrop spectrophotometer and NanoDrop spectrophotometer (Thermo Fisher Scientific).
2.2.2 Whole-exome sequencing and bioinformatics analysis
Whole-exome sequencing (WES) of the five patients was conducted using a BGISEQ-500 sequencer at Beijing Genomics Institute (BGI) Tech Solutions, following the standard protocol (Hong Kong, China). The DNA samples were randomly fragmented into 200–300-bp fragments. After fragment selection, the 3′ ends were repaired, adenosine tails were added, and adapters were attached to both sides of each fragment. Subsequently, PCR amplification was performed to generate DNA libraries. The amplified DNA was captured using the MGIEasy Exome Capture V4 Probe Set (MGI Tech). The captured products were then circularized to produce single-stranded DNA circles, which served as templates for rolling circle amplification to generate nanoballs according to the BGISEQ-500 platform protocol. Raw data quality was checked using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), followed by removing low-quality reads and a trimming step using the SOAPnuke tool (https://github.com/BGI-flexlab/SOAPnuke) (Chen et al., 2017). The remaining reads were aligned to the human genome reference assembly GRCh37/hg19 using the Burrows–Wheeler Aligner tool (BWA V0.7.17) (Li and Durbin, 2009). SNP and INDEL calling were carried out using the GATK HaplotypeCaller tool (v4.1.4.1) (McKenna et al., 2010). The variants were annotated using ANNOVAR (Wang et al., 2010).
Once the files were annotated, a filtering step was conducted to prioritize potential disease-causing variants in nuclear genes that encode mitochondrial proteins and genes associated with mitochondrial functions and operations using VarAFT software (Desvignes et al., 2018). We removed neutral variants and sequencing errors by excluding variants with a depth ≤10 and variants with minor allele frequency (MAF) > 0.01 in gnomAD (https://gnomad.broadinstitute.org/), the 1000 Genomes Project (http://www.1000genomes.org), and the Exome Aggregation Consortium (ExAC) v0.3 (http://exac.broadinstitute.org). We kept only rare functional variants (non-synonymous, non-sense, frameshift, and splice site variants). Then, the non-synonymous variants were filtered after running through 14 prediction tools to retain variants reported as pathogenic by at least 8 of the 14 in silico pathogenicity prediction software tools described in a previous study (Dallali et al., 2021). Sequence conservation analysis was performed using the ConSurf server (https://consurf.tau.ac.il/). Splicing variants were evaluated using varSEAK (https://varseak.bio/index.php) and the Human Splicing Finder (www.umd.be/HSF/). We used NMDEscPredictor (https://nmdprediction.shinyapps.io/nmdescpredictor/) to assess frameshift variants and predict the probability of an abnormal transcript being subjected to non-sense-mediated mRNA decay (NMD) or escaping from it (Coban-Akdemir et al., 2018). Each variant was classified according to the American College of Medical Genetics (ACMG) guidelines (Richards et al., 2015). We further evaluated the remaining variants by researching in databases including PubMed (https://www.ncbi.nlm.nih.gov/pubmed), VarSome (https://varsome.com/), LitVar2 (https://www.ncbi.nlm.nih.gov/research/litvar2/), and ClinVar (https://www.ncbi.nlm.nih.gov/clinvar) to check if these variants have been previously reported in the literature and, if so, the associated clinical features.
2.2.3 Sanger sequencing
Sanger sequencing was performed to confirm the presence of the potential causal variations identified by WES and to verify co-segregation among the parents. The oligonucleotide primers were designed using Primer3 software (https://primer3.ut.ee/) followed by amplification by PCR. The PCR products were sequenced on an ABI Prism 3500 DNA automated sequencer (Applied Biosystems, CA, United States) using the BigDye Terminator Cycle Sequencing Reaction Kit v3.1. Sequence analysis was carried out using DNADynamo software (https://www.bluetractorsoftware.com/).
2.2.4 Protein computational analysis
We assessed the impact of the identified variants on the protein 3D structure and function by retrieving the protein structure from the Protein Data Bank (PDB) (https://www.rcsb.org/). In the cases where proteins had not yet been analyzed through nuclear magnetic resonance (NMR) spectroscopy or X-ray crystallography, we utilized the I-TASSER web server to predict their three-dimensional structures. Afterward, the model with the highest confidence score (C-score) was selected. Next, we performed an energy minimization step using YASARA minimization server (Krieger et al., 2009). To further validate the obtained model, quality parameters such as the Ramachandran plot and Z-score were used to assess and evaluate the tertiary structure. Specifically, MolProbity (http://molprobity.biochem.duke.edu/) and ProSA-web (https://prosa.services.came.sbg.ac.at/prosa.php) were used to generate the Ramachandran plot and determine the Z-score, respectively (Wiederstein and Sippl, 2007; Williams et al., 2018). Then, we analyzed the statistics of non-bounded interactions between different atom types using ERRAT (Colovos and Yeates, 1993). The effect of a single amino acid (aa) substitution on the protein stability was performed using I-Mutant 2.0 (https://folding.biofold.org/i-mutant/i-mutant2.0.html) and MUpro (http://mupro.proteomics.ics.uci.edu/). The size, hydrophobicity, and intramolecular interactions involving the wild-type and the mutant residues were analyzed using the HOPE (https://www3.cmbi.umcn.nl/hope/) and DynaMut2 servers (https://biosig.lab.uq.edu.au/dynamut2/). Last, we determined the secondary structure of both wild-type and mutated proteins for newly discovered variants using PSIPred 4.0 (http://bioinf.cs.ucl.ac.uk/psipred).
3 RESULTS
Whole-exome sequencing of the five probands revealed a total of 772,424 variants, with an average of 60,322 homozygous variants and 94,163 heterozygous variants. The mapping rate of the trimmed data ranged from 99.96% to 99.98%. The mean sequencing depth of the target regions was 52.77X, with 97.98% covering >20X. After applying a filtration step involving a gene list implicated in the mitochondrial proteome and function, a total of 55,965 variants remained. Subsequent filtering (Figure 2) identified five homozygous variants in the five patients, consisting of four missense variants and one frameshift deletion (Table1).
[image: Diagram including two sections. Section A: Five genetic pedigrees with sequencing data for different families, highlighting specific genetic variants (GM1Z, NDUFAF5, FASTKD2, FOXRED1, IPE). Each pedigree uses standard symbols to denote family members and affected individuals, alongside sequencing graphs. Section B: A funnel chart illustrating variant categorization and a table listing the number of variants for five patients across several criteria: exons, splicing regions, protein changes, known mutations, ACMG class 4, and 5.]FIGURE 2 | Pedigree analysis of the identified variants and variant filtering strategy used for variant prioritization of exome data. (A) Pedigrees of the five investigated families and validation of variants by Sanger sequencing. Squares represent males, circles represent females, double lines indicate consanguineous parents, black-filled symbols and hollow symbols represent affected and unaffected members, respectively, slash indicates a deceased family member, and black arrows indicate the probands. The notation ± indicates heterozygosity for the variant, +/+ represents homozygosity for the normal allele, and −/− signifies homozygosity for the deleterious variant. (B) Variant filtering strategy for the WES-generated data. PV: potential variants.
TABLE 1 | Variants identified in patients with mitochondrial diseases and their pathogenicity prediction scores.
[image: A table compares clinical and genetic data for five patients. It includes details such as gender, gene involved, specific genetic changes, ACMG classification, and prediction tool scores indicating the pathogenicity of mutations. Each patient's data is presented in a separate column, summarizing key genetic insights and predictions.   ]P1 carried a homozygous variant c.569G>A in the GFM2 gene (MIM * 606544), leading to the substitution of arginine by glutamine at position 190 (p.Arg190Gln) (Figure 3A). This variant is predicted to be deleterious by 11 of the 14 prediction tools (Table 1). Conservation analysis using ConSurf showed that this variant caused the substitution of a well-conserved residue (=8 according to the conservation scale). I-Mutant 2.0 showed a decrease in protein stability, indicating a negative ∆∆G value of −1.05, and MUpro also indicated a decrease in protein stability with a confidence score of −0.982. The predicted 3D structure of the GFM2 protein passed quality control. Indeed, the Ramachandran plot indicated that 90.6% of residues were in favored regions, with an additional 8.1% in allowed regions. ProSA analysis yielded a Z-score value of −9.75, which falls within the range typically observed for experimentally determined protein structures using X-ray spectroscopy. Furthermore, ERRAT assessment revealed an overall quality factor of 96.089% (see Supplementary File; Supplementary Figure S1A). The mutant residue Gln190 disrupts one hydrogen bond and one hydrophobic interaction with Val325, as well as two hydrophobic interactions with Asp184 and Ile188. It also creates a polar interaction with Val325 (Figure 4A).
[image: Illustration of gene structures and mutations across five panels (A to E). Each panel depicts a different gene with exons, introns, and key mutations labeled. Panel A shows GFM2 with a missense mutation. Panel B includes NDUFAF5 featuring a SAM domain mutation. Panel C presents FASTKD2 with mutations affecting protein function. Panel D displays FOXRED1 with an oxidoreductase domain mutation. Panel E illustrates FH with mutations impacting enzyme activity. Colored bars indicate domains and mutation sites within each gene.]FIGURE 3 | Schematic representation of the five reported genes, displaying their exons, mutation focal points, and respective protein domains. (A) Schematic overview of the GFM2 gene, protein domains, and position of the identified variant in P1; (B) schematic overview of the NDUFAF5 gene, protein domains, and position of the identified variant in P2; (C) schematic overview of the FASTKD2 gene, protein domains, position of the identified variant in P3, and the result of NMD prediction for this variant, indicating its location within the NMD-competent region; (D) schematic overview of the FOXRED1 gene, protein domains, and position of the identified variant in P4; and (E) schematic overview of the FH gene, protein domains, and position of the identified variant in P5.
[image: Protein structure diagrams showing four panels labeled A to D. Each panel compares two protein variants. Panel A shows GFM2 with Arg190Gln mutation. Panel B displays NDUFAF5 with Arg276Pro mutation. Panel C illustrates FDXR/FDXR-1 with Val421Met mutation. Panel D presents FH with Leu453Pro mutation. Structural changes are highlighted in each comparison.]FIGURE 4 | Structural analysis of the identified variants using the DynaMut2 server. (A) Structural analysis of the GFM2 p.Arg190Gln variant; (B) structure analysis of the NDUFAF5 protein p.Arg276Pro variant; (C) intra-atomic interaction analysis of the FOXRED1 protein p.Val421Met variant; and (D) intra-atomic interaction analysis of the FH protein p.Leu453Pro variant. Hydrogen bonds are represented by red dashes, polar interactions by orange dashes, and hydrophobic interactions by green dashes.
The variant has been reported five times in the heterozygous state in gnomAD v2.1.1 (rs761283105), segregating European and Latino/admixed American ethnicities with an allele frequency of 1.6e−5. It has never been reported in the homozygous state, and it is classified as a variant of uncertain significance (PM2/PP3/PP5/BP1), according to the ACMG classification. This variant was referenced as a disease-causing variant (CM1718534) by the Human Gene Mutation Database (HGMD). Both parents and her older sister were heterozygous carriers of this variant (Figure 2).
P2 harbored a novel missense variant c.827G>C in the NDUFAF5 gene (MIM * 612360) leading to the substitution of a charged arginine at position 276 by a smaller, more hydrophobic, and neutral proline (p.Arg276Pro) (Figure 3B). Sanger sequencing revealed that both parents were heterozygous (Figure 2). This variant was predicted to be pathogenic by all the 14 prediction tools (Table 1). Conservation analysis by ConSurf showed that this variant leads to the change of a highly conserved residue (=9 according to the conservation scale), which is predicted to play a functional role (see Supplementary File; Supplementary Figure S2A). MUpro shows a decrease in protein stability with a confidence score of −0.789. I-Mutant 2 confirms this finding, reporting a slightly negative ∆∆G value of −0.03 kcal/mol. Furthermore, three other tools, namely, DUET, SDM, and INPS-3D, indicate an unfavorable ∆∆G of −0.289, −1.41, and −0.856 kcal/mol, respectively. Secondary structure prediction reveals some changes in the protein structure, especially the loss of a β sheet arrangement (Arg42-Phe46) and appearance of α-helix arrangement (Glu254-Asn256) (see Supplementary File; Supplementary Figure S2C). This amino acid alteration could alter the proper function of the NDUFAF5 protein as it also modifies the hydropathic determinants of the protein (see Supplementary File; Supplementary Figure S2B). For the 3D structure, we obtained a model of NDUFAF5 from the I-TASSER server. The Ramachandran analysis indicates that 85.1% of residues are in favorable regions and 11.7% of residues are in allowed regions. The ProSA-web server was used for Z-score validation. It estimates a Z-score of −8.35. This score is within the Z-score range of the experimentally determined protein structure, with a similar size obtained by X-ray spectroscopy and NMR. In addition, the ERRAT results showed an overall quality of 96.4392%. All these results confirm the model’s reliability for conducting stability and mutagenesis analyses (see Supplementary File; Supplementary Figure S1B).
Once the model was properly evaluated and refined, we investigated the effect of the p.Arg276Pro variant on the interatomic interactions. Our analysis showed that this variant disrupted one hydrogen bond with Met279, two polar interactions with Leu274 and Thr278, and a hydrophobic interaction with Leu280. It also creates two new polar interactions with Leu280 (Figure 4). According to the ACMG classification criteria, this variant was classified as uncertain significance (PM2/PP3/BP1). Sanger sequencing revealed that both parents were heterozygous for this variant (Figure 2).
In P3, we identified a homozygous frameshift deletion c.496_497del in the FASTKD2 gene (MIM *612322), which causes a frameshift and a premature stop codon after two amino acids (p.Leu166GlufsTer2). It is predicted to cause the loss of 542 out of 710 aa (76%), including the highly conserved domains FAST_1, FAST_2, and RNA-binding domain abundant in apicomplexans (RAP) (Figure 3C). This variant is referenced with an allele frequency of 6.572e−06 in gnomAD only in the heterozygous state. It was classified as likely pathogenic according to the ACMG classification (PVS1/PM2) and predicted by NMDEscPredictor to cause the loss of normal protein function through non-sense-mediated mRNA decay machinery (Figure 3C).
P4 is homozygous for the variant c.1261G>A in exon 11 of the FOXRED1 gene (MIM * 613622), causing the substitution of valine by methionine at position 421 (p.Val421Met) (Figure 3). It was confirmed by Sanger sequencing in the patient and his parents. The older brother was confirmed to be a healthy carrier (Figure 2). This missense variant was predicted to be deleterious by 11 tools, and it was classified as a variant of uncertain significance (PM2/PP3/PP5/BP1) according to the ACMG guidelines and as pathogenic by ClinVar (variation ID: 870426) (Table 1). As there is no crystallized FOXRED1 protein available, we proceeded to predict a model and subsequently assessed its quality. The generated Ramachandran plot revealed that out of the 484 amino acids, 416 (86%) were situated in the favored region, while 50 amino acids (10.3%) were within the allowed region. ProSA yielded a score of −8.54, which aligns with the typical Z-score range observed for experimentally determined protein structures obtained through X-ray spectroscopy. Additionally, ERRAT indicated an overall quality rating of 84.31% (see Supplementary File; Supplementary Figure S1C). The substitution of valine by methionine (p.Val421Met) induced a steric clash, which may destabilize the protein. These findings were affirmed by the protein stability prediction tools (Figure 4C). I-Mutant 2.0 displayed a negative ∆∆G value of −2.34, and MUpro showed destabilization of the protein with a confidence score of −0.992. This variant is very rare, exclusively found in the heterozygous state (three times), according to gnomAD (MAF = 1.2e−5), and referenced as a disease-causing variant (CM0911501) in the HGMD. This variant segregates in individuals of African, South Asian, and Latino/admixed American ethnicities.
Finally, we found a missense variant c.1358T>C in the FH gene (MIM *136850) of P5, causing a leucine-to-proline substitution at position 453 (p.Leu453Pro) (Figure 3). This variant has not been previously described in gnomAD and is referenced as a disease-causing variant (CM117796) in the HGMD. It was attributed a pathogenic effect by 14 prediction tools and classified as likely pathogenic (PP2/PP3/PP5/PM2) according to the ACMG criteria (Table 1). As the protein FH is crystallized with a resolution of 2.10 Å, we retrieved the PDB (PDB accession code: 5D6B) to study the intramolecular interactions of both the wild-type and mutant FH protein. The identified variant resulted in the disruption of four hydrophobic interactions, i.e., two with Leu482, one with His476, and one with Ala475, as well as a polar interaction with Leu482. However, it also led to the creation of three new hydrogen bonds with Glu451, Leu482, and Leu455 (Figure 4D). This variant was confirmed by Sanger sequencing in the proband and in her parents. Her older brother was identified as a heathy carrier (Figure 2).
4 DISCUSSION
In Tunisia, diagnosing mitochondrial diseases requires a stepwise approach involving multiple medical disciplines. The preliminary diagnosis is typically established based on the patient’s medical history, physical examination, and laboratory parameters. After completing the clinical evaluation, additional investigations may be performed. The primary approach involves the search for specific lesions using MRI coupled with biochemical analysis to detect energy deficits. Since confirming the disease depends on identifying the causal genetic variation, molecular investigations are conducted through international collaboration. Indeed, until now, the genetic confirmation of mitochondrial diseases in Tunisian patients has relied on international platforms due to limited national resources, notably the absence of a dedicated NGS platform for these disorders. As an alternative, mutation screening for commonly observed mutations in certain mitochondrial diseases is conducted via Sanger sequencing. For instance, the m.3243A>G pathogenic variant in the mitochondrial gene MT-TL1, present in approximately 80% of individuals with MELAS syndrome, is screened using this method (Ikeda et al., 2018).
Trio-based WES analysis is the current standard for the molecular analysis of pediatric disorders (Wu et al., 2019). It ensures the identification of de novo variants, simplifies prioritization, and provides a higher diagnostic yield. However, we did not use this approach because it is significantly more resource-intensive in terms of cost than focusing solely on the proband’s exome. Our molecular strategy is adapted to the specificity of the Tunisian population. Therefore, we begin by searching for nuclear DNA mutations using WES. If we do not find the causal variant through WES, we proceed to whole-mitochondrial DNA sequencing.
In the present study, we identified five homozygous variants in five Tunisian probands suspected to have mitochondrial diseases. Four out of the five (80%) investigated patients belonged to a consanguineous family. This is not surprising since the Tunisian population has a high rate of consanguinity. Indeed, previous studies have reported a consanguinity rate ranging from 29.8% to 38.0% in Tunisia, which increases the probability of identifying autosomal recessive diseases (Ben Halim et al., 2013; Romdhane et al., 2014; 2019).
P1 carried a homozygous pathogenic variant chr5: 74043556C>T/NM_032380.5: c.569G>A in the GFM2 gene implicated in combined oxidative phosphorylation deficiency 39 (MIM # 618397). This gene encodes the EF-G2mt protein, which represents a class of guanosine triphosphate hydrolases and is part of the mitochondrial translation complex (Wang et al., 2021). The protein function is to disassemble mitoribosomes in cooperation with the mitochondrial ribosome recycling factor (mtRRF) at the end of translation to ensure continued protein synthesis (Kummer et al., 2021).
The variant c.569G>A was previously described in a British patient in a compound heterozygous state with the variant c.636delA. This patient presented developmental delay, dystonia, and dysarthria, as well as neuroimaging abnormalities in the putamen and caudate nuclei (Glasgow et al., 2017). To evaluate the impact of the variant c.569G>A in the homozygous state, we compared the clinical features of P1 with the previously described case. We observed that P1 exhibited an earlier disease onset at the age of 1 year and presented unreported clinical features, particularly the onset of seizures and nystagmus (see Supplementary File; Supplementary Table S1). Furthermore, our structural analysis revealed that the p.Arg190Gln variant results in the disruption of several intra-atomic interactions (Figure 4A).
To date, four patients harboring variants in the GFM2 gene, along with the British patient, have been reported in the literature. These cases include two Japanese siblings with Leigh syndrome complicated by multiple congenital arthrogryposis who carried compound heterozygous variants, i.e., c.206 + 4A>G (p.Gly50Glufs4) and c.2029-1G>A (p.Ala677Leufs2) (Fukumura et al., 2015). One patient with microcephaly, simplified gyral pattern, and insulin-dependent diabetes carried the variant c.1728T>A (p.Asp576Glu) (Dixon-Salazar et al., 2012). Finally, a Syrian patient harboring a homozygous variant c.275A>C (p.Tyr92Ser) had clinical features similar to those of the British patient (Glasgow et al., 2017).
All these arguments support the causative effect of this variant in the development of Leigh syndrome observed in P1 and highlighted the impact of this variant in the homozygous state. Further functional studies need to be conducted in order to confirm the pathogenicity of this variant.
Patient 2 carries a homozygous variant chr20: 13797157G>C/NM_024120.5: c.827G>C in the NDUFAF5 gene that encodes one of the 15 assembly factors of complex I and described to be responsible for mitochondrial complex I deficiency, nuclear type 16 (MIM # 618238). The protein encoded belongs to the family of 7β-strand S-adenosylmethionine-dependent methyltransferases. It processes methyltransferase and arginine hydroxylase activities, ensuring post-translational modifications of its associated proteins (Bi et al., 2021). Indeed, it has been demonstrated that NDUFAF5 catalyzes the hydroxylation of Arg73 within the NDUFS7 subunit of the Q-module and regulates the translation of the ND1 subunit as well as its insertion into the inner mitochondrial membrane (Nouws et al., 2012; Rhein et al., 2016). This functionality has been assigned to its conserved S-adenosylmethionine-dependent methyltransferase domain (SAM domain). The homozygous variant c.827G>C identified in P2 causes the substitution of a highly conserved arginine with a neutral proline, and it has been predicted to be deleterious by 14 bioinformatics tools. Proline is a rigid residue and is known to cause the destabilization of the alpha helix (Kim and Kang, 1999). This is supported by our results obtained using stability prediction tools, as well as the analysis of the hydropathic determinants of the protein (see Supplementary File; Supplementary Figure S2B). Protein modeling showed that p.Arg279Pro induces the loss of one hydrogen bond with Met279, two polar interactions with Leu274 and Thr278, and a hydrophobic interaction with Leu280, which may impair the structure and function of the NDUFAF5 protein (Figure 4B). The identified variant is localized outside the functional SAM domain; however, there is no significant clinical difference between variants located within and outside the SAM domain (Wen et al., 2021).
Reading through the literature, this gene was initially described in 2008 in a consanguineous Egyptian family whose child presented a neonatal form of complex I deficiency and carried the p.Leu229Pro variant (Sugiana et al., 2008). Afterward, several patients have been reported to carry other variants in this gene, whose phenotype was described as Leigh syndrome (Simon et al., 2019; Wen et al., 2021) and isolated bilateral striatal necrosis (Bi et al., 2021). Regarding the disease severity associated with the NDUFAF5 gene, there is a broad spectrum of variations. These include severe manifestations occurring before birth and resulting in neonatal death, intermediate presentations leading to childhood mortality, and milder forms of the disease that may extend patient survival (Sugiana et al., 2008; Gerards et al., 2010; Saada et al., 2012; Tong et al., 2018). P2 exhibited a severe Leigh syndrome phenotype and died at the age of 1 year and 6 months. It is worth noting that this is the first reported case of a Tunisian patient carrying a variant in this gene. Taking into account these findings, we confirm the diagnosis of Leigh syndrome in P2 and propose the systematic screen of this variant in Maghrebian patients presenting with severe Leigh syndrome. Unfortunately, we could not obtain fibroblasts to conduct functional analysis, but the in silico analysis suggested a deleterious effect. Additional functional studies are needed to emphasize the disease pathomechanism related to the discovered NDUFAF5 variant.
A genetic investigation of P3 revealed the identification of a homozygous variant chr2: 207631913_207631914del/NM_001136193.2: c.496_497del in the FASTKD2 gene implicated in combined oxidative phosphorylation deficiency 44 (MIM # 618855). This gene encodes a protein belonging to the FASTK family, which includes FASTK and its homologs FASTKD1–5. The FASTKD2 protein is located within the mitochondrial inner membrane and plays a crucial role in ribosome biogenesis, as well as in the processing, maturation, and stabilization of mtRNA (Antonicka and Shoubridge, 2015; Popow et al., 2015). The deletion identified in P3, c.496_497del, causes a frameshift and introduces a premature stop codon at position 167 of the FASTKD2 protein. Consequently, this deletion leads to a loss of the three highly conserved domains: FAST_1, FAST_2, and RAP domains (Jourdain et al., 2015). The functions of these domains are not well explored, but homology studies have demonstrated the involvement of the RAP domain in the RNA-binding protein (Lee and Hong, 2004). Hence, this variant may lead to a complete loss of function as the mRNAs harboring this allele will likely be degraded through the non-sense-mediated decay machinery, as predicted by NMDEscPredictor (Figure 3C) (Alonso, 2005).
To gain further insights into the phenotypic spectrum associated with the FASTKD2 gene, we compiled information about all reported cases carrying variants in this gene (see Supplementary File; Supplementary Table S2). Summing up the data of the nine patients belonging to seven families with FASTKD2 variants, we found that there is high variability in both the genetic and phenotypic spectra with lactic acidosis and stroke-like episodes (MELAS) (Yoo et al., 2017; Shah and Balasubramaniam, 2021), infant-onset encephalomyopathy (Ghezzi et al., 2008; Wei et al., 2020), and new-onset refractory status epilepticus (Astner-Rohracher et al., 2023). The disease onset for P3 occurred at 7 months, whereas for all reported patients, it ranged from 6 months to 14 years. Developmental delay and epilepsy were the most frequent clinical features observed in these patients, as well as in P3, followed by optic atrophy, observed in three cases (see Supplementary File; Supplementary Table S2). Notably, P3 presented a Leigh-like syndrome without any episode of stroke-like symptoms. He also exhibited deafness, which has not been reported in previously published cases. Taking into account these data, the c.496_497del variant identified in P3 is responsible for a Leigh-like presentation, thus extending the clinical and genetic spectrum of FASTKD2-related iMD.
P4 harbored a homozygous variant chr11: 126147384G>A/NM_017547.4: c.1261G>A in the FOXRED1 gene. This gene encodes for a 54-kDa mitochondrial complex-I assembly factor (Formosa et al., 2015). Variants in this gene have been linked to mitochondrial complex I deficiency, nuclear type 19 (MIM # 618241). Indeed, the loss of the FOXRED1 function was associated with decreased amounts of fully assembled complex I (Fassone et al., 2010). Previous studies on fibroblast lines from a patient with a deleterious FOXRED1 variant revealed that this gene is involved in the mid-late stages of complex I assembly (Formosa et al., 2015). According to the literature, the FOXRED1 variant in P4 was previously reported in an Iraqi patient who showed a decreased level of fully assembled complex I and complex II, along with accumulation of complex I subcomplexes. However, the clinical description of this reported patient has been limited to developmental delay and seizures without a detailed description of the clinical manifestations, as well as MRI and laboratory analysis (Zurita Rendón et al., 2016). The structural analysis of the predicted FOXRED1 protein, in accordance with stability prediction tools, revealed steric clashes that destabilize the protein. P4 presented developmental delay, which represents the most common symptom in FOXRED1-related iMD (Hu et al., 2021), and MRI findings were suggestive of Leigh syndrome. Interestingly, P4 did not develop seizures as reported in the Iraqi patient, but he exhibited other features, particularly axial hypotonia, generalized dystonia, nystagmus, and ptosis. Reviewing the literature, 12 deleterious variants have been described in the FOXRED1 gene since the first variant was reported in 2010 (Fassone et al., 2010). These variants were associated with a diverse range of phenotypes, from infantile encephalopathy (Fassone et al., 2010) to Leigh syndrome (Calvo et al., 2010; Formosa et al., 2015).
To our knowledge, P4 is the second case harboring the variant c.1261G>A and the first case of FOXRED1 associated with iMD in North African populations.
In P5, we identified a missense variant chr1: 241663769A>G/NM_000143.4: c.1358T>C in the FH gene, which encodes fumarate hydratase (EC 4.2.1.2) or fumarase, a key enzyme from the Krebs cycle. It catalyzes the reversible conversion of fumarate to malate through hydration (Zyla and Hodgson, 2021). This enzyme exists in two isoforms: a mitochondrial isoform contributing to the Krebs cycle and a cytoplasmic isoform responsible for the catabolism of fumarate generated by the urea cycle and amino acid catabolism (Peetsold et al., 2021). Mutations in this gene are well documented causing fumaric aciduria (MIM #606812). It is a rare autosomal recessive metabolic disorder characterized mainly by the massive excretion of fumaric acid in urine and a significant decrease in the enzymatic activity of fumarase. To date, over 100 mutations have been reported as associated with fumaric aciduria (Grocott et al., 2020). P5 presented a homozygous variant in the FH gene c.1358T>C (p.Leu453Pro), which was previously reported in a Moroccan female with severe fumarase deficiency associated with significant encephalopathy. Her fumarase activity was measured in fibroblasts and was less than 1%, confirming the pathogenicity of this variant (Ottolenghi et al., 2011). She exhibited hypotonia, microcephaly, and psychomotor retardation and died when she was 1 year old. In contrast, P5 is still alive, reaching 4 years of age while sharing some clinical features with the reported patient, including hypotonia and microcephaly. She also presented additional symptoms such as seizures, strabismus, bilateral ptosis, and nystagmus that have not been previously reported in the Moroccan child.
To the best of our knowledge, our study is the first to report a case of fumaric aciduria in Tunisia. As this mutation was also described once in a Moroccan patient (Ottolenghi et al., 2011), it suggests a potential founder effect in North Africa. Therefore, we propose the systematic screening of this variant in suspected cases of fumaric aciduria in North African countries.
Through this study, we emphasize the relevance and significance of early genetic testing in accurately confirming the clinical diagnosis of mitochondrial diseases. This approach ensures improved healthcare management for patients and allows for timely intervention, particularly in the cases where effective treatments are available (Hechmi et al., 2022).
5 CONCLUSION
In this study, we conducted clinical and genetic investigations on five probands with suspected mitochondrial diseases. Our findings revealed two novel variants in the NDUFAF5 and FASTKD2 genes, which were associated with the development of Leigh syndrome and Leigh-like syndrome, respectively. Additionally, we identified two previously undescribed variants in FOXRED1 and GFM2 genes within North African populations. Finally, we reported the first case of fumaric aciduria in Tunisia. These findings shed light on the clinical and genetic heterogeneity of mitochondrial diseases in Tunisia.
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Data on the prevalence of most inborn errors of metabolism are still unavailable in Kazakhstan. The study aims to perform selective screening for hereditary metabolic diseases among patients aged from 1 day to 18 years in western Kazakhstan using the LC-MS/MS method, with establishing the reference values for the content of amino acids, acylcarnitines, and succinylacetone in blood samples of healthy children. Tasks: 1. To assess the burden of metabolic disorders detected by LC-MS/MS in western Kazakhstan by examination of children at clinical risk in pediatric clinics throughout the region; https://www.frontiersin.org/register?returnUrl=https://loop.frontiersin.org 2. To set the reference values of metabolites in the child population; 3. To analyze the age distribution, prevalence, and age of onset for each identified IEM, further comparing the obtained findings with those from previously published reports in other populations. Methods: To set the reference values of 51 metabolites in the child population, 750 healthy children will be included. The selective screening will be performed among 1,500 patients aged 1 day to 18 years with suspected hereditary metabolic disorders. Anticipated results: The results of selective screening will be interpreted by comparison with the reference values established. Diagnosis will be based on clinical signs, blood levels of amino acids, acylcarnitines, succinylacetone, and urine levels of organic acids and tests for gene mutations. An assessment of 37 inborn errors of metabolism frequencies in high-risk children will be performed. The research will further develop the national as selective as expanded newborn screening programs. The study was registered in clinicaltrials. gov (https://www.clinicaltrials.gov/study/NCT05910151) on 16 June 2023.
Keywords: inborn errors of metabolism, tandem mass spectrometry, selective screening, Kazakhstan, amino acids, acylcarnitines, succinylacetone

1 INTRODUCTION
Selective screening is an essential tool for diagnosing various types of inborn errors of metabolism (IEM). IEMs are a group of phenotypically and genotypically heterogeneous metabolic disorders caused by mutations in genes encoding enzymes of metabolic pathways or receptors. Deficiency or change in the activity of necessary enzymes or other proteins in intermediate metabolic pathways leads to the accumulation or deficiency of the corresponding metabolites in cells or body fluids, manifesting in a wide range of diseases with clinical heterogeneity, thus complicating their diagnosis (Mak et al., 2013). The classification of existing IEM is based on the biochemical properties of the substances involved (Han et al., 2015). Although these disorders are rare individually, they are numerous in the aggregate (Ozben, 2013). Many IEM do not have specific clinical signs and are difficult to diagnose using only clinical manifestations or routine laboratory tests (Champion, 2010). Most often, IEMs occur in early infancy and childhood, and the prevalence within different racial and ethnic groups is not the same. Hence, there are population differences in the incidence of IEM (Champion, 2010; Lampret et al., 2015; Shibata et al., 2018; Sarker et al., 2019). IEMs typically lead to irreversible neurological and psychological damage and/or disability or death in affected children. Early diagnosis of IEM can significantly reduce the risk of death and may prevent long-term neurological complications (Lampret et al., 2015; Dietzen et al., 2016). The purpose of NBS (newborn screening) is to presymptomatically identify infants with congenital conditions so that treatment can be started as early as possible and prevent or mitigate the long-term consequences of the condition. The expanded newborn screening program increased the screening panel of disorders from six (6) to more than twenty-eight (Pitt, 2010). IEMs represent the largest category of hereditary diseases amenable to causal therapy (van Karnebeek and Stockler-Ipsiroglu, 2014).
Selective IEM screening is usually performed for patients with clinical symptoms, positive results of routine laboratory tests, or having a family history suggesting a metabolic disorder. The methods most commonly used for metabolite detection have included gas chromatography-mass spectrometry (GC-MS) for organic acids, ion exchange chromatography-post column derivatization for amino acids (AAs), and, lately, liquid chromatography-tandem mass spectrometry (LC-MS/MS) for the analysis of AAs, acylcarnitines (ACs), and succinylacetone (SuAc) (Chace, 2009; Lampret et al., 2015; Gelb et al., 2022; Kaysheva et al., 2023). Currently, widely used technologies based on LC-MS/MS allow for simultaneously determining several metabolites, such as AAs, ACs, and SuAc, from a small amount of a biological sample (Gaugler et al., 2017). However, involved laboratories first should establish age reference cut-off ranges for each analyte for each population before patient screening/diagnosis, as cut-offs depend on various factors such as genetic background, geographic location of the population, diet, gender, age, etc. (Dietzen et al., 2016; Dogan et al., 2017; Yang et al., 2018; Sarker et al., 2019). The expansion of newborn screening beyond phenylketonuria (PKU) has occurred mainly due to the introduction of tandem mass spectrometry, which allows testing for multiple metabolic conditions from a single drop of blood (Kruszka and Regier, 2019).
At present, newborns are screened using LC-MS/MS as part of expanded newborn screening (ENBS) programs in most high-income and some low/middle-income countries (LMICs) (Sarker et al., 2019). Utilizing relatively simple tests, including detecting AAs, SuAc, and ACs in dry blood spots on filter paper, tandem mass spectrometry allows rapid screening and diagnosis of IEM (Han et al., 2015). The prognosis of patients with diseases targeted by ENBS has improved markedly in countries implementing the screening system (Therrell et al., 2014; Landau et al., 2017; Shibata et al., 2018). The NBS panels for each country, and sometimes for different regions within the same country, vary depending on the prevalence of each disorder in the population and the health system financing policy (Han et al., 2015; Hassan et al., 2016). Many LMICs do not yet have their national NBS programs. Meanwhile, local data on IEM incidence and outcomes can be used to persuade health officials to prioritize screening in healthcare expenses (Therrell and Padilla, 2018). Data on the prevalence of each IEM can serve as an essential tool to evaluate the cost-effectiveness of screening. Therefore, selective screening is the first step in projects to study the prevalence of IEM in developing countries experiencing economic difficulties. Developing countries face challenges in implementing and expanding their IEM screening programs, including financial issues, medical and logistical support, public education, policy development, program evaluation, and sustainability providing (Padilla et al., 2010; Hassan et al., 2016). LC-MS/MS can detect and quantify many metabolites in a single blood spot to diagnose amino acid disorders, organic acidemias, fatty acid oxidation disorders, and urea cycle disorders. MS/MS is expanding to implementing NBS programs for IEM and selective screening of children of different ages. The results from these expanded NBS programs provided information on the prevalence of these diseases in the United States (Therrell et al., 2014; Landau et al., 2017), some countries in Europe (Scolamiero et al., 2015; Messina et al., 2018; Lampret et al., 2020; Loeber et al., 2021), and Asia (Yunus et al., 2016; Dogan et al., 2017; Yang et al., 2020; Deng et al., 2021).
In Kazakhstan, MS/MS in metabolic screening programs is not yet developed due to the high cost of equipment and consumables and the lack of special screening centers and specialists. Data on the prevalence of most IEM, except phenylketonuria (Loeber et al., 2021), are still unavailable in Kazakhstan. The data obtained in this study can provide a comparative analysis of the prevalence of IEM in Asia and establish reference values for AAs, ACs, and SuAc concentrations in the blood of newborns in Kazakhstan. Reference interval data for acylcarnitines, succinylacetone, and amino acids obtained from the population of newborns in western Kazakhstan will be the first step in developing a national IEM diagnostic program.
The efficacy and risks of expanded newborn screening for IEM require careful evaluation before it can be accepted as a mandatory national program. The lack of epidemiological data on the incidence of IEM is one of the reasons for the delay in the development of proper population-based newborn screening for IEM using the LC-MS/MS method in Kazakhstan. Currently, NBS is being conducted in Kazakhstan for two hereditary diseases - phenylketonuria (PKU) and congenital hypothyroidism, the most represented screening diseases in most countries (Therrell and Padilla, 2018). This nationwide NBS program based on biochemical tests started in 2007 (Loeber et al., 2021), long after NBS was introduced in the United States in 1963 (Guthrie and Susi, 1963). Besides, in Kazakhstan, before the present study, state-funded MS/MS selective screening programs were implemented as sporadic pilot projects in some regions of the country without completion. Reports on these projects have not been published in peer-reviewed journals. As MS/MS neonatal screening is not mandatory in Kazakhstan, there are no uniform technical specifications for IEM screened by MS/MS in pilot studies. Hence, data on the frequency of IEM at the national level are not presented. For a country with no mandatory ENBS MS/MS program, selective screening can become essential for diagnosing IEM. The present research aims to develop and validate the LC-MS/MS method for simultaneously determining 51 metabolites in dry blood spots for IEM screening, as well as clarifying age-related ranges for AAs, ACs, and SuAc in Kazakhstan children. It is commonly accepted that children need to use reference populations that reflect changes associated with growth and development (Dogan et al., 2017). Therefore, one of the objectives of this study is to set reference intervals for the concentration of amino acids, succinylacetone, and acylcarnitines in dry blood spots for different age groups in the range from 1 day to 18 years. Owing to historically established social-cultural traditions supported by the legislation, consanguineous marriages are practically absent in Kazakhstan. This distinguishes Kazakhstan from many Asian and European countries, where consanguineous marriages are a real problem and, according to researchers, they are one of the reasons for the relatively high incidence of certain groups of IEM identified during selective newborn screening (Nagaraja et al., 2010; Al Riyami et al., 2012; Golbahar et al., 2013; Selim et al., 2014; Hassan et al., 2016; Demirelce et al., 2020; Gayduk et al., 2022; Magdy et al., 2022).
Accordingly, the research hypothesis is the following. Given the mentioned above social-cultural features of the Kazakh’s way of life, the obtained frequencies of different IEM are expected to be lower than in other countries practicing historically approved consanguineous marriages. Thus, the study goal is to perform selective screening for hereditary metabolic diseases among patients aged from 1 day to 18 years in western Kazakhstan using the LC-MS/MS method, with establishing the reference values for the content of amino acids, acylcarnitines, and succinylacetone in blood samples of healthy children.
Tasks:
	1. To assess the burden of metabolic disorders detected by LC-MS/MS in western Kazakhstan by examination of children at clinical risk in pediatric clinics throughout the region;
	2. To set the reference values of metabolites in the child population;
	3. To analyze the age distribution, prevalence, and age of onset for each identified IEM, further comparing the obtained findings with those from previously published reports in other populations.

2 METHODS AND ANALYSIS
2.1 Study design and timing
This observational study, uses a cross-sectional design due to its screening nature. The data for the present research will be derived from a selective LC-MS/MS IEM screening of 1,500 clinical-risk children aged 1 day to 18 years and 750 healthy controls of the same age to set reference values for 15 AAs, 35 ACs, and SuAc. The main points of the research are presented in Figure 1 (Flowchart of the study.)
[image: Flowchart detailing participant selection and analysis process for a study. It starts with eligibility screening and categorizes participants into two age groups. It involves blood spot analysis, with subsequent steps for normal and abnormal results leading to further genetic analysis or exclusion.]FIGURE 1 | Flowchart of the study.
The project timing is calculated for 3 years, 2022–2024. The recruitment of healthy children for establishing reference values started on October 2022, and the overall data collection will last until August 2024 (recruitment of high-risk children began in 2023).
2.2 Selection of subjects
2.2.1 Sample size estimation
When calculating the sample size for the upcoming project on selective screening, we relied on published similar studies. Researchers pointed out the following essential factors contributing to the sample size calculation: Daniel’s formula for prevalence studies in case of expanded screenings, the reported frequencies of different IEM within the studied populations, and the number of infants born in the country during the period of interest (Yoon et al., 2005; Golbahar et al., 2013; Hassan et al., 2016; Shibata et al., 2018; Sarker et al., 2019; Manta-Vogli et al., 2020). Notably, many researchers corrected their calculations, considering the situation with consanguineous marriages in their country.
According to the review by Shibata N et al., the IEM overall detection frequency was 3.0% (1.2% in Japan and 9.2% in other Asian countries) (Shibata et al., 2018). Yoon et al. reported 5.4% IEM among South Korean annual births (Yoon et al., 2005). Of these data on IEM frequency throughout Asian countries, Mongolian values (1.6%) have attracted our attention due to the similar nomadic history and way of life where consanguineous marriages were strictly forbidden (Shibata et al., 2018). Along with that, the Mongolian index does not include all types of IEM except the most distributed.
Based on mentioned factors, we requested data on the number of childbirths across the four provinces (oblasts) of western Kazakhstan within 3 years before the project started. The average rate of infants born alive annually ranged between 69–73,000 (https://stat.gov.kz/en/industries/social-statistics/demography/publications/). Thus, we have decided to build on the IEM average frequency of 2%–2.5% and determined the expected sample size of 1,500 children for selective screening with 750 healthy controls.
2.2.2 Study population. inclusion and exclusion criteria
In this research, we are consecutively recruiting a sample of eligible 2,250 children across the region (1,500 children aged 1 day to 18 years suspected of IEM and 750 healthy children to set the reference values). Western Kazakhstan is divided into four regions (provinces, oblasts) according to the administrative division: Aktobe, West Kazakhstan, Atyrau, and Mangystau (Figure 2).
[image: Map of Kazakhstan showing major regions and cities. A highlighted inset focuses on the western regions including Atyrau, Aktobe, Mangystau, and West Kazakhstan. Neighboring countries like Russia, China, Uzbekistan, Turkmenistan, and Kyrgyzstan are labeled. Major cities, including Astana and Almaty, are marked in red.]FIGURE 2 | Sites for data collection throughout western Kazakhstan.
Children from the western Kazakhstan population with suspected metabolic disorders are examined for congenital metabolic disorders and referred by primary care neonatologists and pediatric consultants between October 2022 and August 2024 based on their clinical symptoms associated with metabolic disorders. The study includes newborns and children being treated in maternity wards and pediatric clinics of 7 pediatric hospitals in the region. Patients with suspected IEM from all sites are referred to the Regional Tertiary Care Center or the Mother and Infant Health Center in Aktobe, or their samples are sent from other involved hospitals. Patient information is obtained from the Individual Registration Cards (IRCs) completed by study participants. The completed questionnaires are checked by the researchers. In case of improper collection, data must be removed from the study if it is impossible to check adequately. The IRC sample and other supplementary materials are placed in the clinical. trials.gov Register (https://www.clinicaltrials.gov/study/NCT05910151) and a publicly available repository (https://osf.io/cmrh7/).
To set reference values of 15 AAs, 35 ACs, and SuAc, healthy participants without any disease are included in the study. A total of 750 healthy male and female children aged 1 day to 18 years are recruited based on random selection. Participants will be balanced by gender and place of residence. Considering the distribution of urban and rural populations in western Kazakhstan, approximately half of them will be selected in urban areas, the other half in rural areas. A summary of the age, gender, and geographic distribution of study participants will be presented in Table 1.
TABLE 1 | Demographic data to be collected on study participants.
[image: Table comparing variables in two groups: selective screening (n = 1,500) and healthy children (n = 750). Variables include age in days, weight in grams, gender, geographic distribution across four provinces (Aktobe, Atyrau, West Kazakhstan, Mangystau), and urban versus rural population. Data fields are empty.]Screened children with positive first-level LC-MS/MS test results will be referred for second-level screening.
2.2.3 Criteria for inclusion of healthy children in the study (to set reference values)
Pediatricians examine all children in this study to ensure they do not suffer from any disorder or chronic disease. Healthy male and female newborns born after an uncomplicated pregnancy and vaginal delivery should have a body weight of 2,500–4,000 g, gestational age of 37–42 weeks, and an APGAR score greater than 7 in 10 min after birth. None should be diagnosed with birth asphyxia, defined as an Apgar score ≤6 at 5 min. All newborns must be breastfed, and their mothers must be healthy persons aged between 24 and 36. They must not have any food restrictions (vegetarian, vegan, etc.). Echograms of the placenta and fetus, as well as laboratory tests, should be normal throughout pregnancy.
2.2.4 Criteria for inclusion in the selective screening for IEM
Children from 1 day to 18 years of age will be enrolled for selective screening for IEM if one of the main criteria or two or more additional criteria (symptoms) are identified. The inclusion criteria for IEM selective screening are presented in Table 2.
TABLE 2 | Criteria for inclusion in the selective screening for IEM.
[image: Table listing medical symptoms divided into main and additional criteria. Main criteria include sudden deterioration, hepatomegaly, metabolic acidosis, fractures, and family history of similar symptoms. Additional criteria encompass treatment-resistant seizures, abnormal muscle tone, developmental issues, cardiomyopathy, metabolic anomalies, unusual odors, and family medical history indicating metabolic disorders.]Exclusion criiteria:
Patients having the following conditions will be excluded:
	1. Perinatal brain injury,
	2. Brain injury,
	3. Infections of the central nervous system,
	4. Toxicological diseases,
	5. Tumors,
	6. Chromosomal abnormalities,
	7. Symptoms specified in the Inclusion criteria, but with a confirmed diagnosis of any disease other than Amino acid disorders (AAD), Fatty acid oxydation disorders (FAOD), or Organic acidemias (OA).

2.3 Methods and procedures
2.3.1 Mass spectrometry analysis. specimen collection and storage
Neonatal whole blood samples are taken from high-risk and healthy infants no earlier than 3 h after feeding by heel prick with a heel stick. Five drops of whole blood (∼75 µL each) are put onto Guthrie cards, Ahlstrom 226 filter paper, PerkinElmer 226 Five-Spot Card (PerkinElmer Health Sciences, Greenville, United States) to form dry blood spots (DBSs) for LC-MS/MS analysis. The sample must be taken before transfusion therapy or extracorporeal membrane oxygenation. If the sample was not taken before the administration of transfusion agents, blood should be taken no earlier than 48–72 h after the transfusion.
Whole blood samples from older children at high-risk and healthy children are collected after 4-hour fasting using a standard venipuncture method. The DBS card is prepared by applying five drops of whole blood (each ∼75 μL) to the Guthrie cards, Ahlstrom 226 filter paper, PerkinElmer 226 Five-Spot Card (PerkinElmer Health Sciences, Greenville, United States).
Samples must be dried for 4 h at room temperature and then stored at 4°C in individually labeled zippered plastic bags with desiccants or other sealed containers until analyzed by LC-MS/MS by standards of the Institute of Clinical and Laboratory Standards (CLSI, 2013). Samples must be sent to the laboratory within 5 days. In case of long-term storage of samples, it will be carried out at a temperature of −20°C. Cut-off values will be set according to the manual for the Neobase2 TM Non-derivatized MSMS kit (PerkinElmer, Wallac Oy, Turku, Finland). They will be adjusted over time as the number of samples increases.
If metabolite concentrations in dry blood spot samples exceed the cut-off values, the LC-MS/MS test will be repeated using the same dried blood spot sample the next day. If the test results show persistent abnormal results, the child will be further examined. Blood and urine are used to confirm the diagnosis. Diagnosis is confirmed by urine organic acid analysis, plasma amino acid analysis, or direct enzyme analysis. Duplicate samples are stored frozen at −20°C with a desiccating agent.
2.3.2 Specimen preparation and LC-MS/MS analysis
The Neobase2 TM Non-derivatized MSMS kit (PerkinElmer, Wallac Oy, Turku, Finland) is used to quantify 15 amino acids, free carnitine, 35 acylcarnitines, and succinylacetone in dried blood spots according to the manufacturer’s instructions.
The vial with lyophilized isotope-labeled internal standards (IS) is recovered by adding 1.4 mL of the extraction solution that is included in the Neobase 2 kit. The Extraction Working Solution (EWS) IS prepared by diluting the recovered internal standards with the extraction solution 1:100 (v/v) and 1: 50 (v/v) for SUAC.
Dried blood samples are analyzed using Shimadzu LCMS-8050 Triple Quadrupole Mass Spectrometer (Shimadzu Corporation, Kyoto, Japan). Level I and Level II (low standard and high standard) dried blood drops are included in each assay lot of the Neobase2 TM Non-derivatized MSMS kit to monitor system accuracy and precision.
To analyze amino acids, acylcarnitines, and succinylacetone, stored DBS card samples must be brought to room temperature (+18 to +25°C) before extraction. A 3.2 mm disc (equivalent to ∼3.1 µL of whole blood) is punched out of one dried blood spot with a diameter of 3.2 mm using a Wallac DBS Puncher (PerkinElmer, Wallac Oy, Mustionkatu 6, FI-20750 Turku, Finland) into the well of the 96-well polystyrene U-bottom microplate supplied with the Neobase2 TM Non-derivatized MSMS kit. After adding 125 μL of working extraction solution to each well of the microplate, the plate is covered with an adhesive aluminum film and incubated for 30 min at room temperature on a microplate shaker with a shaking speed of 650 rpm. After incubation, 100 μL of the supernatant is transferred to a new 96-well U-bottom microplate, covered with aluminum foil to reduce evaporation and incubated for 1 h. Then, the plate is placed into the Shimadzu LCMS-8050 Triple Quadrupole Mass Spectrometer autosampler, and 5 μL of supernatant is injected into the LCMS for analysis.
Liquid chromatograph-mass spectrometer Shimadzu LCMS-8050 (Shimadzu Corporation, Japan) used for MS/MS analysis is equipped with a binary pump, an autosampler, and an electrospray ionization source (ESI). Samples are introduced into the LC-MS/MS system through an ESI source for atmospheric pressure ionization, and analysis of the samples is performed using electrospray ionization flow analysis and tandem mass spectrometry (FIA-ESI-MS/MS).
2.3.3 Data acquisition and processing
A program for the LC-MS/MS solvent pump (included) is being set to deliver a mobile phase at a constant flow rate of 150 μL/min, and data are collected in Positive Ion Multiple Reaction Monitoring (MRM) mode. LC-MS/MS ionization source parameters: interface voltage 4.5 kV, interface temperature 250°C, dissolution line temperature 250°C, heating block temperature 400°C, atomizing gas flow 3.0 L/min, and drying gas flow 15.0 L/min. Argon is used at a pressure of 230 kPa as a collision gas. Lab Solution software (version 5.82 SP1, Shimadzu Corporation, Kyoto, Japan) is applied for data collection. Amino acid and acylcarnitine levels will be automatically calculated according to the set internal standards using the Neonatal Solution software (version 2.20, Shimadzu Corporation, Kyoto, Japan). The total running time for each sample is 1.5 min; data is recorded within 0.9 min. The quality control samples supplied with the Neobase2 TM Non-derivatized MSMS kit are extracted and analyzed in parallel with the samples of healthy controls and patients to check the reliability of the data generated by the LC-MS/MS analysis.
2.3.4 Diagnosis of targeted diseases (conditions)
The diseases to be analyzed in this study include AAD, OA, and FAOD, which are detected by measuring acylcarnitines, succinylacetone, and amino acids with MS/MS. For their diagnosis, the ratios of Phe/Tyr, C3/Met, C3/C2, C3/C0, С14:1/С2, С14:1/С16, С14:1/С12:1, С0/(С16+С18), and (C14 + C14:1 + C16:1)/C0 will be set. IEMs subject to diagnosis are displayed in Table 3. Limit values will be determined by studying levels of amino acids, acylcarnitines, and succinylacetone in DBSs of 750 healthy children in western Kazakhstan. In the case of normally distributed data, the cut-offs will be set to four standard deviations (SD) above or below the mean. If the distribution of analytes is skewed, reference intervals in the healthy control group will be determined nonparametrically and correspond to the 2.5–97.5th percentile of the experimental distribution. All cut-offs are subject to adjustment in light of further analyzes and additional clinical data.
TABLE 3 | Primary and repeated LC-MS/MS screening and confirmatory IEM tests.
[image: A detailed table listing various metabolic disorders alongside their primary and confirmatory tests. It covers categories like amino acids, urea cycle, organic acid, and fatty acid oxidation disorders. For each disorder, different tests are specified for screening and confirmation purposes, such as genetic sequencing and specific blood and urine analyses.]2.3.5 Confirmatory tests
Patients will be immediately referred for confirmatory tests if the results exceed the thresholds. A reanalysis of the same sample will be performed if the results fall outside the threshold. Patients will be referred for confirmatory tests if the second test also falls outside the threshold.
Confirmatory tests include:
Clinical data; analysis of therapeutic effects; reanalysis LC-MS/MS; urine analysis for organic acids by gas chromatography-mass spectrometry (GC-MS); amino acid analysis; routine blood test; blood biochemistry; blood gas analysis; tests for glucose and ammonia in the blood; tests for homocysteine, lactate and pyruvate in the blood; tests for acetone in the urine; biotin, biotin enzyme profile; measurement of enzyme activity; tests for gene mutations; DNA analysis; magnetic resonance imaging of the brain and electroencephalography.
As known, gas chromatography-mass spectrometry is one of the best methods for diagnosing congenital acidemia. As organic acids are practically not reabsorbed in the renal tubules, their concentration in urine is higher than in the blood, and they are easier to determine in urine. Patients with a positive dry blood spot test result using TMS with or without clinical manifestations of IEM will have urine organic acids determined by gas chromatography-mass spectrometry.
To determine organic acids in urine using GC-MS, collecting 10–15 mL of morning urine in a clean, dry container without preservatives and transporting it in a thermos with food ice is necessary. The urine can be frozen and stored at a temperature of −20 C0 until analysis (Gallagher et al., 2018).
Before collecting urine, appropriate instructions regarding fluid intake, consumption of certain foods, avoidance of certain medications, etc., should be followed.
Several protocols have been developed for analyzing organic acids in urine samples in recent years. Typically, each of them includes five steps:
	1. Oximation by exposure to hydroxylamine. This step, although optional, is required to stabilize 2-keto acids, thus allowing a better recovery.
	2. Organic acids separation by liquid–liquid extraction.
	3. Trimethylsilyl (TMS) derivatization of the dried samples, obtained by adding BSTFA (N,Obis (trimethylsilyl)trifluoroacetamide): It is performed to improve the thermal stability and volatility of the organic acids.
	4. Injection into the GC/MS (Gas Chromatograph/Mass Spectrometer) apparatus. Scanning the resulting ions based on different mass/charge values allows a fragmentation profile (mass spectrum) to be constructed.
	5. Identification of mass spectra. The analysis is carried out on a tandem quadripole time-of-flight gas chromatograph—mass spectrometer “Agilent 7500 Q-TOF” to determine the concentration of the corresponding organic acid in urine according to the obtained mass spectrogram. The concentration of a specific organic acid in the urine is calculated as mmol/mol creatinine (in terms of normal creatinine) (Villani et al., 2017).

Identifying the affected individual has important implications for other family members, who may also require TMS dry blood spot testing, urine organic acid testing, and additional genetic testing.
Genetic counseling:
Aminoacidopathies, organic aciduria, and disorders of fatty acid metabolism are primarily inherited in an autosomal recessive manner. The parents are obligate heterozygotes; accordingly, each has one copy of the mutation that causes this disease. Heterozygous carriers have no symptoms of the disease. At conception, each sibling of the proband has a 25% risk of being affected, and in 50% of cases, being an asymptomatic carrier, a 25% chance that the child will not be sick and will not be a carrier. Unaffected siblings of affected individuals have a 2/3 chance of being heterozygotes.
DNA diagnostics. Next-Generation Sequencing:
Dried blood spots or whole blood can be used for whole exome sequencing. When using whole blood: collect 2–5 mL of the patient’s blood into tubes with EDTA preservative (purple cap); carefully invert the tubes several times to mix with the preservative, but do not shake to avoid hemolysis. Transport in a thermos with food ice can be frozen and stored at a temperature of - 80 C0. Whole blood must be delivered no later than 7 days after collection.
To conduct whole-exome sequencing of human DNA using NGS technology, sequencing platforms, a sequencer, an automatic station for DNA extraction, a fluorimeter, a centrifuge, a laminar flow cabinet, a flow-through bactericidal air recirculation, a fridge, nucleic acid quantitation instrument; nucleic acid quality analyzer; thermal cycler; vortex spot; ultrasonicator; standard laboratory supplies (pipettes, 96-well plates, centrifuge tubes) are needed.
This procedure is carried out by the institution’s approved standard operating procedures and the NGS protocol guidelines of the technology used and includes three stages:
	Stage I: Preparation of the library. Preparing the library consists of the following steps: DNA sample extraction, PCR amplification of DNA, and library cleaning.
	Stage II: Sequencing: reading the obtained information from the biochip and transferring the data to the software. Studies use the NovaSeq™ 6,000 Sequencing System (Illumina, Inc.).
	Stage III: Bioinformation analysis: a bioinformatic analysis of the obtained data and laboratory interpretation of the results are being carried out (Fernandez-Marmiesse et al., 2018; Marshall et al., 2020; Austin-Tse et al., 2022).

Table 3 presents the criteria for primary and repeated LC-MS/MS screening for IEM and confirmatory tests.
The tests will be conducted in the INVITRO laboratory (Kazakhstan, Almaty) by ICH E-6 Guidelines for Good Clinical Practice. The INVITRO laboratory is accredited to determine the profiles of acylcarnitines, succinylacetone, and amino acids by LS-MS/MS analysis by ISO 15189. From October 2022 to August 2024, the frequency of 37 AAD, OA, and FAOD will be assessed using LC-MS/MS technology in a group of children at high risk. A summary report on screening high-risk children for IEM in western Kazakhstan by LC-MS/MS will be presented.
3 PRESENTING THE ANTICIPATED RESULTS
3.1 Study outcomes
The definition applied in the present study is as follows: Inborn errors of metabolism are inherited disorders caused by mutations in genes coding for proteins that function in metabolism. In particular: Amino Acids and Urea Cycle Disorders, Organic Acid Disorders, and Fatty Acid Oxidation Disorders.
Accordingly, we apply the following definitions of measured outcomes.
• Primary outcomes:
	1. Normal and abnormal values of amino acids, acylcarnitines, and succinylacetone in dry blood spots of newborns and children of different age groups measured in µmol/L through liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Metabolites to be measured:
Amino acids: Alanine (Ala), Arginine (Arg), Citrulline (Cit), Glutamine (Gln), Glutamic acid (Glu), Glycine (Gly), Leucine (Leu), Isoleucine (Ile), Hydroxyproline (Pro-OH), Methionine (Met), Ornithine (Orn), Phenylalanine (Phe), Proline (Pro), Tyrosine (Tyr), Valine (Val). Acylcarnitines: Free carnitine (C0), Acetylcarnitine (C2), Propionylcarnitine (C3), Malonylcarnitine+3-Hydroxybutyrylcarnitine (C3DC/C4OH), Butyrylcarnitine (C4), 2H9-C5-Methylmalonylcarnitine+3-Hydroxyisovalerylcarnitine (C4DC/C5OH), Isovalerylcarnitine (C5), Tiglylcarnitine (C5:1), Glutarylcarnitine (C5DC), Hexanoylcarnitine (C6), Octanoylcarnitine (C8), Octenoylcarnitine (C8:1), Decanoylcarnitine (C10), Decenoylcarnitine (C10:1), Decadienoylcarnitine (C10:2), Dodecanoylcarnitine (C12), Hydroxydodecenoylcarnitine (C12:1), Myristoylcarnitine (C14), Tetradecenoylcarnitine (C14:1), Tetradecadienyl-carnitine (C14:2), Hydroxytetradecanoylcarnitine (C14OH), Palmitoylcarnitine (C16), Hexadecenoylcarnitine (C16:1), 2H3-C16-3-Hydroxy-Hexadecanoylcarnitine (C16OH), 2H3-C16-3-Hydroxypalmitoleylcarnitine (C16:1OH), 2H3-Stearoylcarnitin (C18), 2H3-C18-Octadecenoylcarnitine (C18:1), 2H3-C18-Linoleylcarnitine (C18:2), 2H3-C18-3-Hydroxystearoylcarnitine (C18OH), 2H3-C18-3-Hydroxyoleoylcarnitine (C18:1OH), 2H3-C18-3-Hydroxylinoleoylcarnitine (C18:2OH). Succinylacetone (SUAC) (13C5-MPP IS).
	2. The number and proportion of children with detected abnormal metabolite values and checked by retesting and/or confirmatory tests if the results exceeded the thresholds.

• Surrogate endpoints:
	1. Abnormal values of organic acids in urine measured through gas chromatography-mass spectrometry (GC-MS) applied for confirmatory tests.
	2. Abnormal values of any other tests, such as tests for glucose and ammonia in the blood; tests for homocysteine, lactate, and pyruvate in the blood; tests for acetone in the urine; biotin, biotin enzyme profile; measurement of enzyme activities; tests for gene mutations; DNA analysis; magnetic resonance imaging of the brain and electroencephalography.
	3. The number, combination, and severity of clinical symptoms in high-risk children confirmed by the pediatricians’ examination.

3.2 Statistical analysis
Shapiro-Wilk and Kolmogorov-Smirnov tests will be used to check the normality of the distribution. As a rule, the distribution of free carnitine and acylcarnitines concentrations in whole blood differs from normal (Manta-Vogli et al., 2020). If the data sets show a normal distribution, M (mean) and standard deviation (error of the mean) will be used for descriptive statistics of the samples. Parametric tests will be used to test for differences between AA and AC concentrations depending on various factors (gender, place of residence) (t-test, analysis of variance (ANOVA) with or without Tukey’s test). If the data sets do not show a normal distribution, Me (median) and quartiles (interquartile range IQR) will be used for the descriptive statistics of the samples. Non-parametric tests (Mann-Whitney U-test, Kruskal-Wallis H-test without or with subsequent post hoc comparisons using U-test will be applied to test the differences mentioned above. The Pearson χ2 criterion will be applied to identify intergroup differences for categorical variables. If the distribution of analytes is skewed, reference intervals in the healthy control group will be determined nonparametrically and correspond to the 0.5–99.5th percentile of the experimental distribution. Correlations between body weight, and concentration of each analyte will be performed using corresponding tests.
Indices of sensitivity (Sn), specificity (Sp), positive predictive values (PPVs), and negative predictive values (PVN) will be calculated for each diagnostic test under consideration. PPVs will be calculated by dividing the total number of true positive cases by the total number of true positive and false positive cases. The detection rate will be calculated by dividing the number of cases diagnosed by the number of screened children with suspected metabolic disorders. Multiple linear regression coefficients will be calculated to assess the relationship of each analyte with the factors of gender, weight, and place of residence. Due to the number of variables subjected to analysis, and the anticipated presence of multiple outcomes, the included tests may not be sufficient. So, the cluster analysis and, possibly, the decision-tree method will be applied. Decision trees break down complex data into more manageable parts, beneficial in prediction analysis, data classification, and regression. A dimensionality reduction method, principal component analysis (PCA), will also be applied. Two-sided levels <0.05 are assumed to be statistically significant. Statistical analysis will be carried out using the statistical packages IBM SPSS v. 23.0 (IBM, Armonk, NY, United States), Statistica (StatSoft, Inc., Tulsa, OK, United States, v. 10), and R 3.3.2 (R Foundation for Statistical Computing, Vienna, Austria.)
3.2.1 Descriptive statistics and group comparison
Descriptive statistics and reference intervals for whole blood concentrations of 15 AAs, 35 ACs, and SuAc in healthy children divided into subgroups according to gender will be presented in tables. For each analyte in the healthy control group, the upper cut-off will be set above the 97.5th percentile, while the lower cut-off will be set below the 2.5th percentile. Differences in the distribution of amino acids, acylcarnitines, and succinylacetone between groups, as determined using the Mann-Whitney and Kruskal-Wallis tests, will be noted in the table if found.
Cut-off values for analytes and their ratios for selective screening of AAD, OA, and FAOD presented in Table 3 will be pointed out. The results of determining the analytes in DBS in children of the healthy control group will be compared with those of previously published studies in other populations. According to the inclusion criteria, healthy newborns in the reference group must be full-term (born at 37–42 weeks). However, it should be taken into account that some of the newborns at risk for IEM are born prematurely. In this regard, it is also necessary to determine reference intervals for the concentrations of 15 AAs, 35 ACs and SuAc in dried blood spots of premature infants who do not have clinical symptoms of IEM.
Comparison of mean concentrations (Me, range) of analytes between groups of high-risk children and healthy controls will be presented.
3.2.2 Statistical analysis by gender
The statistical analysis by gender (Mann-Whitney U-test) will be presented in groups of high-risk and healthy children. Comparison results by analytes taking into account gender, and body weight in the selective screening group and the group of healthy children will be presented in tables. In the presence of significant differences, in the form of box plots, where rectangles correspond to the 25th and 75th percentiles, the central and horizontal line is the median for each analyte. For all analytes, body weight scatterplots will be presented with a mean (M), median (Me), percentiles, and regression lines. Each analyte has its scale, measured in µmol/L.
3.3 Presenting detected cases
The results of LC-MS/MS in affected individuals will be presented as metabolic profiles. The metabolic profile of each affected individual will be placed next to the metabolic profile of a healthy individual from the control group, corresponding to gender, age, and place of residence. IEMs detected, their frequency, primary clinical manifestations, and main diagnostic markers in high-risk children confirmed by LC-MS/MS will be described in the tables. The average age of patients at the time of diagnosis will also be recorded. Table 4 displays the most common clinical manifestations in patients diagnosed with IEM. This list can be expanded by the results obtained in the study.
TABLE 4 | Common features encountered in children with different IEM (N = ***).
[image: Table showing variables and their corresponding number of patients in percentage. Variables include developmental delay, neurological abnormalities, disturbed consciousness level, vomiting or dehydration, hyperammonemia, metabolic acidosis, MRI brain abnormalities, infections, hypoglycemia, mental retardation, organomegaly, micro or macrocephaly, ophthalmic abnormalities, cardiomyopathy, seizures, tachypnea, thrombocytopenia, abnormal smell, hair growth disorders, osteoarticular anomalies, abnormal muscle tone, mutism, and dysmorphia. The percentage data for each variable is not provided.]The baseline and repeated LC-MS/MS analysis results and biochemical confirmation in children diagnosed with IEM, according to the diagnosed disease, will also be presented. Demographic and laboratory data of confirmed cases detected by LC-MS/MS among 1,500 Kazakhstani children with suspected IEM will be presented in Table 5. Also, the table will include data on the reference values of the considered metabolites obtained in a sample of healthy controls.
TABLE 5 | Cases detected by LC-MS/MS among 1,500 children suspected IEM.
[image: Table with columns for metabolic disorder, metabolites detected by LC-MS/MS, positive cases, concentration mean and range, cut-off limit, reference range, and province with positive cases. Contains empty rows.]IEM, identified by selective screening with calculated frequencies for each disease, will be described separately for diseases belonging to the AAD, OA, and FAOD groups.
3.4 Presenting IEM frequencies in the child population
The frequency of inborn errors of metabolism detected using tandem mass spectrometry, depending on the geographical location and type of IEM in western Kazakhstan during the period from 2023 to 2024, can be represented graphically in the form of accumulation diagrams demonstrating the contribution of AAD, OA, and FAOD to the total incidence of IEM. Also, these data can be presented in the form of a table. The data will include the total number of IEM cases in the high-risk group of children and the absolute number and frequency of cases for each identified disease. Detection rates for selective screening and incidence will be calculated according to the number of children born in western Kazakhstan during the study period, in 2023–2024, for each specific disease. These data will allow for estimating the number of affected male and female children and determining which IEMs were the most common in the studied population. Given that selective screening of the child population in western Kazakhstan will be carried out for about 2 years (2023–2024, recruitment of high-risk children), the incidence rate for each class of disorders (AAD, OA, FAOD) will be established, taking into account the total number of births each year.
3.5 Presenting positive and false positive cases
Even though the number of false positive results during LC-MS/MS is much lower than when using standard biochemical tests and, according to different researchers, ranges from 1.9% to 2.3% (Selim et al., 2014; Hassan et al., 2016), we assume that a certain number of samples will turn out to be a false positive. The number of true and false positives for each disease according to each disorder after the primary (baseline) LC-MS/MS will be established. Positive predictive values will be calculated by the total number of true positive cases divided by the total number of true positive and false positive cases.
4 DISCUSSION
The present study assumes only selective screening for IEM. Implementing ENBS, which allows for thoroughly assessing the prevalence of IEM in the child population of western Kazakhstan, is currently unavailable due to a lack of proper financing. In addition, given that the overall prevalence of IEM in populations is relatively low, less than 1:100,000 for most of them, coverage for expanded newborn screening should be total. Besides, it is known that not all IEMs are diagnosed during ENBS, as some disorders debut at a later age (Hassan et al., 2016). Nonetheless, the data of selective screening conducted among children at high risk of IEM, given the inclusion in the study of the largest pediatric hospitals in western Kazakhstan, can serve as a basis for calculating the relative frequencies of various IEMs in the child population of the region.
Detection rates for selective screening and incidence will be calculated according to the number of children born alive in the region during the study period, in 2023–2024, for each specific disease. These data will allow for estimating the number of affected male and female children and determining which IEMs are the most common. The frequencies of each IEM revealed across the child population of western Kazakhstan will be matched with incidence data in other regions of the world.
Conducting ENBS and selective screening for IEM in Kazakhstan is of particular interest due to the entire absence of similar studies in the region of Central Asia, despite a significant number of studies conducted in neighboring areas (Russia, China, India, the Middle East, countries of East and Southeast Asia) (Guthrie and Susi, 1963; Nagaraja et al., 2010; Shibata et al., 2018; Therrell and Padilla, 2018; Yang et al., 2020; Deng et al., 2021; Loeber et al., 2021). A study by Shibata et al. revealed different rates of IEM incidence and spectrum of diseases in Asian countries. In addition, it was found that the ranges of IEM diseases determined using selective screening differed from those detected using ENBS (Shibata et al., 2018). For instance, the incidence of phenylketonuria in Asians (∼1:50,000 in Korea; ∼1:110,000 in Japan) is much lower than in Caucasians (∼1:10,000). The medium-chain acyl-CoA dehydrogenase (MCAD) deficiency, a common genetic metabolic disorder in Caucasian children with the A985G mutation of frequent occurrence, can serve as another example. Unlike Caucasians, MCAD is extremely rare in Korea and Japan (Vieira Neto et al., 2012). The frequencies (specific contribution to the IEM spectrum) of FAOD in the United States newborn population are, according to various studies, 45.2% in North Carolina (Frazier et al., 2006) and 38% in California (Feuchtbaum et al., 2012), which is slightly higher than in some European countries (Lindner et al., 2011; Shibata et al., 2018) and much exceeds the frequency of FAOD in Asian countries (Guthrie and Susi, 1963; Golbahar et al., 2013; Selim et al., 2014; Hassan et al., 2016; Shibata et al., 2018). FAOD detection rates for selective screening vary across countries, ranging from 0.29% in a South Korean study (Yoon et al., 2005) to 10.8% in a study in Oman (Al Riyami et al., 2012).
Thus, the number of IEMs to be included in the protocol of the future ENBS in Kazakhstan through LC-MS/MS will depend, in addition to economic factors and laboratory equipment, on the frequency of diseases established during selective screening. In describing established cases of IEM, in addition to presenting the data specified in the Results section, the present study implies reflecting the family history of IEM, including the number of patients and families with IEM, gender, positive family history, consanguineous marriages, and age of the symptoms onset. Although, due to the historically and socially established forbiddance for consanguineous marriages in Kazakhstan, we assume their rare prevalence, the data obtained would be of interest for comparison with populations for which similar results are already available (Guthrie and Susi, 1963; Al Riyami et al., 2012; Golbahar et al., 2013; Hassan et al., 2016; Gayduk et al., 2022).
In the present study, the distribution of IEM primary clinical symptoms and their severity will be analyzed by age. Delayed diagnosis at an older age is commonly associated with many severe and irreversible clinical complications in patients (Champion, 2010; Selim et al., 2014; Han et al., 2015; Lampret et al., 2015; Dietzen et al., 2016). This circumstance calls for the urgent need for early detection and intervention to achieve favorable outcomes in IEM.
• Study limitations.
	1. The number of children with clinical manifestations to be examined in the ongoing screening for IEM by LC-MS/MS is limited.
	2. Other parts of Kazakhstan are not involved in the study. As such, assessing the differences between the levels of AAs, ACs, and SuAc in DBS of the child population and the differences in the IEM incidence appear impossible.
	3. The need for multiple and expensive tests to rule out rare and ultra-rare IEM.
	4. Metabolites for diagnosing other hereditary metabolic diseases, such as disorders of carbohydrate metabolism, disorders of porphyrin metabolism, disorders of purine and pyrimidine metabolism, disorders of steroid metabolism, disorders of mitochondrial function, disorders of peroxisomal function, and lysosomal storage disorders, are not included in this study.

As such, this study is the first in Kazakhstan and Central Asia to assess the prevalence of IEM among children at risk. Also, reference values of metabolites for three different age groups of the child population in western Kazakhstan will be established for the first time. Our research can be considered a pilot and expected to give an impulse to launch a nationwide ENBS program using LC-MS/MS. Overall, the study will further develop the national as selective as expanded newborn screening programs.
5 ETHICS AND DISSEMINATION
This research poses no risk to participating individuals. Study participation does not imply restrictions in any clinical care determined by pediatricians. All study procedures are conducted according to the principles of the Declaration of Helsinki (2013), and patient rights are observed. Participation in the study is voluntary. Informed consent is obtained from all parents and/or legal guardians of children involved in the study. Written informed consent is obtained from the patients’parents and/or legal guardians to publish all subsequent papers under the following conditions: their data must be placed anonymously in the research database without mentioning personal details, i.e., 600 under coded numbers. The study was approved by the Bioethics Committee of the West Kazakhstan Marat Ospanov Medical University (Ref.: No. 7.04, 29/09/2022.)
The dissemination plan includes publishing two articles, not accounting for the Study Protocol. The first paper will report scientific results on set reference values in the group of healthy controls, and the subsequent publication present the research’s final results (in peer-reviewed journals). The dissemination plan does not imply but makes it possible to develop national-scale clinical recommendations to manage IEM in the country.
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ESCO2 spectrum disorder is an autosomal recessive developmental disorder characterized by growth retardation, symmetrical mesomelic limb malformation, and distinctive facies with microcephaly, with a wide phenotypic continuum that ranges from Roberts syndrome (MIM #268300) at the severe end to SC phocomelia (MIM #269000) at the milder end. ESCO2 encodes a 601-amino acid protein belonging to the Eco1/Ctf7 family of acetyltransferases that is involved in the establishment of sister chromatid cohesion, which is essential for accurate chromosome segregation and genomic stability and thus belongs to a group of disorders called “cohesinopathies”. We describe a 15-year-old Malaysian female who presented with the characteristic triad of ESCO2 spectrum disorder, with an equivocal chromosomal breakage study and normal karyotyping findings. She was initially suspected to have mosaic Fanconi anemia but whole exome sequencing (WES) showed a likely pathogenic homozygous splice variant c.955 + 2_955+5del in the ESCO2 gene. During the 15-year diagnostic odyssey, she developed type 2 diabetes mellitus, primary ovarian insufficiency, increased optic cup-to-disc ratio with tortuous vessels bilaterally, and an evolving but distinct facial and skin hypopigmentation phenotype. Of note, there was an absence of learning disabilities. Our findings provide further evidence for ESCO2 spectrum disorder in an Asian child and contribute to defining the clinical and radiographic spectrum.
Keywords: Roberts syndrome, ESCO2 spectrum disorders, cohesinopathy, ESCO2 gene, Malaysia

INTRODUCTION
ESCO2 spectrum disorder is a rare, autosomal recessive, genetic disorder that has a broad range of clinical phenotypes from a severe type known as Roberts syndrome to a milder type known as SC phocomelia (Vega et al., 2006). Roberts syndrome (RBS, MIM #268300) was first described in 1919 in a baby boy with tetraphocomelia and cleft lip/palate (Roberts, 1919). Vega et al. (2010) established the clinical criteria for RBS, which were based on a cohort of 49 patients: growth retardation, symmetric mesomelic shortening of the limbs predominantly affecting the upper limbs, and characteristic facies with microcephaly (Vega et al., 2010). Fifty years later, Herrmann et al. reported a milder form that was described as pseudothalidomide syndrome or SC phocomelia (MIM #269000) (Herrmann et al., 1969). The prevalence of ESCO2 spectrum disorder is unclear. Approximately 150 individuals of diverse ethnic backgrounds have been reported in the literature (Vega et al., 2006). The clinical description of this condition is rarely reported in patients of Asian ancestry. Kantaputra et al. first reported two siblings of the Lisu tribe from Thailand who were initially diagnosed with Juberg-Hayward syndrome with ESCO2 mutations (Kantaputra et al., 2020).
ESCO2 spectrum disorder belongs to a group of developmental disorders termed “cohesinopathies,” which are associated with biallelic pathogenic variants in the ESCO2 gene (MIM 609353) on chromosome 8p21.1, resulting in complete or partial loss of the acetyltransferase domain (Zakari et al., 2015). Cohesin consists of a ring-shaped multiprotein complex with four subunits (SMC1A, SMC3, RAD21, and STAG1/2) and, together with regulatory factors, is essential for sister chromatid cohesion, genome organization, gene expression regulation, DNA repair, and genome safeguarding (Cucco and Musio, 2016). ESCO2 is one of the regulatory factors in the Cohesin pathway; it encodes a 601-amino acid protein belonging to the Eco1/Ctf7 family of acetyltransferases that is involved in the establishment of sister chromatid cohesion (Faramarz et al., 2020). The cohesion of sister chromatids is essential for accurate chromosome segregation and genomic stability (Tomkins et al., 1979). A cytogenetic study of RBS revealed a rod-like chromosome morphology, resulting in a “railroad-track” appearance and characteristic premature chromatid separation (PCS), otherwise known as heterochromatin repulsion (HR) or puffing (Vega et al., 2005).
A diagnosis of ESCO2 spectrum disorder is established when there are suggestive clinical findings and biallelic pathogenic (or likely pathogenic) variants in the ESCO2 gene as determined by molecular genetic testing, or premature chromatid separation (PCS) as determined by cytogenetic testing. In an analysis of 49 patients with ESCO2 mutations, including 18 previously reported cases, Vega et al. reported no clear genotype/phenotype correlation (Vega et al., 2010). Many patients with ESCO2 spectrum disorder are clinically diagnosed with many overlapping syndromes. Here, we describe a 15-year-old Malaysian female who presented with the characteristic triad of RBS, an equivocal chromosomal breakage study, and normal karyotyping, who was initially diagnosed as mosaic FA for 11 years. The diagnosis was established via whole exome sequencing (WES), where a homozygous, likely pathogenic, variant was identified in the ESCO2 gene.
CASE DESCRIPTION
A 15-year-old female of Indian ancestry was first referred to the Genetics and Metabolism Unit, University of Malaya Medical Centre (UMMC) at birth for multiple skeletal abnormalities and intrauterine growth retardation (IUGR), with distinctive facial features. She was the first child (V:1, see Figure 1) of a consanguineous union, where her parents were first cousins. Her mother and father were 24 and 28 years old, respectively, when she was born. The maternal grandparents were third cousins. She had a younger brother (V:2) who was healthy, with no skeletal abnormality. There was a family history of type 2 diabetes mellitus. Antenatally, her mother had gestational diabetes mellitus with good glycemic control and there was no known teratogenic exposure. Serial antenatal ultrasound scans noted oligohydramnios and intrauterine growth retardation. There was no reduced fetal movement. She was delivered at term via elective lower segment cesarean section for an abnormal lie, with Apgar scores of 7 and 9 at 1 min and 5 min, respectively. She was admitted to the neonatal intensive care unit (NICU) for 2 weeks for weight management.
[image: Pedigree chart depicting family generations I to V, showing patterns of inheritance. Circles represent females, squares represent males, and shaded symbols indicate affected individuals. Affected individual is V-4. Horizontal lines connect partners, and vertical lines descend to their offspring. Diagonal lines indicate deceased individuals.]FIGURE 1 | Family pedigree showing multi-level consanguinity. V:1 is the proband who was the first child of a consanguineous marriage, where her parents were first cousins (IV:4 and IV:5). The maternal grandparents (III:3 and IV:9) were third cousins.
The patient’s gross and fine motor developmental milestones were delayed due to the skeletal deformities. However, she had normal intellectual development and attended normal school. She was average in her school performance. She underwent multiple corrective surgeries for her lower limbs. For the bilateral congenital talipes equinovarus (CTEV), she was treated with serial casting from birth, followed by a Dennis Brown (DB) splint and shoes until the age of 7 months old. For the fixed flexion deformity of her knees, she underwent bilateral Ilizarov external fixation twice at the age of 3 and 10 years old. She had bilateral distal femur and proximal tibia hemi-epiphysiodesis performed at 6 years of age. These surgeries enabled her to walk for short distances of approximately 50–100 m; however, she developed pain and fatigue while walking for longer distances. Ophthalmology review at birth revealed an increased optic cup-to-disc ratio (CDR) at 0.8, with tortuous vessels bilaterally. There was no increase in intra-ocular pressure, no lens or corneal opacities, nor retinal abnormalities.
She was diagnosed with type 2 diabetes mellitus (T2DM) at the age of 12 years, where she presented with polyuria, polydipsia, significant weight loss, and recurrent skin abscess for a duration of 5 months. The diagnosis was confirmed by a serum blood glucose level of 20.5 mmol/L, with no metabolic acidosis or ketosis and a c-peptide level of 0.9 ng/mL. There were negative islet cell cytoplasmic autoantibodies (ICA), glutamic acid decarboxylase autoantibodies (GADA), insulinoma-associated-2 autoantibodies (IA-2A), and insulin autoantibodies (IAA). She was treated with metformin and subcutaneous insulin. Her T2DM was complicated by diabetic nephropathy, dyslipidemia, and a fatty liver. She attained menarche at 14 years old and was diagnosed with primary ovarian insufficiency when her menses stopped after a few months of irregular menses. A hormonal study revealed low estrogen levels, with high luteinizing hormone (LH) and follicle-stimulating hormone (FSH) levels. Pelvis ultrasonography visualized both ovaries, which were normal in size. Figure 2 shows the clinical course and diagnostic timeline for 15 years.
[image: Flowchart outlining a patient's medical history from birth onward. Key milestones include antenatal period with investigations like ultrasound, birth details with conditions like RDS and UGR, and medical investigations at four years including echocardiography and laboratory tests. Clinical presentations and investigations at twelve years are detailed, followed by multiple surgeries at fifteen years, including a total splenectomy. Information is organized chronologically with headings for different ages and specific medical interventions and surgeries conducted.]FIGURE 2 | Clinical course and diagnostic timeline. *ELCCS, emergency lower C-section; UMMC, University Malaya Medical Centre; NICU, Neonatal Intensive Care Unit; IUGR, intrauterine growth restriction; T2DM, type 2 diabetes mellitus; ICA, islet cell cytoplasmic autoantibodies; GADA, glutamic acid decarboxylase autoantibodies; IA-2A, insulinoma-associated-2 autoantibodies; IAA, insulin autoantibodies; LH, high luteinizing hormone; FH, follicle-stimulating hormone; CDR, cup-to-disc ratio; MRI: magnetic resonance imaging; ECHO, echocardiogram; US, ultrasound; NCS, nerve conduction study; EMG, electromyography; FA, Fanconi anemia; SNP: CNV, copy number of variant; POI, primary ovarian insufficiency; WES, whole exome sequencing; DB, Dennis Brown; CTEV, congenital talipes equino varus; y.o, years old; m.o, month old.
Physical examination at birth showed prenatal growth failure, with a birth weight of 1.46 kg (Z = −4.7 SD), length of 35 cm (Z = −8.1 SD), and head circumference of 26 cm (Z = −8.0 SD). Distinctive features included brachymicrocephaly, diffuse alopecia, down-slanting of palpebral fissures, hypertelorism, hypoplastic nasal alae, bilateral low-set and simple ears, malar hypoplasia, and micrognathia (Figure 3). There was no cleft or high-arched palate. Bilateral symmetrical mesomelic shortening of the upper and lower limbs was found, where the upper limbs were more severely affected. There were bilateral absent radii, an absent left thumb with a small, rudimentary right thumb, and bilateral congenital talipes equinovarus. Capillary hemangioma was present at birth over the forehead and extending down to the nose, which gradually faded away when she was a toddler. There were hypopigmented mosaic skin lesions noted since birth over her left cheek, chin, upper limbs, abdomen, and back, which followed Blaschko’s lines. These lesions became more obvious and prominent over time. At 15 years of age, all her growth parameters remained well below the third centile.
[image: Child shown at different ages and angles displaying symptoms of a congenital condition. Initial images (A-C) show an infant with distinct facial features and limb positioning. Middle images (D-F) depict a child with similar characteristics and posture. Final images (G-I) show an older child with continued distinctive facial features and motor function. Each row presents a progression in age and development.]FIGURE 3 | Evolving phenotype of the patient over 15 years. Photographs of the patient at 2 years old (images (A–C)), at 6 years old (images (D–F)), and at 14 years old (images (G–I)). Images (A,B), (D,E), and (G,H) show diffuse alopecia, brachymicrocephaly, down-slanting of palpebral fissures, hypertelorism, hypoplastic nasal alae, bilateral low-set and simple ear, malar hypoplasia, and micrognathia. Images (C,F,I) show fixed flexion deformities of both her knees.
Based on her clinical features, a diagnosis of Fanconi anemia (FA) was made. A skeletal survey performed at birth showed a small skull with micrognathia, short ulnae with the absence of radii bilaterally, fusion of the left metacarpal bones, short tibiae and fibulae bones bilaterally, and the absence of patellar bilaterally, suggestive of delayed skeletal maturation. The spine and pelvic bone appeared normal (Figure 4). Cranial MRI showed microcephaly, with no evidence of intracranial structural abnormalities. The echocardiogram was normal. Given multiple contractures, a nerve conduction study and electromyogram were performed, and both were within normal limits. A chromosome study revealed normal results, 46, XX. A chromosome fragility test showed equivocal results, where chromosome breakage was detected in 4/139 (2.9%) cells analyzed. Serial complete blood count showed no evidence of bone marrow failure. A multigene panel sequencing of 17 FA genes showed no pathogenic variant detected, while a chromosomal SNP microarray revealed no clinically significant copy number changes. However, extensive long stretches of homozygosity were seen, representing 5% of the genome, suggesting the possibility of an increased risk of recessive Mendelian disorders.
[image: X-ray images showing various body parts. Top left: two hands, labeled L and R. Middle: elbows bent, labeled R and L. Right: a long bone, labeled L. Bottom left: pelvic region labeled R. Bottom middle: chest labeled L and SUP.]FIGURE 4 | Patient’s radiograph at the age of 2 years old. There was a shortened ulnar, with the absence of radius bilaterally, and fusion of the left metacarpal bone. The spine and pelvic bone appeared normal.
The parents were devastated by the negative results. However, they were motivated to pursue further investigations. The patient was treated as mosaic FA and medical surveillance was continued.
The patient was included in the Global Genomic Medicine Collaborative (G2MC) Rare Disease project, in which whole exome sequencing detected a homozygous splice variant NC_000008.10(NM_001017420.3): c.955 + 2_955+5del (GRCh37 (chr8): g.27637786_27637789del) in the ESCO2 gene in the patient. This variant does not present nucleotide change as it is an intronic splicing variant. The frequency allele in gnomAD v2.1.1 is 0.000012 and in the South Asian population is 0.00009827. This sequence change affects a splice site in intron 4 of the ESCO2 gene. It is predicted to alter splicing and results in loss of protein function. Loss of function variants in ESCO2 are known to be pathogenic (Schüle et al., 2005; Vega et al., 2005). Both her parents were heterozygous carriers. This variant was close to the highly conserved splice site. According to HGMD Professional 2021.3, this variant was previously described as disease-causing for Roberts syndrome (Gordillo et al., 2008; Capalbo et al., 2019). ClinVar listed this variant as likely pathogenic (Variation ID: 21252), and homozygosity was confirmed by parental testing. According to the recommendations of the ACMG/AMP variant classification guidelines (Richards et al., 2015), this variant was classified as likely pathogenic.
DISCUSSION
To the best of our knowledge, this is the first case report of an individual with ESCO2 spectrum disorder/RBS with Asian Indian ancestry with the classical triad of RBS that consisted of pre-and post-natal growth retardation, bilateral symmetrical mesomelic limb shortening predominantly affecting her upper limbs, and distinctive facial features with microcephaly (Vega et al., 2010). Her limb malformations include bilateral short ulnar and absent radii, thumb defects, oligodactyly, left metacarpal synostosis, flexion contractures over the elbows and knees, bilateral short tibia and fibula, absent patella, and bilateral CTEV. The limb deformities noted in our patient that are rarely reported were flexion contractures (16%), metacarpal synostosis (12%), and absent patella (4%) (Vega et al., 2010). The unique aspect of our case is the 15-year follow-up of the patient’s progress. Whilst she had gross and fine motor impairment due to her skeletal deformities, there was no intellectual impairment. This included the documentation of the absence of learning disabilities and a non-progressive increase in CDR. Interestingly, our patient developed T2DM and primary ovarian insufficiency (POI), which were not reported before in other patient series. The etiology of POI could be autoimmune (4%–30%) (Kirshenbaum and Orvieto, 2019) or genetic (França and Mendonca, 2019), although the majority remains unknown. A few case reports showed a biallelic pathogenic variant in STAG3, a cohesion gene, affected the meiosis-specific cohesion complexes, which might lead to premature ovarian failure (Caburet et al., 2014; Colombo et al., 2017; Akbari et al., 2022). Other meiosis-specific complexes in cohesin, including REC8, RAD21L, and SMC1β, have been shown to be associated with abnormal oocyte development (Caburet et al., 2014; Ward et al., 2016). Thus, more studies will be required to investigate the relationship between the ESCO2 gene, regulatory factors in the cohesin pathway, and human fertility. The evolving facial phenotype and hypopigmented skin lesions documented in our patient will serve as a potential guide for counseling and future dysmorphological studies in the Asian population for RBS/ESCO2 spectrum disorders.
Our patient was initially diagnosed as having FA for 11 years. Some of the clinical characteristics, namely, skeletal deformities, growth retardation, microcephaly, and the extent of MMC-induced chromosomal breakage in patients with cohesinopathies overlapped with those of (mosaic) FA patients (Lo Ten Foe et al., 1997). Patients with mosaic FA may present without bone marrow failure due to spontaneous genetic reversion, which corrects the bone marrow failure (van der Lelij et al., 2010). Chromosomal breakage study, which is the gold standard in diagnosing FA (Hirsch et al., 2020), could be equivocal in both patients with mosaic FA and cohesinopathies. Chromosomal breakage study on skin fibroblasts or conventional karyotyping showed “railroad-track” chromosomes and premature chromatid separation (PCS), which allowed these two conditions to be distinguished. In our patient, the basic karyotyping performed earlier showed normal results, and a chromosomal breakage study on skin fibroblasts was not performed. Due to the highly variable clinical phenotype, a patient with a cohesinopathy such as RBS may exhibit multiple clinical features that overlap with mosaic FA. Cellular hypersensitivity to MMC has also been reported in cohesinopathies, including RBS (van der Lelij et al., 2010). Thus, our patient was treated as mosaic FA initially but the diagnostic odyssey ended with the whole exome sequencing (WES) test, which demonstrated the homozygous splice site variant c.955 + 2_955+5del in the ESCO2 gene. It was important to establish an accurate diagnosis as there were implications for clinical management and surveillance as well as for genetic counseling. When she was initially diagnosed as having Fanconi anemia, the family was informed of an increased risk of tumors, and she received annual ultrasonography of the liver and blood tests such as complete blood count and liver function tests. With the revised diagnosis of ESCO2 disorder, frequent blood tests and liver ultrasonography were no longer required as the cancer risk was not increased. In addition, as both parents were carriers, the family was counseled on the autosomal recessive inheritance and recurrence risks. Cascade screening for extended family members was also performed.
The protracted journey toward the final diagnosis for people living with rare diseases, where up to 50% will remain undiagnosed (Shashi et al., 2014), is not surprising. The clinical implementation of WES has helped in shortening the odyssey and has had significant clinical, genetic counseling, psychosocial, and economic benefits (Sawyer et al., 2016). It was reported that WES had a positive diagnostic yield of approximately 39% in diagnosing disorders related to skeletal malformations (Retterer et al., 2016). There is a need to assess the clinical utility and cost-effectiveness of WES in ending the diagnostic odyssey in low-resourced countries for Asian children with dysmorphic features and multiple congenital malformations. Further discussion with all stakeholders, patient support groups, and governmental intervention is important to ensure equity of care and an appropriate funding model for patients with rare diseases.
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Introduction: The inherited bone marrow failure syndromes (IBMFSs) are a group of rare disorders characterized by bone marrow failure (BMF), physical abnormalities, and an increased risk of neoplasia. The National Institute of Pediatrics (INP) is a major medical institution in Mexico, where patients with BMF receive a complete approach that includes paraclinical tests. Readily recognizable features, such as the hematological and distinctive physical phenotypes, identified by clinical dysmorphologists, remain crucial for the diagnosis and management of these patients, particularly in circumstances where next-generation sequencing (NGS) is not easily available. Here, we describe a group of Mexican patients with a high clinical suspicion of an IBMFS.
Methods: We performed a systematic retrospective analysis of the medical records of patients who had a high IBMFS suspicion at our institution from January 2018 to July 2021. An initial assessment included first ruling out acquired causes of BMF by the Hematology Department and referral of the patient to the Department of Human Genetics for physical examination to search for specific phenotypes suggesting an IBMFS. Patients with high suspicion of having an IBMFS were classified into two main groups: 1) specific IBMFS, including dyskeratosis congenita (DC), Diamond–Blackfan anemia (DBA), Shwachman–Diamond syndrome (SDS), thrombocytopenia with absent radii (TAR), and severe congenital neutropenia (SCN); 2) undefined IBMFS (UI).
Results: We established a high suspicion of having an IBMFS in 48 patients. At initial evaluation, the most common hematologic features were bicytopenia (20%) and aplastic anemia (16%); three patients received hematopoietic stem cell transplantation. Among patients with a suspicion of an IBMFS, the most common physical abnormality was minor craniofacial features in 83% of patients and neurodevelopmental disorders in 52%. The specific suspicions that we built were DBA (31%), SDS (18%), DC (14%), TAR (4%), and SCN (4%), whereas 27% of cases remained as undefined IBMFS. SDS, TAR, and SCN were more commonly suspected at an earlier age (<1 year), followed by DBA (2 years) and DC (5 years).
Conclusions: Thorough examination of reported clinical data allowed us to highly suspect a specific IBMFS in approximately 70% of patients; however, an important number of patients remained with suspicion of an undefined IBMFS. Implementation of NGS and telomere length measurement are forthcoming measures to improve IBMFS diagnosis in Mexico.
Keywords: inherited bone marrow failure syndrome, dyskeratosis congenita, Diamond–Blackfan anemia, Shwachman–Diamond syndrome, thrombocytopenia with absent radii, severe congenital neutropenia

INTRODUCTION
Bone marrow failure (BMF) is characterized by a decreased production of one or more hematopoietic lineages, which leads to diminished or absent hematopoietic precursors in the bone marrow, resulting in isolated cytopenias or pancytopenia in peripheral blood (Brodsky and Jones, 2005; Moore and Krishnan, 2023). According to its origin, BMF can be categorized into two groups, acquired or inherited (Fiesco-Roa et al., 2022). The distinction between acquired and inherited forms of BMF is crucial to offer adequate therapeutic interventions and appropriate genetic counseling.
Acquired BMF is often linked to immune-mediated events or exposure to environmental toxicity, chemotherapy, radiotherapy, or viral infections (Brodsky and Jones, 2005; Moore and Krishnan, 2023). To determine the underlying cause of BMF, a comprehensive assessment of each patient is necessary, including the record of environmental exposures, personal and family medical history, physical examination, and a complete laboratory work-up (Brodsky and Jones, 2005; Fassel and Sheth, 2020; Moore and Krishnan, 2023).
Inherited bone marrow failure syndromes (IBMFSs) are a group of rare disorders caused by germline pathogenic variants (GPVs) in genes associated with hematopoiesis and cellular maintenance (Dror, 2018). Collectively, the estimated incidence of the IBMFS is approximately 65 per million live births (Dror, 2018). The phenotypical presentation of the IBMFS is very heterogeneous. They frequently occur during infancy or childhood; however, an IBMFS can remain undiagnosed for years or may present cryptically in adult patients with an oligosymptomatic disease, often characterized by either unilineage or multilineage peripheral blood cytopenias (Alter, 2005).
Hematological abnormalities are the cardinal feature unifying the IBMFS, including an increased risk of developing BMF, myelodysplastic syndrome (MDS), acute myeloid leukemia (AML) and, more rarely, acute lymphoblastic leukemia (ALL), and other hematological neoplasias. However, they may also present with extra-hematological features such as dysmorphic features, congenital malformations, dysplasias, developmental delay, and short stature. In addition to the hematologic cancer risk, they also harbor an increased risk of solid tumors (Elghetany et al., 2021; Park, 2022; Deng and McReynolds, 2023). Even though a hematological overlap exists among the IBMFS, the extra-hematological characteristics can aid in distinguishing each other in a clinical setting (Alter, 2005).
The underlying causes of the different types of IBMFSs are diverse and affect several molecular pathways, including telomere shortening in dyskeratosis congenita (DC), deficient DNA interstrand crosslink repair in Fanconi anemia (FA), altered messenger RNA (mRNA) maturation in thrombocytopenia with absent radii (TAR), myeloid lineage growth arrest in severe congenital neutropenia (SCN), and defective ribosome biogenesis and processing, occurring in both Shwachman–Diamond syndrome (SDS) and Diamond–Blackfan anemia (DBA) (Elghetany et al., 2021; Park, 2022; Deng and McReynolds, 2023).
Diagnosis of IBMFSs is of utmost importance for genetic risk assessment and surveillance and the implementation of appropriate treatments, including reduced-intensity conditioning (RIC) regimens, treatment with androgens, and hematopoietic stem cell transplantation (HSCT), and for avoiding first-line treatment with immunosuppressive therapy (Fassel and Sheth, 2020; Deng and McReynolds, 2023).
The advent of genomic sequencing technologies using next-generation sequencing (NGS) has transformed the diagnostic approach of BMF. NGS has not only allowed precise and rapid turn-over diagnosis of suspected IBMFSs but also unveiled previously unrecognized Mendelian BMF syndromes with novel genetic etiologies (Bluteau et al., 2018). Unfortunately, high-throughput genomic sequencing technologies are not available in all clinical settings, particularly in low- and middle-income countries (LMICs). In Mexico, physicians mainly rely on clinical presentation for diagnosis. Therefore, expert dysmorphology training is a vital tool to detect and integrate an IBMFS diagnosis upon which management is planned.
Little is known about the prevalence and phenotypic spectrum of IBMFSs in the Mexican population, and available studies concentrate on FA (García-de Teresa et al., 2019; Reyes et al., 2022). To address current genotyping limitations, we implemented a clinical approach to expedite clinical suspicion and diagnosis. Here, we describe the clinical and hematologic characteristics of a group of Mexican patients with a high IBMFS suspicion, with an emphasis on the phenotypic spectrum. Although genotyping remains a short-term objective, our primary aim was to elucidate the clinical aspects of IBMFS within the Mexican population.
METHODS
Data collection
We conducted a systematic retrospective analysis of the medical records of patients who attended the Medical Genetics outpatient clinic at our institution from January 2018 to July 2021 and included patients who met the criteria to suspect an IBMFS.
Record review included a thorough examination of medical files/documents, laboratory results, and pathology and radiological reports. The collected information included demographics and pedigree data, results from imaging studies, and laboratory tests that confirmed the diagnosis of hematological abnormalities. It also included details from physical examination, details of factors such as multiple blood transfusions, hospitalizations due to infections, and malignancy, and information about therapeutic interventions, such as HSCT, chemotherapy, and administration of other drugs. We excluded patients with a positive diepoxybutane (DEB) chromosomal breakage test, which confirms a diagnosis of FA, as well as patients with potentially acquired causes, as determined by the Hematology Department through the pertinent studies (Figure 1A).
[image: Flowchart for diagnosing unexplained cytopenia. The top section covers initial factors like hemoglobin and platelet count. It splits into acquired causes (B) with options to rule out conditions, and inherited causes (C) including family history. Subsequent sections (D-I) relate specific findings to potential inherited bone marrow failure syndromes (IBMFS). Recommendations for genetic testing conclude the chart.]FIGURE 1 | Decision algorithm for the clinical classification of patients with bone marrow failure. (A) Unexplained cytopenia(s) leading to the suspicion of an IBMFS can include a CBC of hemoglobin of <10.5 × 109/L, neutrophils of <1.5 × 109/L, and/or platelets of <150 × 109/L. (B) The first decision point implies ruling out acquired causes of BMF including hematological malignancies and nutritional, infectious agents, immune, or drug exposure. (C) If acquired causes have been ruled out, we consider an IBMFS and complete a thorough physical examination, as well as prenatal, personal, and family history. Classification of the cytopenia and physical examination should be taken into consideration to guide clinical suspicion of a specific IBMFS. (D) If multilineage cytopenia and clinical features are compatible with FA, we perform the chromosome breakage test with DEB, if available. (E) If multilineage cytopenia and clinical features are compatible with DC, we perform the leukocyte telomere length test, if available (less often FA and DC can present with unilineage cytopenias). (F) If multilineage cytopenia and clinical features are compatible with SDS, we perform diagnostic screening with serum trypsinogen or pancreatic isoamylase. (G) If there is confirmation of anemia plus reticulocytopenia and clinical features are compatible with DBA, we perform diagnostic screening with erythrocyte adenosine deaminase (eADA). If a screening test is positive for a specific IBMFS, targeted testing should be considered for molecular confirmation. (H) If unilineage cytopenia (thrombocytopenia) and clinical features are compatible with TAR, genetic confirmation is followed. (I) If unilineage cytopenia (neutropenia) and clinical features are compatible with SCN, genetic confirmation is followed. In cases where a specific IBMFS suspicion is not made, but hereditary suspicion remains, we perform WES or a molecular panel, if available. ANAs, antinuclear antibodies; BMF, bone marrow failure; CALMs, cafe-au-lait macules; CBC, complete blood count; CMV, cytomegalovirus; DEB, diepoxybutane; EBV, Epstein–Barr virus; FA, Fanconi anemia; FGR, fetal growth restriction; HAV, hepatitis A virus; HBV, hepatitis B virus; HCV, hepatitis C virus; HHV-6, human herpesvirus type 6; HIV, human immunodeficiency virus; IBMFS, inherited bone marrow failure syndrome; LFT, liver function test; MDS, myelodysplastic syndrome; NGS, next-generation sequencing; PNH, paroxystic nocturnal hemoglobinuria; ParvoB19, parvovirus B19; PCR, polymerase chain reaction; RFT, renal function test; SGA, small for gestational age; PBS, peripheral blood smear; and WES, whole-exome sequencing.
Using the diagnostic algorithm presented in the following section and based on our comprehensive analysis of the medical records, we suggested a potential IBMFS diagnosis. Since this study involved the review of medical charts, individualized participation consent forms were waived by the hospital’s Ethics and Research Committee. Informed consent for photograph use was obtained from the individuals whose pictures are presented in this study.
Diagnostic algorithm
We reviewed medical records of patients referred by the Hematology Department who presented with an unexplained cytopenia, whether unilineage or multilineage. Anemia was determined by evaluating a patient’s hemoglobin (Hb) level in relation to age- and gender-specific normal ranges, typically with an approximate reference value of <10.5 g/dL. Neutropenia was defined by an absolute neutrophil count (ANC) of less than 1,500/μL and classified into two groups: severe neutropenia (<500/mm3) and non-severe neutropenia, which included mild (1,000–1,5000/mm3) and moderate neutropenia (500–1,000/mm3). Thrombocytopenia was diagnosed when the platelet count fell below 150,000/μL (Figure 1A).
Acquired causes were ruled out by analyzing specific laboratory work-up including at least a complete blood count (CBC) with reticulocytes, peripheral blood smear (PBS), liver and renal function tests, electrolytes, vitamin B12, ferritin, and folic acid. If any acquired cause was identified, targeted treatment was implemented. Other acquired causes have been linked to immune-mediated events or exposure to environmental toxicity such as history of chemotherapy, radiotherapy, or viral infections. To determine the underlying cause of BMF in our group of patients, we conducted a comprehensive assessment of the medical records. This assessment encompassed various factors, including environmental exposures, personal and family medical history, physical examination, and laboratory tests such as serology for ruling out viral infections and evaluation of immunoglobulins and lymphocyte subpopulations to assess potential immunodeficiencies and autoimmune diseases (Figure 1B).
The patient’s personal history was analyzed for “beacons,” suggesting a potential IBMFS. These beacons included 1) being born to consanguineous parents or belonging to an endogamic population or region (Bittles, 2001)—defined as having a population of less than 5,000 inhabitants (Del Castillo Ruíz et al., 2019))—or having a positive family history of cytopenias, transfusions, MDS, leukemia, and other hematological or solid malignancies that may or may not identify a clear inheritance pattern in the pedigree; 2) having a personal history of cytopenias, with early onset of MDS, leukemia, and other hematological or solid malignancies; 3) personal history of fetal growth restriction (FGR) or history of being born small for gestational age (SGA), and 4) the presence of physical alterations, including short stature, visceral and skeletal malformations, and/or dysmorphic features (Figure 1C).
We then evaluated CBC and reticulocyte values, looking for insights that could support the suspicion of a specific IBMFS.
FA was suspected in cases where the patient presented macrocytic anemia (HP:001972), thrombocytopenia (HP:0001873), and/or neutropenia (HP:0001875) in a CBC (Figure 1D). Suspicion increased when patients had VACTERL-H (MIM#192350) or PHENOS features, defined as abnormalities in pigmentation (such as abnormal skin), head (microcephaly), and eyes (including short palpebral fissures and microphthalmia), neurological manifestations, otology-related issues, and short stature even without hematological alterations (Figure 2, yellow boxes) (Fiesco-Roa et al., 2019). The gold standard for confirming FA suspicion is a positive DEB test (Molina et al., 2022).
[image: Graphic showing a human skeleton with labeled body parts linked to various genetic disorders including microcephaly, heart defects, and limb abnormalities. A hand shows dysplastic nails and radial ray abnormalities. The disorders include Fanconi Anemia, Dyskeratosis Congenita, and others, each highlighted in different colors.]FIGURE 2 | Comparative outline of the common anomalies observed in patients with IBMFS. Features that help build the suspicion of a specific IBMFS are given. The clinical manifestations of various IBMFS exhibit overlap in certain organs and systems. This includes cytopenias, an elevated risk of hematological malignancies, and short stature, which are common features among the classical IBMFS discussed in this paper. Highlighted in yellow, patients with FA are characterized by short stature, abnormal skin pigmentation, facial features, congenital heart disease, ear malformations, genitourinary malformations, renal malformations, and thumb defects. Highlighted in orange, patients with DC exhibit the following characteristics: nail dystrophy, mucosal leukoplakia, early hair graying, reticulated skin pigmentation, pulmonary fibrosis, short stature, and eye abnormalities. Highlighted in light blue, patients with SDS present pancreatic insufficiency, skeletal dysplasia, short stature, congenital heart disease, and hepatic dysfunction. Highlighted in pink, patients with DBA present short stature, thumb defects, asymmetric scapula, fusion of cervical vertebrae, webbed neck, genitourinary malformations, and congenital heart disease. Highlighted in green, patients with TAR present short stature, hypoplastic ulnae, hypoplastic humeri, and renal malformations. Highlighted in dark blue, patients with SCN present with short stature and inflammatory bowel disease. *Increased visibility of superficial veins, congenital heart disease, and genitourinary malformations are commonly observed in patients with SCN harboring pathogenic variants in the G6PC3 gene.
DC was suspected if the patient presented with anemia (HP:001,972), thrombocytopenia (HP:0001873), and/or neutropenia (HP:0001875) in a CBC (Figure 1E) and if the patient exhibited at least one manifestation of the mucocutaneous triad of oral leukoplakia (HP:0002745), dysplastic nails (HP:0002164), and reticulated skin pigmentation (HP:0007427). Other clinical manifestations such as early hair graying (HP:0002216), short stature (HP:0004322), eye anomalies (HP:0000478), and pulmonary fibrosis (HP:0002206) were also considered as they have been observed in patients with DC, aiding in the diagnosis (Figure 2, orange boxes). Leukocyte telomere length (LTL) serves as a functional diagnostic screening test with high sensitivity for DC when available. It is considered a gold standard after genotyping genes linked to the DC phenotype or whole-exome sequencing (WES). In cases of high DC suspicion, we currently order LTL tests through external facilities. However, as we are in the process of establishing an in-house LTL test through RT–PCR and Flow-FISH, these tests will soon be accessible for Mexican patients strongly suspected of having DC.
SDS was suspected if a patient exhibited anemia (HP:001972), thrombocytopenia (HP:0001873), and/or neutropenia (HP:0001875) in a CBC (Figure 1F). Pancreatic insufficiency (PI) was considered when a 72-h fecal fat qualitative test (FFQT) was positive. Clinical suspicion of SDS increased when the patient presented with at least three of the following associated features: exocrine pancreatic dysfunction (EPI) (HP:0001738), malabsorption syndrome (HP:0002024), short stature (HP:0004322), chondrodysplasia (HP:0005871), thoracic abnormality (HP:0045027), congenital heart defect (HP:0001627), otological malformations (HP:0000598), and hepatomegaly (HP:0002240) (Figure 2, light blue boxes).
DBA was suspected if the CBC reports macrocytic anemia (HP:001972) along with reticulocytopenia (HP:0001896) (Figure 1G). HbF is a parameter often found elevated in DBA, although not unique. Considered minor features were short stature (HP:0004322), microcephaly (HP:0000252), minor craniofacial features (HP:0001999), neck abnormalities (HP:0000464), upper limb malformations (HP:0002817), congenital heart defect (HP:0001627), and genitourinary malformations (HP:0000119) (Figure 2, pink boxes).
TAR was suspected in patients exhibiting both thrombocytopenia (HP:0001873) (Figure 1H) and skeletal abnormalities (HP:0000924) that showed minor-to-major alterations in radial ray (HP:0410049). Unlike FA, TAR patients preserve the thumbs. Associated features such as congenital heart defect (HP:0001627) and renal alterations (HP:0000077) further contributed to the suspicion (Figure 2, green boxes).
SCN was suspected when patients had neutropenia, ≤1,5000/mm3 (HP:0001875) throughout their lifetime (Figure 1I) and two or more associated features including short stature (HP:0004322), congenital heart defect (HP:0001627), and urogenital alteration (HP:0000119) (Figure 2, dark blue boxes).
Patients with a well-supported suspicion of having an IBMFS but in whom a specific clinical diagnosis was not possible were categorized as having an undefined IBMFS.
Inclusion criteria
We included patients with clinical suspicion of an IBMFS who had anemia, neutropenia and/or thrombocytopenia, bicytopenia, BMF, and/or the presence of two or more non-hematological manifestations associated to specific IBMFS. Likewise, to consider an IBMFS, the patient had to meet at least one of the following criteria (Supplementary Figure S1):
	• Positive family history (consanguinity/endogamy and/or family history of hematological disorder)
	• Physical abnormality
	• Initial hematologic alteration at <18 years of age

Exclusion criteria
We did not include patients with a likely acquired BMF and acquired aplastic anemia (HP:0001915) or cases of paroxysmal nocturnal hemoglobinuria (PNH) (HP:0004818). Patients with a positive chromosomal breakage test with DEB in peripheral blood were excluded from this study since a confirmatory FA diagnosis was reached (Supplementary Figure S1).
Statistical analysis
Collected data were entered and analyzed using GraphPad Prism 10 Statistics Guide (United States). For categorical variables, we used chi-square (χ2), while analysis of variance (ANOVA) was used for continuous variables. Quantitative (numerical) variables are presented as mean, standard deviation, median, maximum, and minimum, while qualitative (categorical) variables were summarized as frequencies and percentages.
RESULTS
Demographics of patients with a suspected IBMFS
We identified a total of 60 patients with high suspicion of having an IBMFS which met the inclusion criteria. We evaluated their medical records using our diagnostic algorithm (Figures 1–3A). Twelve patients had a positive DEB test confirming FA and were excluded from further evaluations. A total of 48 patients from 46 unrelated families with high suspicion of having an IBMFS were included in this study. Sex distribution was 1:1.3 female-to-male ratio. The mean age at the time of medical record evaluation was 9.02 years, with most patients presenting hematological alterations that began during their pediatric years (Table 1).
[image: Four-panel infographic presenting data on inborn monogenic bone marrow failure syndromes (IBMFS) patients. Panel A shows a bar chart of patient distribution across four groups. Panel B provides a box plot comparing ages at clinical diagnosis or suspicion. Panel C depicts a stacked bar chart illustrating sex distribution by group. Panel D consists of a heatmap displaying various hematological and extra-hematological characteristics for individual patients by syndrome subtypes.]FIGURE 3 | Demographics and clinical characteristics of 48 patients with high suspicion of having an IBMFS. (A) A total of 60 patients were suspected to have an IBMFS. In 12 (20%) patients, a positive chromosome breakage DEB test confirmed FA. A total of 48 (80%) patients remained with a strong suspicion of having an IBMFS. By following the clinical criteria outlined in Figures 1, 2, we were able to build a high suspicion of a specific IBMFS in 35 (73%) of these patients. Despite having a strong notion of a genetic condition, we were unable to assign a specific IBMFS in 13 (27%) patients and they remained as having an undefined IBMFS. Frequencies of the specific IBMFS suspected in 35 patients are indicated in the rightmost stacked bar plot. (B) Boxplot showing the age at clinical diagnosis or suspicion of a specific IBMFS across patients. (C) Distribution of males and females per group. (D) Hematological and extra-hematological characteristics of 48 patients with high suspicion of having an IBMFS. *Patients 4 and 5 are siblings in the DC group, and patients 24 and 25 are siblings in the SDS group.
TABLE 1 | General characteristics of 48 patients with high suspicion of having an IBMFS.
[image: A table summarizes characteristics of a group of 48 individuals. It lists sex distribution with 29 males (60%) and 19 females (40%). The mean age is 9.02 years with a standard deviation of 6.01. Age at hematological onset is categorized into ≤2 years (22 individuals, 49%), >2 and ≤5 years (9 individuals, 20%), and >5 and <18 years (14 individuals, 31%). Family history includes endogamy (11 individuals, 23%), consanguinity (4 individuals, 8%), isonymy (3 individuals, 6%), and a family history of hematological disorders (2 individuals, 4%).]Eight percent (4/48) of the patients were born from consanguineous marriages, with a degree of consanguinity of the third or fourth degree. A notable portion of our group of patients 23% (11/48) originated from endogamic regions, primarily concentrated in the central regions of Mexico. One of such families also shared a surname. Only two patients had a documented family history of hematological and/or IBMFS disorders; their phenotypes corresponded to the DC and SDS groups, as shown in Figure 3D with an asterisk (*), and detailed pedigrees are provided in Supplementary Figure S2.
Out of the 48 patients, 73% (35/48) exhibited overt symptoms suggestive of an IBMFS. Following our diagnostic algorithm, the medical record analysis allowed us to classify them as probable DC in 20% (7/35), probable SDS in 25% (9/35), probable DBA in 43% (15/35), probable TAR in 6% (2/35), and probable SCN in 6% of patients (2/35). The remaining 27% (13/48) were left with the diagnosis of a probable undefined IBMFS (Figure 3A).
In total, 4/48 (8%) patients died. Two fatalities in the DC group were due to pulmonary infections at 18 and 12 years of age. Two other mortalities occurred in the UI group, resulting from an infection and primary severe AA complications at the ages of 7 and 12 years, respectively.
There was no statistically significant difference in the age at which probable IBMFS diagnoses were made across the various IBMFS subtypes. Overall, the median age for suspicion of IBMFS was 3 years. Specifically, the median ages for the UI, DC, DBA, and SDS groups were 6, 5, 2, and 2 years, respectively, and for TAR and SCN, the median age was less than 1 year (Figure 3B). Sex distribution had no statistically significant differences between groups (Figure 3C).
Physical phenotype of patients with a suspected IBMFS
In addition to hematological features, the physical characteristics of the 48 patients are summarized in Figure 3D. Craniofacial abnormalities (HP:0001999) were the most reported feature and were present in 40 out of 48 individuals (83%). Approximately half of the patients (52%) (25 out of 48) exhibited neurological abnormalities (HP:0000707), including structural central nervous system (CNS) abnormalities (HP:0002011), developmental delay (HP:0012758), intellectual disability (HP:0001263), cognitive impairments (HP:0100543), and seizures (HP:0001250).
Skin, nail, and/or hair abnormalities (HP:0001574) were present in 48% (23/48) of patients. Among skin changes, hyper/hypopigmented macules (HP:0007441) and café-au-lait macules (CALM) (HP:0000957) were documented. Detailed characteristics of each patient are depicted in Supplementary Table S1.
Growth restriction (HP:0001510) was documented in 44% (21/48) of the patients; however, certain groups have a higher frequency of growth restriction: 89% (8/9) for SDS and 53% (8/15) for DBA (Figure 3D).
Gastrointestinal disorders (HP:0011024) were found in 29% (14/48) of the patients, followed by skeletal anomalies in 25% (12/48) and genitourinary alterations (HP:0000119) in 25% (12/48). Additionally, liver (HP:0001392), cardiac (HP:0001627), lung (HP:0002088), and pancreatic disorders (HP:0001732) were present in 19%, 14%, 12%, and 10% of the cases, respectively (Figure 3D; Supplementary Table S1).
As expected, in the group of patients with high suspicion of DC, the integument features were the most common; at least one feature of the mucocutaneous triad was present in all patients. Individual components of the triad were observed in at least half of the patients: leukoplakia (HP:0002745) in 57% (4/7), nail alterations (HP:0001597) in 71% (5/7), and hyper/hypopigmented skin alterations (HP:0007441) in 100%. The complete triad was only found in 57% (4/7) of these patients.
In patients with high suspicion of having SDS, the combination of EPI (HP:0001738) and neutropenia (HP:0001875) was found in 44% (4/9). Malabsorption syndrome (MS) (HP:0002024) dominated in 55% (5 patients), suggesting EPI, but the FFQT was not performed in all the patients. Remarkably, neurological alterations were present in 55% (5/9) of patients in this group.
The physical presentation of the group with high DBA suspicion was one of the most heterogeneous, and the medical records documented at least one minor craniofacial feature (HP:0001999).
The two patients in the group of highly probable TAR presented different phenotypic alterations of the radial ray. These ranged from type II radial longitudinal deficiency (RLD) and unilateral radius agenesis to bilateral radius agenesis type IV RLD (Bayne and Klug, 1987). Both patients had preservation of the thumbs, although the thumb was hypoplastic in the patient with a unilateral absent radius (HP:0009601). In addition, neurological alterations, specifically moderate developmental delay, were reported in one of the patients from this group.
The two patients in the SCN group presented neurological alterations. One of them also presented associated anomalies such as congenital heart defect (HP:0001627), characterized as a valvulopathy, affecting the mitral valve moderately alongside mild tricuspid and aortic insufficiency, short stature (HP:0004322), and developmental delay (HP:0012758).
Three patients exhibited clinical features that strongly suggested an IBMFS despite lacking a history of hematological abnormalities. Specifically, patient 2 had the clinical mucocutaneous triad highly suggestive of DC. Patients 23 and 26 presented EPI (HP:0001738), a hallmark of SDS. Patients 42 and 43 had no apparent physical alterations, yet their early diagnoses of MDS (HP:0002863) and AA (HP:0001915) at 8 and 7 years of age, following the exclusion of acquired causes, strongly raise the suspicion of an underlying IBMFS (Figure 3D).
Phenotype of selected illustrative cases
In this section, we illustrate three cases with a high suspicion of an IBMFS diagnosis, specifically DBA, SDS and DC, and how the clinical suspicion was adjusted after using our diagnostic algorithm. The benefit of genotype confirmation is also exemplified, as this was possible for one of these cases.
Confirmed case of DBA
Patient 20 had a strong IBMFS suspicion, due to early onset of hematological manifestations at 8 months, featuring macrocytic anemia and reticulocytopenia, followed by the development of severe neutropenia at the age of 4 years. Upon physical examination, subtle craniofacial features, including an elongated face (HP:0000276), bulbous nasal tip (HP:0000414), midface hypoplasia (HP:0011800), and apparent micro-retrognathia (HP:0000308), were recorded (Figures 4A–E). Running this case through the proposed algorithm suggested a potential diagnosis of DBA. The suspicion was later confirmed by the NGS panel (Bone Marrow Failure Syndrome Panel; Illumina, San Diego CA, United States), detecting a heterozygous monoallelic pathogenic variant in RPS19 [NM_001022.3: c.185G>C, (p.Arg62Pro)], with no report in population databases, previously reported and associated to DBA. This case exemplifies the potential oversight of minor craniofacial features in addition to associated hematological alterations with or without major malformations. Systematic analysis of facial characteristics in DBA may expand the phenotypic spectrum of DBA to include them as part of the clinical presentation and may consider them as major criteria for clinical diagnosis.
[image: Diagram depicting three patient cases:   1. Case of Diamond-Blackfan Anemia (DBA), Patient 26: Flowchart of symptoms and diagnosis steps, images B to E show facial features and hand anomalies.  2. High Suspicion of Shwachman-Diamond Syndrome (SDS), Patient 27: Flowchart with symptoms and diagnostic indicators, images G to J display facial profiles and hand abnormalities.  3. Clinical Diagnosis of Dyskeratosis Congenita (DC): Flowchart illustrating diagnosis process, images L and M show upper back pigmentation and hand anomalies.]FIGURE 4 | Phenotype of selected cases with high suspicion of having an IBMFS. (A) Highlighted in pink are the typical phenotypic anomalies observed in patients with DBA. Outlined in green are the clinical manifestations found in this patient. (B) Frontal facial photography showing craniofacial features, including an elongated face and bulbous nasal tip. (C) Lateral facial photography showing craniofacial features, including midface hypoplasia and apparent micro-retrognathia. (D, E) Left and right hands in both supine and prone positions where no abnormalities were found. (F) Highlighted in light blue are the typical phenotypic anomalies observed in patients with SDS. Outlined in green are the clinical manifestations found in this patient. Exocrine pancreatic dysfunction is outlined with a dashed line since this patient presents with malabsorptive syndrome; however, exocrine pancreatic dysfunction laboratory work-up remains pending. (G) Frontal facial photography showing craniofacial features, including epicanthal folds. (H) Lateral facial photography showing craniofacial features, including a prominent antihelix. (I, J) Left and right hands in both supine and prone positions where no abnormalities were found. (K) Highlighted in light orange are the typical phenotypic anomalies observed in patients with DC. Outlined in green are the clinical manifestations shared by the patient. (L) Frontal neck and upper part of the thorax photography showing hyper/hyporeticular pigmentation of the skin. (M) Left and right hand in prone position where dysplastic nails are observed in all 10 fingers.
High suspicion of SDS
Patient 27 had an IBMFS suspicion due to severe neutropenia, associated with recurrent infectious episodes requiring hospitalization. Her extramedullary features included a malabsorptive syndrome (HP:0002024) and a genitourinary disorder (HP:0000119), attributed to nephrolithiasis (HP:0000787), along with short stature (HP:0004322) and bilateral epicanthal folds (HP:0000286) (patient 27, Figures 4F–J). Our algorithm straightforwardly classified this patient as having a probable SDS; the suspicion was later supported by her clinical progression, as the patient went on to develop both anemia and thrombocytopenia showing a classic course for SDS.
Clinical diagnosis of DC
The subsequent patient has been included in order to exemplify a DC case within the Mexican population, although he is not part of the DC group analyzed in this report.
He is a 17-year-old patient, (Figures 4K–M), who had an IBMFS suspicion due to severe thrombocytopenia at the age of 7. Three years later, he developed mild anemia without the need of blood transfusions. Due to persistent thrombocytopenia, a BM biopsy was performed at 14 years of age, showing hypocellularity consistent with BM aplasia. Clinical assessment and patient history uncovered nail dystrophy documented since the 7 years of age, initially misdiagnosed as lichen planus. Further evaluation revealed oral leukoplakia and hyperpigmented skin lesions as the extramedullary features (Figure 4K). Subsequently, clinical evaluation reinforced the suspicion of DC, as the patient exhibited the classic triad of dysplastic nails, reticular pigmentation of the neck, and oral leukoplakia, consistent with this condition (Figures 4L–M). This case underscores the importance of thorough clinical evaluation for a timely diagnosis and the subsequent implementation of appropriate treatment for the complex multisystemic conditions associated with this disorder.
Hematological outcomes
Hematologic alterations were a prevalent finding, with 94% (45/48) of patients developing such alterations in different pediatric stages. Notably, 49% (22/45) had onset before or at 2 years of age, 20% (9/45) between 3 and 5 years, and the remaining 31% (14/45) between 6 and 17 years (Table 1).
Twenty-one percent (10/48) were transfusion-dependent patients. Among the 23 patients who underwent a bone marrow biopsy, hypocellular bone marrow (HP:0005528) was identified in 33% (16/48) (Figures 5A, B). Three patients developed MDS (HP:0002863), and one patient progressed to AML (HP:0004808). Three patients received hematopoietic stem cell transplantation (HSCT): a haploidentical transplant in a patient with DBA suspicion and two allogenic transplants, one patient from the DBA group and the other from the UI group. The latter patient went on to develop a low-grade mucoepidermoid carcinoma, with a lower lobe intrabronchial location at the age of 16 years (Supplementary Table S1; Figure 5A).
[image: Flowchart, bar graph, and line charts depicting patient analysis and blood test results. Panel A shows the patient selection process. Panel B is a bar graph of bone marrow findings by syndrome, using different colors for each finding. Panels C, D, and E show line charts for hemoglobin, platelets, and absolute neutrophil count, with reference intervals, demonstrating trends over sequential sampling numbers.]FIGURE 5 | Hematological findings in 48 patients with high suspicion of having an IBMFS. (A) Overview of the hematologic follow-up in the 48 patients with high suspicion of having an IBMFS. (B) Bone marrow analysis. Bar graph shows the number of patients per group that underwent a BM biopsy/aspirate and their pathological findings. (C) Hemoglobin (Hb) levels over time. The light pink box indicates the normal reference interval, counts below this level indicate anemia. One representative patient per group is shown. (D) Platelets over time. The light pink box indicates the normal reference interval, counts below this level indicate thrombocytopenia. One representative patient per group is shown. (E) ANC over time. The light pink box indicates the normal reference interval, counts below this level indicate neutropenia. One representative patient per group is shown. ϕTransfusion dependency is defined as patients requiring ≥2 units of RBCs per 28 days (Germing et al., 2019).
Most patients had recurrent CBC sampling. Approximately half of the patients (48%) (23/48) developed pancytopenia (HP:0001876). The remaining patients exhibited cytopenias in one or two lineages, with the presentation varying. In most cases, this cytopenia presented as either isolated anemia or thrombocytopenia. However, patients who presented with bicytopenia had both anemia and either neutropenia or thrombocytopenia.
Longitudinal CBC data from selected patients showed hemoglobin (Hb) fluctuations, with most of the patients having Hb reductions over time (Figure 5C). Persistent severe thrombocytopenia (HP:0001873) was observed in patients with high suspicion of DC, SDS, and UI. The patient with SCN suspicion showed thrombocytopenia in two separate occasions, which has been observed in different types of SCN, including SCN4 (MIM#612541), although an infectious episode cannot be discarded. The patients with TAR and DBA suspicions presented highly fluctuating platelet levels (Figure 5D). Leukopenia (HP:0001882) was observed in all patients, except for the TAR-suspected patient. All patients consistently displayed neutropenia (HP:0001875). The patient from the SCN group (patient 35) presented the lowest ANC value, falling below 200 x cells/μL, closely followed by the patient with SDS (patient 24) (Figure 5E).
Hematological abnormalities within the SDS suspicion group were observed with an average age of onset at 2 years, with three patients experiencing hematological alterations between 6 and 12 months. In our SDS suspicion group, neutropenia was identified in 66.6% (9/6 patients), with severe neutropenia (HP:0001875) in 44.4% (4/9) and non-severe neutropenia in 22.2% (2/9). The remaining 33.3% (3/9) did not have neutropenia but presented other clinical features suggestive of SDS.
Forty percent (6/15) of patients with DBA suspicion experienced hematological alterations (HP:0001871) within the first year of life, and 80% (12/15) presented with hematological alterations before 5 years of age. In the DBA suspicion group, 33% (5/15) of patients underwent BM studies. Furthermore, 80% (4/5) of patients had BM hypoplasia (HP:0005528), specifically of the myeloid–erythroid cell lineage. The two patients in the SCN suspicion group exhibited cyclic neutropenia (HP:0040289) documented in their CBC.
DISCUSSION
Published information on cohorts of patients with IBMFS from LMICs, including Mexico, remains scarce. Comprehensive available data of Mexican patients with IBMFS are predominantly case reports or small case series, such as those for patients with FA (García-de Teresa et al., 2019; Reyes et al., 2022), or case reports from a limited number of patients with DC or SCN (López-Rodríguez et al., 2022; Picos-Cárdenas et al., 2022; Velez-Tirado et al., 2022).
In high-income countries, the advent of panel-based NGS strategies has shifted the diagnosis of the IBMFS toward a “genotyping first” approach (Wetterstrand, 2023). However, in LMICs, the communion between laboratory tests and phenotypic examination remains the Rosetta stone for guiding the clinicians to use confirming molecular genotyping tests. The latter is particularly true in contexts where the patients cannot afford big expenses. Therefore, in Mexico, the school of human geneticists with profound dysmorphology training is king, guaranteeing the precise documentation of even subtle clinical features and guiding clinical follow-up of patients while waiting for genotype confirmation.
In this study, we describe a group of 48 patients followed up at our hospital in Mexico. These patients presented cardinal hematological alterations and a dysmorphological phenotype leading us to a high level of suspicion for them to have an IBMFS. In 35 of these patients, phenotype and laboratory tests made us build the suspicion of a specific IBMFS, including DC, DBA, SDS, TAR, and SCN. In the remaining 13 patients, acquired causes were ruled out, and multiorgan involvement was present; however, even after the application of our algorithm, we did not collect sufficient information to assign these patients to a specific disease.
Already existing clinically validated diagnostic criteria for DC and DBA were applied (Dokal, 2000; Vlachos et al., 2008; Bertuch, 2022; Niewisch et al., 2022) and made the suspicion of these two IBMFSs a more straightforward task. For identifying patients with DBA, the validated criteria focus on hematological data and age of presentation, considering a clinical diagnosis with four major criteria. Only one patient met the criteria for being a classic DBA, including being <1 year old, anemia with co-occurrent reticulocytopenia, and paucity of erythroid precursors in the BM. The remaining patients have what may be a non-classical DBA and met the supporting criteria of the presence of congenital anomalies associated with classical DBA. For identifying patients with DC, we searched for the validated mucocutaneous triad in patients with BMF. The complete triad was present in four out of the seven (57%) patients, which is consistent with the 30%–46% reported in the literature (Shimamura and Alter, 2010; Ward et al., 2018; Niewisch et al., 2022). At least one characteristic of the triad was present in all these seven patients (7/7).
Validated criteria for identifying patients with suspicion of SDS, TAR, and SCN have not been published. This may be attributed to the absence of established associations or the complexities arising from their broad phenotypic spectrum. It is important to note that rare diseases, such as the IBMFS, face significant research challenges due to limited patient numbers. SDS diagnosis is particularly challenging in our region due to the scarcity of tests for measuring isoamylase and trypsinogen and to perform the FFQT. However, we suspected SDS when the patient had hematological findings, dysmorphological features, and a history of pancreatitis or a positive FFQT. Therefore, we emphasize the critical need for periodic laboratory monitoring for the diagnosis of pancreatic insufficiency in this patient group, as enzyme replacement therapy can effectively manage the associated symptoms (Nelson and Myers, 2018).
To identify potential cases of SCN, we accounted for pivotal features, such as recurrent infections, short stature, congenital heart defects, and craniofacial features. Regarding cases with TAR suspicion, we focused on radial ray alterations, ranging from hypoplasia to agenesis, with or without congenital heart or renal defects, along with a history of thrombocytopenia.
Broadly speaking, most of our patients presented at least one minor craniofacial abnormality (85%), including palpebral fissures (up-slant or down-slant), epicanthal fold, anteverted nares, retrognathia, and/or frontal bossing. Craniofacial abnormalities were most of the time accompanied by a neurological disorder, increasing the suspicion of a genetic/syndromic etiology (Decimi and Memo, 2015). Short stature was also a prevalent feature (44%). The frequency of short stature in our group was 53% for DBA suspicion, 88% for SDS suspicion, and 28% for DC suspicion, consistent with previous reports for DBA (30%–38%) and SDS (69%) (Chen et al., 2005; Thompson et al., 2022; Wan et al., 2022). A clear picture of short stature prevalence was not established in the remaining groups due to the small number of patients.
Incidence of SCN and TAR was less common, consistent with the low prevalence reported worldwide (Martínez-Frías et al., 1998; Zeidler et al., 2009; Donadieu et al., 2013). The diagnosis of SCN syndrome is challenging, given that neutropenia is often cyclic (Donadieu et al., 2013). Of the two patients, number 34 (Figure 3D) presented only DD, which could be part of the non-syndromic G6PC3 cases or Kostman’s syndrome, which is mainly associated with neurological alterations. Finally, prenatal or at birth detection of unilateral or bilateral radial anomalies should prompt the search for thrombocytopenia. In a cohort of 26 patients with bilateral radial agenesis, 73% presented with thrombocytopenia (Boussion et al., 2020). Therefore, the detection of radial ray anomaly requires the inspection of fluctuating thrombocytopenia or genetic molecular testing to confirm the suspected condition or differential diagnoses.
Although FA patients were excluded from this study, it is important to note that the FA phenotype may share similarities in physical and hematological characteristics with specific IBMFS, such as DBA and TAR. These similarities include alterations in the extremities, specifically in the radial ray, as well as congenital heart disease, genitourinary malformations, and renal malformations. When there is clinical suspicion of FA, a comprehensive evaluation and specialized testing such as the DEB chromosomal breakage test in skin fibroblasts when appropriate to rule out mosaic forms of FA and/or NGS testing are essential.
An important limitation of our study is the scarcity of molecular confirmatory testing which was conducted in only one patient (1 out of 48). Genotyping is a desired step in the study of IBMFS, as it not only allows confirming the clinical diagnosis but also results in comprehensive and accurate genetic counseling; it may aid in identifying other at-risk relatives and in determining whether the condition is de novo or inherited from a carrier or an affected parent with a cryptic presentation. It is noteworthy that in this study, the patients’ progenitors self-reported no underlying medical conditions, but without genotype analysis, incomplete penetrance of certain conditions cannot be ruled out (Fassel and Sheth, 2020; Elghetany et al., 2021).
Finally, while providing a timeframe for diagnostic opportunity would be desirable, in LMICs, providing an explicit diagnostic timeframe is challenging for multiple reasons, including, but not limited to, the fact that the diagnostic process for a patient presenting an IBMFS is highly individualized, influenced by factors such as case complexity, regional healthcare infrastructure, and resource availability. Additional variables include the choice of a diagnostic laboratory inside or outside the reach of the healthcare provider of the patient and the local availability of genetic testing. Furthermore, the selected genetic tests can significantly affect the diagnostic timeline. In countries where budget is not a limitation, or in cases where patients pay for genetic testing out of pocket, the diagnostic process typically takes between 3 and 8 weeks, depending on the laboratory and genetic test, i.e., panel sequencing or exome sequencing. Therefore, we stress the key relevance of close work with the hematology team.
In the near future, we will launch a national registry of patients with IBMFS, which will include the genotyping of all patients through WES. Identifying the genotype of these patients will test the performance of the clinical diagnostic algorithm presented in this study within the Mexican population affected by IBMFS.
CONCLUSIONS
In this study, we describe phenotypes that, when correlated with cardinal hematological findings, could serve as indicators for high suspicion and the clinical diagnosis of different IBMFSs. Likewise, we describe specific clinical characteristics that should raise suspicion of DC, DBA, SDS, TAR, and SCN. This, in turn, could enhance the feasibility of personalized follow-up and management strategies, considering the need for adjusted dosing regimens in IBMFS cases, until molecular confirmation is attainable.
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Introduction: Rett syndrome (RTT, MIM #312750) is a rare genetic disorder that leads to developmental regression and severe disability and is caused by pathogenic variants in the MECP2 gene. The diagnosis of RTT is based on clinical features and, depending on resources and access, on molecular confirmation. There is scarce information on molecular diagnosis from patients in Latin America, mostly due to limited availability and coverage of genomic testing. This pilot study aimed to implement genomic testing and characterize clinical and molecular findings in a group of Chilean patients with a clinical diagnosis of RTT.
Methods: Twenty-eight patients with suspected RTT underwent characterization of phenotypic manifestations and molecular testing using Clinical Exome SolutionTM CES_V2 by SOPHiA Genetics. Data was analyzed using the commercial bioinformatics platform, SOPHiA DDMTM. A virtual panel of 34 genes, including MECP2 and other genes that are in the differential diagnosis of RTT, was used to prioritize initial analyses, followed by evaluation of the complete exome sequence data.
Results: Twelve patients (42.8% of participants) had variants in MECP2, of which 11 (39.2%) were interpreted as pathogenic/likely pathogenic (P/LP), thus confirming the diagnosis of RTT in them. Eight additional patients (28.5%) harbored ten variants in nine other genes. Four of these variants were interpreted as P/LP (14.2%) (GRIN2B, MADD, TRPM3 and ZEB2) resulting in alternative neurodevelopmental diagnoses, and six were considered of uncertain significance. No evident candidate variant was found for eight patients.
Discussion: This study allowed to reach a diagnosis in half of the participants. The diagnosis of RTT was confirmed in over a third of them, while others were found to have alternative neurodevelopmental disorders. Further evaluation is needed to identify the cause in those with negative or uncertain results. This information is useful for the patients, families, and clinicians to guide clinical management, even more so since the development of novel therapies for RTT. We also show the feasibility of implementing a step-wide approach to genomic testing in a setting with limited resources.
Keywords: Rett syndrome, MeCP2, CpG methyl-binding protein, neurodevelopmental disorders, gene panel, genomic testing

INTRODUCTION
Rett syndrome (RTT, MIM #312750) is a rare neurodevelopmental genetic disorder that leads to severe disability. It affects almost every aspect of a patient’s life: their ability to talk, walk, eat, and even breathe normally (Kaur and Christodoulou, 1993; Neul et al., 2010). First described in 1966 by Dr. Andreas Rett (Rett, 1966), the frequency of RTT is estimated to be 1:10,000 live female births (Anderson et al., 2014).
The diagnosis of RTT is based on clinical features, with the hallmark of neurodevelopmental regression in infancy with subsequent stabilization or potential improvement, associated with main and supportive criteria, and the absence of exclusion criteria (Neul et al., 2010). Accordingly, two main phenotypes are described in females: “Typical” or “Classical” RTT, with developmental regression, usually between 1 and 4 years of age, and the presence of the four main criteria: loss of purposeful manual skills and acquired language, gait abnormalities, and development of manual stereotypies (such as hand washing, clapping, wringing or others) (Kaur and Christodoulou, 1993; Hagberg, 2002; Neul et al., 2008; Neul et al., 2010). However, if only some main and supportive criteria are met, patients are diagnosed as “Atypical” or “Variant” RTT, which can be either milder or more severe than typical RTT (Neul et al., 2010). Patients with atypical Rett syndrome can have diverse phenotypic manifestations, including conserved speech, early seizure, and congenital forms (Neul et al., 2008; Neul et al., 2010). Both typical and atypical RTT can present comorbidities, such as epilepsy, altered sleep pattern, bruxism and scoliosis (Lee et al., 2001; Hagberg, 2002; Neul et al., 2008). In males, there is broader phenotypic variability, ranging from miscarriage, stillbirth, severe early postnatal encephalopathy to survival with intellectual disability (Kaur and Christodoulou, 1993; Kankirawatana et al., 2006; Neul et al., 2010).
RTT is caused by pathogenic variants in the MECP2 gene, located on the long arm of the X chromosome (Xq28) (Kaur and Christodoulou, 1993; Neul et al., 2010). MECP2 encodes the Methyl-CpG binding protein 2, involved in neuronal growth, maturation and dendritic branching. MECP2 variants are identified in up to 80%–90% of patients with the typical forms of RTT and in 40%–60% of those with the atypical form, and most occur as de novo events (Neul et al., 2008; Neul et al., 2010). Variants in other genes can cause related phenotypes, such as CDKL5 (cyclin-dependent-kinase-like 5; MIM #300203), which is altered in 3%–10% of atypical forms (Scala et al., 2005; Archer et al., 2006; Sartori et al., 2009; Guerrini and Parrini, 2012) and FOXG1 (Forkhead box G1; MIM #164874), especially in congenital forms (Ariani et al., 2008; Mencarelli et al., 2010; Philippe et al., 2010; Guerrini and Parrini, 2012). Furthermore, molecular discoveries and the increased use of clinical genomic testing have led to the identification of neurodevelopmental disorders that may present clinical findings overlapping RTT. STXBP1, TCF4, SCN2A, WDR45 and MEF2C are among the most common genes identified in patients with RTT-like phenotypes (Olson et al., 2015; Lopes et al., 2016; Lucariello et al., 2016; Vidal et al., 2017; Vidal et al., 2019a; Vidal et al., 2019b; Cogliati et al., 2019; Iwama et al., 2019; Schönewolf-Greulich et al., 2019).
Clinical manifestations of RTT are variable between patients, and some may be underdiagnosed when expecting complete fulfillment of the diagnostic criteria. Phenotypic overlap with other conditions may also pose diagnostic challenges. These situations can cause diagnostic and therapeutic errors, and lead to confusion in patients and clinicians. Molecular studies can thus help clarify the diagnosis of RTT. In addition, ongoing therapeutic developments make accurate diagnostic confirmation even more crucial for patients with RTT (Palmieri et al., 2023).
Scarce information exists on molecular diagnosis of RTT in patients from Latin America, mostly due to limited availability and coverage of genomic testing (Taruscio et al., 2023). Motivated by a request from the leadership of the local RTT patient organization in Chile and in collaboration with them, we developed this pilot study. We aimed to characterize the clinical and molecular findings of a group of patients with clinical diagnosis of RTT in Chile, and to assess the feasibility of implementing molecular testing in a country in which next-generation sequencing (NGS) is unavailable in the healthcare system and accessible only to patients who can afford to make out-of-pocket payments for testing performed abroad (Encina et al., 2019).
MATERIALS AND METHODS
Chilean patients from the RTT Foundation “Caminamos por Ellas y Ellos-Síndrome de Rett Chile” with clinical diagnosis of RTT made by their physicians but without molecular confirmation, were invited to participate in this study through the Foundation. The study was approved by the Ethics Research Committee at Facultad de Medicina, Clinica Alemana Universidad del Desarrollo in Santiago, Chile, and parents or guardians gave written informed consent.
Clinical information
To characterize the phenotypic manifestations of the participants, clinical information was collected through a standardized questionnaire based on RTT clinical criteria (Neul et al., 2010) and completed by a parent or guardian.
Molecular analysis
To identify causal genetic variants, patients underwent clinical exome sequencing (CES). Genomic DNA was extracted from blood using DNeasy Blood and Tissue kit (QIAGEN, Germany). DNA quantification and integrity were analyzed using Qubit dsDNA BR (Life Technologies, CA, United States) and TapeStation 2200 gDNA (Agilent, CA, United States), respectively. Genomic DNA libraries and CES were performed using the Clinical Exome Solution™ v2 kit (SOPHiA Genetics, Lausanne, Switzerland), which captures exons from 4,490 genes known to cause monogenic diseases. Samples were sequenced on a MiSeq instrument (Illumina, CA, United States) at Universidad del Desarrollo, according to the manufacturer’s recommendations.
Data were analyzed with the SOPHiA DDM™ platform (SOPHiA Genetics) using hg19 (GRCh37) as reference. Variants were called, annotated and classified in this platform using its proprietary algorithm based on quality, frequency and functional impact. Information on the patients’ clinical phenotype was captured using Human Phenotype Ontology (HPO) terms (Köhler et al., 2021) (https://hpo.jax.org). A virtual panel of 34 genes, including MECP2 and other genes that are in the differential diagnosis of RTT, was created to prioritize analysis (Table 1). This list of genes was generated considering the ClinGen Rett and Angelman-like Disorders Variant Curation Expert Panel recommendations (Rehm et al., 2015) (https://www.clinicalgenome.org/affiliation/50022), data from the literature (Lopes et al., 2016; Lucariello et al., 2016; Vidal et al., 2017; Vidal et al., 2019b; Cogliati et al., 2019; Iwama et al., 2019; Schönewolf-Greulich et al., 2019), and overlapping genes included in panels for RTT and related conditions offered by clinical laboratories listed in the Genetic Testing Registry (https://www.ncbi.nlm.nih.gov/gtr/all/tests/?term=Rett). For mutation negative cases, the analysis was expanded to the 4,490 genes in the CES panel, in search of other potential causes of neurodevelopmental genetic disorders.
TABLE 1 | Genes associated with Rett syndrome or similar neurodevelopmental conditions prioritized for analysis in this study.
[image: A table listing genes, chromosome region, OMIM Gene ID, OMIM Phenotype ID, and OMIM Phenotype. Some entries are bold, indicating specific genes and phenotypes studied. The table provides detailed genetic and phenotypic information, such as "ADSL" associated with 608222 gene ID and "Adenylosuccinase deficiency" phenotype. Terms like "Intellectual developmental disorder," "Rett syndrome," and "Epilepsy" are noted, with certain conditions linked to specific gene variants identified in the study. Chromosome is abbreviated as "Chr."]Candidate variants were reviewed by a multidisciplinary group composed of laboratory scientists, bioinformaticians, and clinical geneticists, considering each patient’s clinical information. The SOPHiA DDM™ platform provides variant interpretation based on American College of Medical Genetics/American College of Pathologists (ACMG/AMP) guidelines (Richards et al., 2015). This information was used to select candidate pathogenic, likely pathogenic (P/LP), and variants of unknown significance (VUS) for further analysis. Follow-up investigations included literature searches in PubMed, relevant databases such as RettBase (Krishnaraj et al., 2017) and ClinVar (Landrum et al., 2018), and freely available resources for variant interpretation (https://varsome.com/ and https://franklin.genoox.com). As a result, predicted P/LP variants in genes concordant with the patient’s phenotype were considered informative results. VUS in genes related to the patients’ phenotype are also described. Results were returned and explained to parents and/or guardians in a genetic counselling session by the clinicians in the team.
RESULTS
Demographic and clinical characterization
Twenty-eight patients participated in the study, 27 female and 1 male. The median age at inclusion in the study was 11 years, ranging from 18 months to 41 years of age. Demographic and clinical information obtained through the questionnaire and interpreted according to the 2010 RTT criteria (Neul et al., 2010) is summarized in Table 2-Part A. Seven participants (25%) fulfilled clinical criteria for typical RTT, 18 (64%) for atypical RTT, and three (10%) had insufficient information to enable accurate clinical categorization.
TABLE 2 | Clinical and molecular results.
[image: A table displaying clinical manifestations and molecular findings for different patient cases. It includes ID, sex, age, main and supportive criteria, gene variants, and associated conditions. The table is divided into typical RTT, atypical RTT, and participants without phenotypic data. Detailed genetic information and ACMG interpretations are provided for each case, alongside corresponding OMIM phenotypes.]Molecular results
In order to identify a causal variant, CES followed by bioinformatics analysis and manual exploration of selected variants was performed. A summary of findings is presented in Figure 1 and individual patient results in Table 2-Part B. Fourteen patients had an informative finding (50%), that is, a P/LP variant in the analyzed protein-coding regions. Eleven patients had P/LP variants in MECP2 (39.2%), therefore confirming the diagnosis of RTT for them. Three of these MECP2 variants were recurrent (c.799C>T, c.916C>T, c.952C>T) and seen in two or three patients each, the rest were unique, one of them being a large distal deletion of MECP2, the precise breakpoints of which could not be identified with the methodology used (Table 2; Figure 2).
[image: Flowchart of 28 participants shows three branches: 12 with MECP2 variants, 8 with non-informative findings, 8 with variants in other genes. MECP2 branch: 11 P/PL, 1 VUS. Other genes branch: 4 P/PL, 6 VUS.]FIGURE 1 | Summary of molecular findings in the participants. *one participant had three variants in two genes P/LP: pathogenic or likely pathogenic VUS: variant of unknown significance.
[image: Diagram of a gene with labeled exons E1 to E4 and regions NTD, MBD, ID, TRD, NID, and CTD. Mutations with annotations, including nucleotide and protein changes, are shown at various points along the gene.]FIGURE 2 | Schematic representation of the location of the identified MECP2 variants, based on Good et al. (Good et al., 2021) E, exon; NTD, N-terminal; MBD, methyl binding; ID, intervening; TRD, transcription repression; NID, NCoR interaction; CTD, C-terminal domains; n, number of participants with recurrent variants.
Three patients harbored four predicted PL/P variants in other genes causing neurodevelopmental disorders (GRIN2B, MADD, TRPM3 and ZEB2), leading to alternative diagnoses for them. One of these patients (Table 2, patient 16) had three variants: a LP in TRMP3, in addition to a LP variant and a VUS in MADD. The phase of the MADD variants was not evaluated due to unavailability of parental samples, and further clinical information is needed to assess the possibility of a dual diagnosis.
Seven patients had a VUS, one in MECP2 and six in other genes related to intellectual disability and other features overlapping RTT: the aforementioned MADD in addition to DDX3X, KCNT1, SCN8A, SMC1A and STXBP1. The male patient had a VUS in MECP2 inherited from his apparently healthy mother. Parental samples were unavailable to establish the inheritance of the other variants. Seven of the 22 identified P, LP and VUS were not listed in ClinVar at the time of this report.
Finally, eight patients (28.5%) had no evident candidate variant in this study. Of note, no P/LP or VUS were identified in CDKL5 or FOXG1.
Considering the stepwise genomic analysis strategy, six of the nine non-MECP2 genes were identified with the virtual panel (Table 1, noted in bold lettering), while the other three when assessing variants in the complete CES panel (KCNT1, MADD and TRMP3), evidencing the benefit of a broad genomic approach.
In order to assess phenotype-genotype correlations, we compared the findings of patients diagnosed clinically as typical and atypical RTT. Five of the seven participants (71.4%) with typical RTT by clinical criteria harbored pathogenic variants in MECP2, compared with 6 of 18 (33.3%) of patients with atypical RTT. The recurrent MECP2 pathogenic variants were seen in patients with both typical and atypical phenotypes. In the atypical RTT group, two patients had an alternative informative diagnosis with P/LP variants in GRIN2B and TRPM3, and three had VUSs. Of the three patients with incomplete clinical information, one had an informative finding (ZEB2), and one had a VUS. The majority (six of eight or 75%) of patients without a molecular finding had been clinically classified as having atypical RTT.
DISCUSSION
This is the largest genetic study conducted in Chilean patients with suspected RTT syndrome to date and incorporates the use of expanded panel NGS testing, improving over our previous study that performed Sanger sequencing and MLPA for MECP2 in 14 patients (Aron et al., 2019). We confirmed the diagnosis of RTT in almost 40% of the participants and identified an alternative diagnosis for a subset of others. We expect that this information will be useful for the patients, families and clinicians to guide clinical management.
Our results are similar to other cohorts of patients with RTT or Rett-like phenotypes with a varying proportion of participants receiving a confirmation of RTT, some having alternative findings and others not reaching an etiological diagnosis (Olson et al., 2015; Lopes et al., 2016; Lucariello et al., 2016; Vidal et al., 2017; Vidal et al., 2019a; Vidal et al., 2019b; Cogliati et al., 2019; Iwama et al., 2019; Schönewolf-Greulich et al., 2019). In particular, this has been illustrated in the few studies published from Iberoamerican populations: Lima et al. (Lima et al., 2009) in a study of 105 patients with RTT from Brazil found MECP2 variants in 60% of them, while Vidal et al. (Vidal et al., 2017) in over 1,500 patients from Spain confirmed the diagnosis of RTT in 30% of them, and found another diagnosis in a similar proportion using different molecular strategies ranging from single gene to exome sequencing.
Although the small sample size limits detailed assessment of phenotype-genotype correlations, MECP2 variants were identified in higher proportion in patients with typical RTT as in Neul et al. (Neul et al., 2008) and alternative diagnoses or non-informative results were found predominantly in those considered as atypical RTT, similar to the study by Lima et al. (Lima et al., 2009).
The finding of other diagnosis illustrates the complexity of identifying the cause of neurodevelopmental disorders that have overlapping features with RTT, such as developmental delay, developmental arrest, intellectual disability, microcephaly and seizures (Olson et al., 2015; Lopes et al., 2016; Lucariello et al., 2016; Vidal et al., 2017; Vidal et al., 2019a; Vidal et al., 2019b; Cogliati et al., 2019; Iwama et al., 2019; Schönewolf-Greulich et al., 2019) (Table 1). This emphasizes the relevance of detailed clinical evaluations and genomic testing for accurate diagnosis (Manickam et al., 2021), especially for patients with atypical RTT or Rett-like phenotypes. Nevertheless, access to broader genomics tests is limited in low- and middle-income countries, with absent or scarce availability and/or coverage for such testing. Overcoming these challenges is relevant for patients and families, and also for the healthcare systems in Chile and many countries, since testing performed locally is more likely to eventually have financial coverage than testing performed abroad (Encina et al., 2019; Taruscio et al., 2023). Limited mid-throughput NGS equipment is available in several Latin American countries (Torres et al., 2017) and increased during the COVID-19 pandemic for SARSCoV-2 diagnosis and surveillance (Pan American Health Organization, 2022). This situation generates opportunities to further improve diagnostic capabilities for human genetic diseases. Intermediate steps such as gene panels and CES testing can be gradually implemented while capacities for exome and genome sequencing and interpretation are developed at scale.
In addition to improving access for diagnosis, this study identified variants that have not been reported in public databases, showing the value and contribution of including understudied populations in genomic studies, as those in Latin America, to broaden knowledge on genetic and genomic contribution to disease (Sirugo et al., 2019).
Molecular confirmation is particularly relevant for patients with MECP2 variants. Specific therapies for RTT, such as trofinetide, an analogue of the neuropeptide IGF-1 with anti-inflammatory properties, has successfully completed Phase III clinical trials (Neul et al., 2022) and is now approved by the FDA in the United States for the treatment of RTT (Harris, 2023). Moreover, there are other therapies in various stages of development, such as gene therapy approaches and the application of genome editing using the CRISPR/Cas9 system showing successful in vitro repair of mutant MECP2 in iPSCs and the recovery of its mRNA levels (Croci et al., 2020; Lee et al., 2020).
The limitations of this study include the small sample size, and since participants were recruited through a patient organization after clinical ascertainment, the sample may not represent the broad RTT spectrum in the country. In addition, we relied on the questionnaires and clinical information provided by parents and or guardians, but we did not personally evaluate the patients and families, nor had access to the clinical information that led to the RTT diagnosis, which could lead to over or under-diagnosis. The clinical information questionnaire was designed as a self-guided modality, resulting in some respondents having problems completing it, leaving some questions blank or with unclear answers. The questionnaire was also limited to identifying the presence or absence of RTT criteria and did not capture other elements that could be relevant to suspecting or confirming other potential diagnoses. From the molecular perspective, our study was limited to the search for variants in only 4,000+ genes in the CES panel. Many other genes, not included in the panel, are involved in neurodevelopmental disorders. Furthermore, using this method, we were able to identify intragenic MECP2 deletions but could not determine the presence of more extensive or complex structural variants involving genes not included in the CES panel, variants in non-coding regions, or mosaicism. Even among the identified variants, this study could not determine the extent of the deletion in patient 5, and whether it corresponds to the recurrent terminal MECP2 deletion that involves the neighboring IRAK1 gene, since it is not captured in the panel (Vidal et al., 2019c). Additionally, we were unable to analyze parental samples, because of sample unavailability and funding constraints; this could have enabled to reclassify some of the VUS. Finally, it should be noted that another significant limitation of this study is the scarce reference information available on the genomic variation in Latin American populations, which is a barrier for rare variant analysis and interpretation (Torres et al., 2017).
Working with a patient association was key to developing this study. The motivation originated from their leadership, and the collaborative work not only allowed the research team to reach patients who have this condition more quickly and effectively than an open call to clinicians, but it also helped connect and learn more about biopsychosocial aspects of these conditions, such as patient needs, diagnostic trajectories, and to meet with the families in joint educational activities.
Future steps include implementing trio exome sequencing for these and other families as well as evaluating the clinical impact of reaching a diagnosis. Our study shows that it is feasible to implement such testing in a country with limited genomic resources. The results obtained from collaboration between patients, clinicians and researchers can provide useful input to decision-makers on access and financial coverage of molecular testing for rare disorders, and to subsequently evaluate outcomes resulting from more precise diagnosis.
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Case Report: Autosomal dominant polycystic kidney disease and Wilms’ tumor in infancy and childhood
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Background: Autosomal dominant polycystic kidney disease (ADPKD) is rare but one of the most common inherited kidney diseases. Normal kidney function is maintained until adulthood in most patients. About 7 in 10 patients with ADPKD develop kidney failure in the latter half of their fifth decade of life. Wilms' tumor, or nephroblastoma, is the most common malignant tumor stemming from kidney cells in the pediatric age group. This type of tumor is the most frequently occurring kidney malignancy in children between the ages of 0 and 5 years. The exact cause of Wilms' tumor is unknown, though about 10% of cases have a genetic predisposition. Wilms' tumor is one of the most successfully treated childhood oncological diseases. Overall, the 5-year survival rates were approximately 90% in both the National Wilms Tumor Study (NWTS) and Paediatric Oncology SIOP studies, showing similar results.



Case presentation: We report a case of a girl diagnosed with autosomal polycystic kidney disease, who subsequently developed Wilms' tumor and underwent successful treatment with chemotherapy. Polycystic kidney disease was suspected in the fetus during prenatal ultrasound and confirmed after birth with ultrasound and genetic testing. The Wilms tumor was an accidental finding during abdominal MRI at the age of 2 years old to rule out liver pathology.



Conclusion: Reports on whether a diagnosis of ADPKD is a risk factor for malignancy are conflicting. In this particular case, Wilms' tumor is present in the background of polycystic kidney disease and was timely diagnosed by an incidental MRI.
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Introduction

Autosomal dominant polycystic kidney disease (ADPKD) is one of the most common progressive kidney diseases. It ranks as the fourth most common cause for kidney replacement therapy worldwide (1). The incidence of this disease is estimated to be about 1 in 400 to 1 in 1,000 people (2). Approximately 70% of patients with ADPKD progress to end-stage kidney disease (ESRD) in the latter half of their fifth decade of life (3). In most cases, ADPKD is caused by pathogenic variants in PKD1 (chromosome 16p13.3), which encodes polycystin-1, and PKD2 (chromosome 4q21), which encodes polycystin-2 (2). About 9% of cases result from de novo pathogenic variants (4). PKD1 is usually associated with a more severe course of the disease than PKD2. It is diagnosed at an earlier age, presents with more kidney cysts, earlier onset of arterial hypertension, and faster progression to ESRD compared to PKD2 (4). Cyst development begins at an early age, and macroscopic cysts can become detectable in childhood (5).

Wilms’ tumor (WT), also known as nephroblastoma, is a malignant embryonal tumor that develops due to impaired kidney organogenesis, characterized by the proliferation of metanephric blastema cells (6). WT is the most common type of kidney tumor in children, accounting for approximately 80% of kidney tumors in children and teenagers. It is relatively rare, comprising about 5% of all malignant tumors in childhood. Around 15 syndromes are associated with WT. Only 10% of WTs are associated with pathogenic genetic variants; in most cases, the etiology of the disease remains unknown (7). It occurs equally frequently in both genders and is typically detected in children under the age of 5 years (8). The main characteristic of this illness is the presence of a tumor, often asymptomatic, detected incidentally by noticing or palpating a larger abdominal volume. However, about 35% of cases exhibit clinical signs such as hypertension, hematuria, and flank pain. In rare cases, the tumor can rupture and cause bleeding into the surrounding tissue (7, 8). Nephroblastomatosis is a rare premalignant condition associated with WT, presenting as multiple foci derived from abnormal nephrogenic cells. This condition is often asymptomatic, which leads to a late diagnosis of advanced WT and delayed treatment with chemotherapy. MRI is the best test to be used in diagnosing nephroblastomatosis (9, 10). According to the literature, Wilms' tumors present very rarely in childhood in the background of ADPKD.



Case report

A female newborn was delivered at 34 weeks of gestation, from the second pregnancy and the second delivery. Polycystic kidney disease was suspected in the fetus during prenatal ultrasound. At birth, her weight was 2,680 g (90th percentile), and her length was 47 cm (50th percentile). On physical examination, she exhibited small, low-set ears, a protruding forehead, hypertelorism, epicanthus, a sunken bridge of the nose, and clinodactyly of the second finger. Both her mother and grandmother had been diagnosed with polycystic kidney disease.

After birth, a kidney ultrasound revealed increased kidney echogenicity and multiple cysts measuring up to 0.3 cm in diameter. Arterial hypertension was diagnosed at the age of 2 months, and treatment with angiotensin-converting enzyme inhibitors (ACEi) was initiated. Additionally, at the age of 2 months, the girl was diagnosed with a urinary tract infection caused by Escherichia coli. At 4 months of age, compensated metabolic acidosis was diagnosed, and treatment with sodium bicarbonate proved effective.

At the age of 1 year during follow-up, a kidney and abdominal ultrasound examination was performed. The liver parenchyma appeared diffusely heterogeneous, with formations of lesser echogenicity, measuring 0.5–1.0 cm in size, resembling observed nodules. Enlargement of both kidneys was noted: the right kidney measured 7.7 × 3.7 cm, and the left kidney measured 9.5 × 4.7 cm, respectively (the norm at the age of 1 year is about 4, 6-5, 6 × 2, 1-2, 9 cm). Multiple cysts were found in both kidneys, ranging from small to 1.6 cm; more cysts were observed in the left kidney. To clarify the diagnosis, it was decided to perform magnetic resonance imaging (MRI) of the abdomen, which confirmed the enlargement of both kidneys. The parenchyma of the right kidney appeared uneven with numerous small cysts measuring up to 1.2 cm in size. The kidney capsule was highlighted. The left kidney exhibited a non-structural upper part, hypertrophy, undifferentiated parenchymal structure, and an uneven thickening of about 0.6 cm width around it. Multiple foci up to 0.7 cm in size were visible in the liver parenchyma, resembling arteriovenous malformations (Figure 1). A genetic test was ordered to confirm the diagnosis, and a repeat MRI was scheduled after 1 year. Genetic studies revealed a normal karyotype of 46, XX. The whole exome study was conducted using the next-generation sequencing method. Complete sequence analysis of the PKD1 gene showed a heterozygous genotype of a familial, maternally inherited pathogenic variant in intron 14 of the PKD1 gene, causing autosomal dominant type 1 polycystic kidney disease. After one year, when the girl turned 2 years old, an MRI was repeated. The multiple foci in the liver parenchyma had disappeared. The liver lesions were suspected to be arteriovenous malformations due to hypertension. Liver changes disappeared after hypertension was corrected. The size of the right kidney measured 8.3 × 4.2 cm, and a new formation of 0.7 × 0.3 cm with signs of restriction appeared in the middle third of the anterior surface. The size of the left kidney was 9.9 × 6.4 cm. A thickening of 0.6 cm turned into a 2.0 cm × 1.9 cm tumour in the upper third of the of the lateral surface subcapsular. In the lower third, foci measuring 0.9 × 0.3 cm 0.8 × 0.2 cm and 0.6 × 0.2 cm with signs of restriction and intense accumulation of contrast material were observed. The foci in both kidneys were determined to be nephroblastomatosis based on radiological imaging. These formations were not visible during ultrasound examination (Figure 2). The Multidisciplinary team meeting decided to perform a puncture biopsy of the neoplastic formation in the left kidney because the origin of the mass was unclear. The biopsy's conclusion was a blastemal type of Wilms' tumor. Tumor cells reacted with immunolabel vimentin WT1. Proliferation index Ki67 was about 70%. No metastatic lesions were found in other organs, and kidney function was normal. Chemotherapy was initiated following the Umbrella-nephroblastoma SIOP 2016 treatment protocol for Wilms' tumor with nephroblastomatosis. After the first preoperative chemotherapy with vincristine and actinomycin, which lasted 6 weeks, a positive response to treatment was observed. The MRI showed favorable changes. WT in the left kidney had decreased from 2 to 0.9 cm and nephroblastomatosis in both kidney disappeared. After achieving a partial response to treatment, a second initial round of chemotherapy was repeated. An MRI was performed again after the second preoperative round of chemotherapy, also lasting 6 weeks, with vincristine and actinomycin. On imaging, the kidneys remained non-structural with multiple small cysts up to 1.2 cm in size. Wilms' tumor in the left kidney had disappeared. Considering that the MRI tumor formations disappeared after preoperative chemotherapy and the patient had chronic kidney disease threatening kidney failure, the multidisciplinary team meeting decided that surgical treatment was not indicated. During the multidisciplinary team meeting discussion, it was decided to follow the treatment according to the Umbrella protocol AV2 with vincristine and actinomycin for 6 months, followed by the treatment of nephroblastomatosis for 1 year with vincristine and actinomycin every 28 days. Serum biochemistry, including kidney and liver functions, electrolytes, calcium, and phosphorus, remained normal during treatment. At the end of the treatment, the girl was diagnosed with acute pyelonephritis caused by Proteus mirabilis.
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FIGURE 1
Coronal T2-weighted (A) and fat suppressed T2-weighted (B) MR images demonstrate enlarged both kidneys. Diffusion-weighted MRI (DWI) (b-value: 800) and apparent diffusion coefficient (ADC) mapping show uneven thickening of the kidney capsule (white arrow in picture C). Postcontrast T1-weighted MR image demonstrates heterogeneous enhancement of the parenchyma of the left kidney (D).



[image: MRI scans of the liver in six panels labeled A to F. Each panel shows different cross-sectional views highlighting the liver's texture and density. White arrows point to specific areas of interest, indicating possible abnormalities or focal lesions. The images differ in contrast and perspective, providing various angles for examination.]
FIGURE 2
Coronal T2-weighted (A) and fat suppressed T2-weighted (B) MR images show several lesion in the left kidney. The lesion have restricted diffusion (C) and low ADC values (0.6 × 10-3 mm2/sec). (D) Postcontrast T1-weighted MR image: tumor demonstrates heterogenous enhancement (white arrows) during corticomedullary phase (E) and wash-out in nephrographic phase (F) (white arrows).


Now the girl is 6 years old. Antihypertensive treatment with the maximum dose of ACE inhibitors was not sufficiently effective, as arterial blood pressure remained in the 95–99th percentile. Therefore, beta-blocker therapy was added. Sodium bicarbonate has been prescribed to correct metabolic acidosis. The mild intellectual disability has been diagnosed. On MRI, the kidneys remain non-structural, similar in size, with multiple small cysts up to 1.2 cm in diameter, with more cysts observed in the left kidney. The size of the cysts in the kidneys has not progressed. Hematuria and proteinuria are absent in the urine test. Kidney function remains stable, with creatinine at 36 μmol/L and urea at 6.5 mmol/L, but hyperfiltration is observed. The glomerular filtration rate, obtained using the Schwartz formula, is eGFR 159 ml/min/1.73 m2.



Discussion

This case report describes an extremely rare clinical case of autosomal dominant polycystic kidney disease (ADPKD) and Wilms tumor in childhood. Wilms tumor is a rare disease, yet it is the most common kidney malignancy in children under the age of 5 years, accounting for 6%–7% of malignancies in this age group (7). Case reports of malignancies in children with a history of ADPKD are scarce. The incidence of malignancy in children with polycystic kidney disease (PKD) is currently unknown (11). Friend et al., in their clinical report, described five patients diagnosed with PKD who developed malignancies at a young age. Among them, four had a history of ADPKD: two were siblings diagnosed with familial testicular germ cell tumors, while the other two were diagnosed with kidney rhabdoid tumors and perivascular epithelioid cell tumors with liver metastases. One patient with autosomal recessive polycystic kidney disease was diagnosed with hepatocellular carcinoma with pulmonary metastases. Treatment applied to all patients was successful, and they all remain alive (11). The data from this study suggests an estimated incidence of 260 cases of cancer per 100,000 children with PKD per year. This estimate is likely higher than expected, considering that ADPKD is often asymptomatic during childhood. Therefore, it is possible that some children may have succumbed to malignancy without a known genetic diagnosis of PKD (11). Thankamony et al., in a clinical case report, described a child with bilateral PKD and PHACE syndrome. This syndrome encompasses posterior fossa malformation, large hemangioma, anatomical anomalies of the cerebral or cervical arteries, cardiac, and eye abnormalities. Wilms tumor developed in the right polycystic kidney at the age of 17 months. Treatment was successfully managed with kidney parenchyma-preserving partial nephrectomy, and combination chemotherapy was used (12). Gucev et al. described an 8.5 year old girl with WAGR syndrome and bilateral PKD. WAGR syndrome includes WT, genitourinary anomalies, aniridia, and intellectual disability. WT developed in the right kidney, and the child was treated with nephrectomy followed by chemotherapy (13). In our clinical case, the girl also has dysmorphic facial features but was not diagnosed with any additional genetic syndrome during exome testing. Sinescu et al. reported a case of a 3 year old child with WT and PKD on the left cystic kidney tumor and the right parenchymatous kidney tumor. Treatment involved right radical nephrectomy, partial left nephrectomy, chemotherapy, and radiotherapy. Nephrotic syndrome was diagnosed eight months after treatment, and the left kidney was removed. Hemodialysis was required before kidney transplantation, which was ultimately successful (14). In these three cases, nephrectomy was performed during the course of treatment. However, surgical treatment was not applied in our case. Based on the Umbrella protocol SIOP-RTSG 2016, after achieving a partial response to treatment, a second initial round of chemotherapy should be repeated. Chemotherapy proved to be very effective for our patient. Preoperative chemotherapy without biopsy is usually started when WT is suspected. Most patients with WT in Europe are treated with preoperative chemotherapy based on the SIOP guidelines. According to SIOP recommendations, tumor nephrectomy should be performed after preoperative chemotherapy for all patients after diagnosis. The stage of the disease is determined only after nephrectomy (15). In our clinical situation, a 2.0 × 1.9 cm mass in the background of a polycystic kidney raised doubts about its origin. Therefore, a biopsy of this mass was performed, and a blastemic type of Wilms tumor was found. After evaluating biopsy results and MRI changes, the diagnosis of left Wilms tumor with nephroblastomatosis was confirmed, and preoperative chemotherapy started according to the Umbrella protocol. After 12 weeks of preoperative chemotherapy, MRI tumor formations disappeared. De Jesus et al. described a 7 month old girl with bilateral nephromegaly diagnosed from birth. Ultrasound showed increasing nephromegaly with multiple heterogeneous hypoechoic nodules in both kidneys. Hyperplastic diffuse nephroblastomatosis (HDNBM) was suspected, and a percutaneous biopsy resulted in immature nephrogenic tissue. The girl was treated with chemotherapy based on the SIOP WT stage 1 protocol. After 6 chemotherapy cycles, all malignancy nodules in both kidneys regressed (10). In our case, since the patient had a chronic disease and tumor formations were not detected after preoperative chemotherapy, surgery was not performed. Treatment was given according to the Umbrella protocol AV2 with vincristine and actinomycin for 6 months, followed by the treatment of nephroblastomatosis for 1 year with vincristine and actinomycin every 28 days. The rarity of HDNBM, causing absent diagnostic consideration of the disease, absence of diagnostic suspicion, or primary diagnosis of cystic kidney disease, was chalenging to diagnose in our cases. Gargalionis et al. were the first to demonstrate in their study that polycystin-1 and polycystin-2 are associated with oncogenesis in colorectal cancer cells (11, 16). Another study by Jilg et al. reviewed 240 ADPKD patients who underwent kidney removal. The surgery was performed at a median age of 54 years. Histological examination of the removed kidneys was performed, and they found that 5% of the lesions were malignant (17). The most common malignant kidney tumor in reported PKD adult patients is kidney cell carcinoma (KCC). The frequency of KCC increased in dialyzed and transplanted patients. The occurrences of KCC stand at 3%–4%, a rate roughly 100 times greater than that found in the general population, with this risk escalating as the duration of dialysis extends (12, 18).

Kidney ultrasound is the primary method for diagnosing ADPKD in childhood. The disease can be identified in the fetus during gestation through ultrasound examination. Kidney cysts and diffusely enlarged kidneys with variable echogenicity may be diagnosed by prenatal ultrasonography (4, 19). In our clinical case report, polycystic kidney disease was suspected in the fetus during prenatal ultrasound and confirmed after birth. A better understanding of the prognosis of neonates with ADPKD is vital for prenatal genetic counseling (20). Approximately 3% of children with the diagnosed pathogenic variant of ADPKD experience an early onset and rapid progression of the disease. In the majority of patients, the kidneys massively enlarge, and the glomerular filtration rate significantly decreases in adulthood (5). ADPKD patients diagnosed at an early age are considered to have a high rate of mortality and severe complications (21). A study by Shamshirsaz et al. showed that in a cohort of 199 children, hematuria and proteinuria were associated with a larger kidney volume. Children with hypertension experienced faster kidney and cyst growth than their counterparts with normal blood pressure, which is indicative of a poor prognosis (20, 21). Our patient currently does not have proteinuria and hematuria but has arterial hypertension controlled by two antihypertensive drugs, which is a sign of a poor prognosis. Nonetheless, over 90% of ADPKD children diagnosed before 18 months maintain well-preserved kidney function into childhood (20). In our clinical case, WT was found incidentally. In children with polycystic kidney disease, only kidney ultrasound is routinely performed. In our case, MRI was performed to clarify the liver damage and the changes found in the kidneys, which were not observed by ultrasound. Treatment for Wilms' tumor is one of the notable achievements of pediatric oncology, with long-term survival rates exceeding 90% for cases with localized disease and more than 70% for cases with metastatic disease (22). Most often, Wilms' tumor affects one kidney, but in 6% of cases, both kidneys are affected. Bilateral WT are usually associated with pathogenic genetic variants and predisposing syndromes (23). Wetmore et al., in their study, sought to determine the risk of malignancy after kidney transplantation between patients with and without ADPKD. The occurrence of malignancies in recipients with polycystic kidney disease was 48% greater than anticipated in the general population. However, the median age of PKD recipients at transplantation was 51 years (24). Sun et al., in their article, describe that ADPKD cells and cancer cells share the same pathophysiological characteristics, such as increased abnormal cell proliferation and abnormal cell differentiation and polarity. Polycystin-1 and polycystin-2 play a role in regulating cell proliferation, differentiation, and the change of differentiation. Therefore, they recommend being alert for the development of malignancy processes in patients with ADPKD (25).



Conclusion

Reports regarding whether a diagnosis of ADPKD is a risk factor for malignancy are conflicting. Children with ADPKD should be frequently monitored for complications such as hypertension, kidney insufficiency, and neoplasms like WT, even though it is rare. MRI is more advantageous than a kidney ultrasound for providing a diagnosis in the early stages of Wilms' tumor for patient with ADPKD. Monitoring is especially important when considering or preparing patients with ADPKD for kidney transplantation.
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Neurofibromatosis type 1 (NF1) is an autosomal dominant genetic condition with complete age-dependent penetrance, variable expressivity and a global prevalence of ∼1/3,000. It is characteriszed by numerous café-au-lait macules, skin freckling in the inguinal or axillary regions, Lisch nodules of the iris, optic gliomas, neurofibromas, and tumour predisposition. The diagnostic testing strategy for NF1 includes testing for DNA single nucleotide variants (SNVs), copy number variants (CNVs) as well as RNA analysis for deep intronic and splice variants, which can cumulatively identify the causative variant in 95% of patients. In the present study, NF1 patients were screened using a next-generation sequencing (NGS) assay targeting NF1 exons and intron/exon boundaries for SNV and NF1 multiple ligation-dependent probe amplification (MLPA) analysis for CNV detection. Twenty-six unrelated Southern African patients clinically suspected of having NF1, based on the clinical diagnostic criteria developed by the National Institute of Health (NIH), were included in the current study. A detection rate of 58% (15/26) was obtained, with SNVs identified in 80% (12/15) using a targeted gene panel and NF1 gene deletion in 20% (3/15) identified using MLPA. Ten patients (38%) had no variants identified, although they met NF1 diagnostic criteria. One VUS was identified in this study in a patient that met NF1 diagnostic criteria, however there was no sufficient information to classify variant as pathogenic. The clinical features of Southern African patients with NF1 are similar to that of the known NF1 phenotype, with the exception of a lower frequency of plexiform neurofibromas and a higher frequency of developmental/intellectual disability compared to other cohorts. This is the first clinical and molecular characterisation of a Southern African ancestry NF1 cohort using both next-generation sequencing and MLPA analysis. A significant number of patients remained without a diagnosis following DNA-level testing. The current study offers a potential molecular testing strategy for our low resource environment that could benefit a significant proportion of patients who previously only received a clinical diagnosis without molecular confirmation.
Keywords: Neurofibramotosis type 1, single nucleotide variant (SNV), copy number variants (CNV), next generating sequencing, MLPA (multiplex ligation-dependent probe amplification)

INTRODUCTION
Neurofibromatosis type 1 (NF1; OMIM#162200) is an autosomal dominant genetic condition with complete penetrance and variable expressivity. It is a relatively common genetic disorder with a global prevalence of 1/2,500–1/3,000 live births. This neurocutaneous condition is characterized by variable expression with features including, but not limited to, cutaneous manifestations (e.g., multiple café-au-lait macules, and inguinal/axillary skin freckling), ocular findings (e.g., Lisch nodules of the iris and optic gliomas), neurological features (e.g., intellectual and learning disabilities, behavioural problems, and seizures), and a predisposition to the development of tumours (e.g., neurofibromas, plexiform neurofibromas, malignant peripheral nerve sheath tumours, brain tumours, breast cancer, and haematologic malignancies) (Cimino and Gutmann, 2018; Mao et al., 2018; Kang and Lee, 2019; Jafry and Sidbury, 2020). Individuals affected with NF1 typically have a below-average length/height and an above-average head circumference (Clementi et al., 1999; Soucy et al., 2013). Despite the variable clinical expressivity of NF1, several key criteria developed by the National Institutes of Health (NIH) (NIH, 1988) and revised by Legius et al. (2021) allow for the clinical diagnosis of this condition. Molecular genetic analysis may be required in certain instances such as for those individuals not meeting NIH diagnostic criteria, in the prenatal or preclinical genetic testing setting, genotype-phenotype correlation as well as in monitoring/surveillance of the affected individuals (Anderson and Gutmann, 2015; Legius et al., 2021).
NF1 was the first disorder identified to implicate a gene involved in the RAS/mitogen-activated protein kinase (RAS-MAPK) pathway, and is thus considered a RASopathy (Viskochil et al., 1990). It is caused by loss of function pathogenic variants in the neurofibromin 1 (NF1) tumor suppressor gene, located on the long arm of chromosome 17 (17q11.2). The NF1 gene encodes neurofibromin, a guanosine triphosphatase–activating protein that inhibits RAS activity. Neurofibromin catalyses RAS GTPase activity, thereby negatively regulating the RAS/MAPK signalling pathway. Pathogenic loss of function variants in the NF1 gene thus leads to the hyperactivation of RAS/MAPK signalling (Jafry and Sidbury, 2020) resulting in abnormal cell growth, differentiation and proliferation and the subsequent phenotype of NF1 (Friedman, 1993a; Mao et al., 2018). The NF1 gene is one of the largest known genes with a genomic size of 282 kb, consisting of 57 constitutive exons and three alternatively spliced exons without any obvious hotspot regions. Over 2600 NF1 pathogenic variants have been reported in the Human Gene Mutation Database (HGMD) and ClinVar disease variant databases to date (Stenson et al., 2003; Landrum et al., 2018).
Approximately 50% of NF1 cases are familial and the other 50% arise de novo (Anderson and Gutmann, 2015). Patients with NF1 caused by large deletions such as whole-gene deletions (termed NF1 microdeletions) present with somatic overgrowth, dysmorphism, an earlier and heavier burden of cutaneous and plexiform neurofibromas, an increased risk of malignant peripheral nerve sheath tumour development, and more severe neurocognitive delay compared to individuals with single nucleotide variants (Cnossen et al., 1997; Mautner et al., 2010).
The diagnostic testing strategies for NF1 include a series of investigations, which can cumulatively identify the causative variant in 95% of clinically affected individuals. Next-generation sequencing (NGS) technology using a targeted gene panel, targeting all exons of the NF1 gene, is able to identify 60%–90% of single nucleotide variants (SNVs) (Cimino and Gutmann, 2018). RNA analysis is reported to identify splice variants in 22%–30% of patients (Evans et al., 2016). Copy number variants (CNVs) have also been reported to cause NF1 in 5%–10% of patients (Imbard et al., 2015) and are detected using techniques such as microarray and multiplex-ligation dependent probe amplification (MLPA). These molecular testing strategies are used widely in most diagnostic laboratories for the molecular diagnosis of NF1, however somatic mosaicism may occur and make variant detection challenging (Messiaen and Xie, 2012).
Legius syndrome (also known as NF1-like syndrome) has clinical features that overlap with those observed in NF1 patients, such as multiple café-au-lait macules, freckling and learning difficulties. The molecular diagnosis of Legius syndrome is confirmed by the identification of a heterozygous pathogenic variant in the SPRED1 gene. Thus when analysing NF1 patients, it is recommended to screen both the NF1 and SPRED1 genes for variants (Brems et al., 2012; Legius et al., 2021).
In the African context, NF1 studies have focused on the characterisation of the clinical phenotype in probands and their relatives. A study by Sendrasoa et al. (2022) in Madagascar that included 28 patients with NF1 indicated clinical variability among the individuals as well as variable inheritance patterns, i.e., ∼61% sporadic and ∼39% de novo (Sendrasoa et al., 2022). Older studies in South Africa (Ramanjam et al., 2006) and Nigeria (Odebode et al., 2005) also focused on the clinical features of the NF1 cohorts in their various settings. These studies reported similar common clinical features such as café au lait spots, and benign neurofibromas, with the Nigerian study reporting a higher ratio of males to females (3:2) in their cohort and the highest density of neurofibromas covering the extremities (Odebode et al., 2005). The South African study which included 48 young patients (4–12 years) with a similar ratio of males and females reported learning and behavioural problems in ∼70% of the patients and this reinforced the importance of neuropsychology assessments in all children with reported school problems as well as enabling formal developmental assessments and planning of specific educational placement to optimize learning (Ramanjam et al., 2006). A study in Egypt by Abdel-Aziz et al. (2021) on the mutational spectrum of the NF1 gene in patients presenting with NF1, achieved a 96% detection rate with 24 of the 25 patients meeting the NIH diagnostic criteria for NF1 (Abdel-Aziz et al., 2021).
In the current study, patients of African ancestry with a suspected clinical diagnosis of NF1 were screened for SNVs and CNVs using a multi-disease targeted NGS panel and MLPA analysis of the NF1 and SPRED1 genes. There is currently no information available in the literature about the molecular aetiology in South African patients of African ancestry with NF1. A study performed in our laboratory demonstrated that NGS targeted gene panels are a cost-effective strategy that can be employed for the molecular diagnosis of a wide range of monogenic disorders in a low resource setting (Mudau et al., 2023). The current study aims to develop a molecular testing strategy that would identify the majority of NF1 variants and would be feasible for molecular diagnostic laboratories to implement, in low resource settings.
METHODS
Participants
Twenty-six unrelated patients of African ancestry clinically suspected to have NF1 were recruited from Genetic clinics across the Gauteng province of South Africa and consented to participate in the RASopathy study of the Division of Human Genetics, National Health Laboratory Service and the University of the Witwatersrand. The diagnosis of NF1 was based on whether the patients presented with clinical features meeting the diagnostic criteria for NF1 initially developed by the NIH (Legius et al., 2021). The NIH diagnostic criteria for NF1 is described in A and B as follows; A:The diagnostic criteria for NF1 can be met in an individual with two or more of the following are present: Six or more café-au-lait macules over 5 mm in greatest diameter in prepubertal individuals and over 15 mm in greatest diameter in postpubertal individuals; Freckling in the axillary or inguinal regiona; two or more neurofibromas of any type or one plexiform neurofibroma; optic pathway glioma; two or more iris Lisch nodules and a heterozygous pathogenic NF1 variant with a variant allele fraction of 50% in apparently normal tissue such as white blood cells.
B: A child of a parent who meets the diagnostic criteria specified in A merits a diagnosis of NF1 if one or more of the criteria in A are present.
Two patients (patient 9 and 11) did not fully meet the NIH clinical diagnostic criteria however; they were included in the study on the basis of strong supporting features of NF1; in addition patient 11 and patient 8 had features suggestive overlapping Noonan syndrome and NF1 (see Supplementary Table S1). The 26 patients underwent a clinical examination, including anthropometric measurements. A retrospective, descriptive review was performed on clinical data obtained from the 26 patients for whom data were available. Comprehensive clinical notes were not available for all patients and the number of patients with available data varied across the characteristic categories. Fisher’s exact test was used to calculate the p-value from a 2 × 2 contingency table of categorical variables. Differences in means were considered statistically significant with p values <0.05.
Ethics clearance was obtained from the University of the Witwatersrand Human Research Ethics Committee (HREC) (Medical) for the RASopathy studies (protocol numbers M170163 and M180506) and the University of Pretoria Research Ethics Committee (80/2018). Blood samples were obtained from the patients and DNA was extracted using a modified version of the salting-out method (Miller et al., 1988). DNA concentrations and quality were determined using the NanoDrop Spectrophotometer and Qubit fluorometer using dsDNA broad-range and high-sensitivity assay kits (Invitrogen by Thermo-Fisher Scientific, Inc.).
Molecular studies
The NF1 gene was sequenced using an NGS approach targeting only exons and 10bp of the exon/intron boundaries for each exon. Agilent SureSelectQXT and IonTorrent Ion Ampliseq capture assays to target the exons and exon/intron boundaries of the NF1 (NM_001042492.3), SPRED1 (NM_152594.3). Other RASopathy genes were also sequenced (Mudau et al., 2023), these included; A2ML1 (NM_144670.6), BRAF (NM_004333.4), CBL (NM_005188.4), HRAS (NM_005343.4), KRAS (NM_033360.4), LZTR1 (NM_006767.3), MAP2K1 (NM_002755.3), MAP2K2 (NM_030662.3), NF2 (NM_000268.4), NRAS (NM_002524.3), PTPN11 (NM_0002834.3), RAF1 (NM_002880.3), RASA1 (NM_002890.3), RASA2 (NM_006506.5), RIT1 (NM_006912.6), RRAS (NM_006270.5), SHOC2 (NM_007373.4), SOS1 (NM_005633.4), SOS2 (NM_006939.4). The two targeted gene panels utilised in the current study were custom designed using Agilent SureDesign Software (Agilent Technologies,United States) and ThermoFisher Ion AmpliSeq Designer (ThermoFisher Scientific, United States). Sequencing was done using the MiSeq (Illumina, CA, United States) and Ion S5 (ThermoFisher Scientific, United States) sequencing platforms, respectively, at The University of the Witwatersrand, Johannesburg, South Africa. Both these platforms have built-in parameters that perform basecalling (based on >90% of sequence read having quality score of Q30), sequence alignment to the h19 human reference genome as well as variant calling. These processes allowed for output of raw sequence format (FASTQ), binary alignment map (BAM) and variant call format (VCF) files. The VCF file obtained from each sample was annotated using Ensembl Variant Effect Predictor (VEP) (McLaren et al., 2016). Variants with a minor allele frequency above 0.025 in the Ensembl VEP population databases were excluded from further analysis. The minor allele frequency cut-off was informed by the American College of Medical Genetics and Genomics and Association for Molecular Pathology (ACMG-AMP) guidelines (Richards et al., 2015) and the ClinGen expert panel for RASopathies (Gelb et al., 2018). All disease-causing variants were evaluated for sequencing depth coverage (>30x) and quality information (allele ratio of ∼50% between the reference and the patient’ variant site with no observed allele/strand bias) by manual visualisation on the Integrative Genomics Viewer (IGV) (Robinson et al., 2017) using BAM files obtained per patient. Clinically significant variants were subsequently classified using the ACMG-AMP and the ClinGen RASopathy expert panel guidelines to identify putative disease-causing variants. SpliceAI tool was used as a plugin on the VEP software to assess if there were any high impact splice site variants from exon/intron boundaries. SpliceAI predicts splicing defects caused by DNA variations by giving delta scores that could be used to assess the level of likely splicing effect (de Sainte Agathe et al., 2023).
MLPA analysis
MLPA was used to detect CNVs in patients clinically diagnosed with NF1, but in whom no pathogenic SNVs were detected using the NGS panels. Commercially available SALSA P081 NF1 (version D1), P082 NF1 (version C2) and P122 NF1 (version D2) area MLPA probe mixes were used (MRC Holland, Netherlands). The P081 and P082 mixes collectively contain at least one probe for each exon of the NF1 gene and are able to detect deletions and duplications in the NF1 gene. The P122 probe mix detects deletions and duplications in the region surrounding the NF1 gene including the ADAP2, ASPA, ATAD5, BLMH, CPD, CRLF3, LRRC37B, MYO1D, NF1, PMP22, PSMD11, RNF135, SUZ12, SUZ12P1, TRAF4, UTP6, ZNF207, UTP6 and ZNF207 genes. SALSA MLPA EK1 Reagent kit (FAM labelled) (MRC Holland, Netherlands) was also used as per the manufacturer’s instructions. Capillary electrophoresis was performed using the GeneScan 500 LIZ size standard and the Applied Biosystems 3500xl Genetic Analyzer (ThermoFisher Scientific, United States). MLPA fragments were analysed using the Coffalyser.Net software (MRC Holland).
RESULTS
The study consisted of 26 unrelated Southern African patients of various ethnolinguistic groups. Ten (38%) were female and 16 (62%) male. The median age was ∼12 years old (range 6 months–42 years). An NF1-causing variant was identified in 15/26 (58%) patients, a VUS was identifed in 1/26 patient (4%) (patient 8), and 10/26 (38%) did not have any clinically significant SNV or CNV identified. Twelve patients, 12/26 (46%) of the study group had pathogenic/likely pathogenic SNVs identified using the NGS gene panel. Three patients, 3/26 (12%) had CNVs identified using MLPA analysis. The molecular findings are outlined in Table 1. In the present study, the 15 patients with a pathogenic/likely pathogenicvariant identified are referred to as the positive cohort in the discussion and the 10 patients with no pathogenic variant identified as the negative cohort. The main clinical characteristics of the positive and negative cohorts are outlined and compared in Table 2. More detailed clinical information can be found in Supplementary Tables S1, S2. In the positive cohort, 4/15 (27%) of patients, for whom the information was available, had a documented first degree relative with clinically-diagnosed NF1. Detailed phenotypic information was not available for these relatives.
TABLE 1 | Molecular findings of the 15 patients with heterozygous NF1-causing variant and one VUS identified in Patient 8 classified using ACMG-AMP guidelines. The variants were described using HGVS (SNVs) and ISCN (CNVs) nomenclature and NF1 gene transcript NM_001042492.3
[image: A table listing genetic variants, including columns for patient number, c.notation, p.notation, type, ACMG-AMP codes applied, classification, and ClinVar ID. Patients 1 to 13 are listed in the first section with details such as missense, nonsense, and frame-shift mutations classified as pathogenic or likely pathogenic. Patients 14 to 16 are listed in the second section under "Heterozygous CNVs identified by MLPA analysis," detailing variants, chromosomal coordinates, deletion sizes, and interpretations, also classified as pathogenic.]TABLE 2 | Comparison of the clinical characteristics noted in Southern African patients with clinically diagnosed NF1, in whom NF1-causing SNV/CNV was (positive cohort) or was not (negative cohort) identified using two-tailed exact Fisher test.
[image: A table comparing various clinical features between a positive cohort and a negative cohort, with p-values from Fisher's exact test. Features include demographic information, ectodermal and ocular characteristics, tumors, neurological and musculoskeletal conditions, CVS, growth centiles, and craniofacial features. The table details the number and percentage for each cohort and provides specific notes and abbreviations for context.]The c.1885G>C (p.Gly629Arg) variant identified in patient 8 was downgraded from likely pathogenic to VUS due to code PS1 being downgraded to moderate as there is no evidence that the c.1885G>C variant (ClinVar ID: 1410579) affects splicing as in the case of c.1885G>A (ClinVar ID: 68308). The codes applicable this variant were, PP4 because the patient met the NHI NF1 criteria, PM2 as the variant was not found in population databases and PS1_moderate which led to VUS classification.
The sequence variants in Table 1 were all previously reported in ClinVar, except for the c.616A>T,p.Lys206Ter variant identified in patient 13, which has not been reported in the literature or ClinVar, suggesting that this variant could be a novel variant. The variant was submitted to ClinVar through current study only (2,443,302). The missense variant c.5609G>A, p.Arg1870Gln identified in patient 12 occurs at last base pair of coding exon 38, which makes it likely to have some effect on normal mRNA splicing. The distribution of the variants throughout the neurofibromin domains is shown in Figure 1, indicating that there is no obvious hotspot region associated with pathogenic variants in the NF1 gene.
[image: Diagram depicting the Nf2 protein structure with various domains and exon segments. It includes CSRD, GRD, Sec, PH, and CTD domains. Specific exons (1-15) and amino acid positions (543-2260) are labeled, along with variants from a study.]FIGURE 1 | Clustering of the pathogenic and likely pathogenic sequence variants identified in the current study to the neurofibromin domains. (CSRD) Cysteine Serine Rich Domain; (TBD) Tubulin Binding Domain; (GRD) GTPase Activating Protein Related Domain; (SEC) SEC14p Homology Domain; (PH) Pleckstrin Homology Domain; (CTD) C-Terminal Domain; (NLS) Nuclear Localization Site. Variants are coloured to indicate within which exons they occur.
Two of the three patients with identified CNVs had heterozygous whole gene deletions extending into the genes flanking the NF1 gene (patient 14 and 16), as shown in Figure 2. The third patient (patient 15) had a deletion of two exons (exon 19 and 20) that has not been reported before in the literature and is shown in Figure 2. Patient 14 had a heterozygous type 3 NF1 gene deletion encompassing the whole gene and extending into three genes downstream of and flanking NF1 (LRRC37B, SUZ12 and UTP6). Patient 16 had a type 1 heterozygous gene deletion including the entire NF1 gene and extending into multiple genes both up- and downstream of and flanking the NF1 gene (SUZ12P1, CRLF3, ATAD5, ADAP2, RNF135, UTP6, SUZ12 and LRRC37B). Type 1 NF1 deletions typically encompass 1.4 Mb covering the entire NF1 gene and multiple flanking genes, while type 3 deletions are typically 1 Mb in size. The clinical information for these three patients is shown in Supplementary Table S1 (shaded) and they all met the NIH NF1 diagnostic criteria based on the features they present.
[image: Diagram illustrating sections of a gene sequence with blue segments labeled with gene names like CMKLR1 and NT2. Beneath are three aligned red bars labeled Patient 1-3, indicating deletion sites of varying lengths.]FIGURE 2 | Showing NF1 gene deletion variants for patient 15 (Exons 19 and 20 deletion), Patient 14 (Type 3 deletion encompassing NF1 gene extending into other genes downstream of NF1) and patient 16 (Type 1 deletion including NF1 and flanking genes). Please note probe for genes in the blue blocks were included in the MLPA kits used in the current study and the genes in the grey block were not included. Coffalyser ratio charts for these are shown in Supplementary Figure S1.
Ten, 10/26 (38%), patients had no variants identified using NF1 and SPRED1 SNV analysis or NF1 CNV analysis. The negative cohort did not have SpliceAI delta scores suggesting high confidence of pathogenicity. No clinically significant variants were identified in other RASopathy genes (CBL, LZTR1, KRAS, NRAS, PTPN11, RAF1, SOS1, RIT1, SOS2, RASA1, BRAF, MAP2K1, MAP2K2, SPRED1, NF1, NF2, HRAS, SHOC2, RRAS, RASA2, A2ML1) that were included in the targeted panel (Mudau et al., 2023). In the negative cohort, 3/5 (60%) patients, for whom the information was available, had a documented first degree relative with clinically-diagnosed NF1. Detailed phenotypic information was not available for these relatives.
DISCUSSION
The study cohort included 26 unrelated patients of Southern African ancestry with clinical features highly suggestive of NF1. A positive detection rate of 58% (15/26) was achieved, with 46% (12/26) being SNVs identified using a NGS targeted gene panel and 12% (3/26) NF1 deletion variants identified using MLPA CNV analysis. These frequencies are in keeping with known data on NF1 causative variants, with 50%–90% of the variants associated with NF1 identified using sequence analysis and 5%–10% identified using targeted deletion/duplication analysis (Friedman, 1998; Pacot et al., 2021).
Of the 12 pathogenic/likely pathogenic sequence variants identified, ∼92% (11/12) had been previously reported and only one variant, c.616A>T (p.Lys206Ter) identified in patient 11, was novel, not previously reported in disease variant databases or the literature prior to the current study. This nonsense variant substitutes lysine at position 206 introducing a stop codon, resulting in premature termination of translation and a truncated protein. Since this variant is located in exon 6 of 58 exons of the NF1 gene (Figure 1), premature termination of translation will adversely affect the protein (Svidritskiy et al., 2018). It is expected that the protein will either be absent due to nonsense-mediated decay of the transcripts, or the protein will be significantly disrupted since only a small part will be translated (He and Jacobson, 2015; Kurosaki and Maquat, 2016).
Together with the novel variant, truncating (frameshift and nonsense) variants were identified in 67% (8/12) of the patients; the seven identified variants have all been reported to cause NF1 mostly resulting in haploinsufficiency of the NF1 gene and loss of function (LoF) of the gene product (Castellanos et al., 2020; Zhang et al., 2021). Missense pathogenic variants altering protein function due to amino acid substitutions accounted for 23% (3/13) of the variants. The high frequency of truncating variants compared to the missense variants was not unique to the present study. In a study by Riva et al., 2022 that reviewed NF1 patient records in Parma hospital in Italy, out of 34 variants identified, 67.6% (23) were frameshift and nonsense compared to one missense variant (Riva et al., 2022). Although there are no significant differences in phenotype severity reported between truncating and missense NF1 variants in the literature as well as the current cohort, a study on NF1 missense variants (Koczkowska et al., 2020) showed that some patients with these variants exhibited some Noonan syndrome phenotypes such as pulmonic stenosis, cardiovascular abnormalities, short stature and macrocephaly. This was, not the case in the three patients (1, 10 and 12) with missense variants in the current cohort, they all met NIH NF1 diagnostic criteria without any apparent overlapping Noonan syndrome features. Missense VUS was identified in patient 8 who met NIH NF1 diagnostic criteria, the variant did not meet the ACMG criteria to be classified as disease causing. A recent study performed in a diagnostic laboratory in Italy, where a 20 years reassessment of NF1 VUSs, 85 out of 589 (14%) NF1 tests requested. Of these VUSs 66% of missense VUSs were reclassified to likely pathogenic/pathogenic (Martorana et al., 2023). It is likely that the VUS identified in the current study will be reassessed in the future when more functional evidence is available.
The pathogenic variants identified in this study are distributed throughout the NF1 gene as seen in Figure 1. Five variants (all previously reported to be associated with NF1) were clustered in the region upstream of the CSRD domain. Although this region of the gene is uncharacterised and not within any known functional domain, it appears to be a critical region for truncating NF1-causing variants as reported in this study, as well as various other studies (Sabbagh et al., 2013; Abdel-Aziz et al., 2021). Three variants, two of which were protein truncating variants, clustered upstream of the CTD domain which is responsible for regulating the neurofibromin phosphorylation activity that promote cell proliferation (Bergoug et al., 2020). Four variants were within the CSRD, GRD and PH functional neurofibromin domains. Variants in these protein domains are reported to affect the protein activity, leading to loss of function of the neurofibromin protein due to haploinsufficiency (Bergoug et al., 2020; Zhang et al., 2021). The distribution of the variants in the NF1 gene protein domains is similar to the one observed in the literature where distribution of various pathogenic variant types throughout the gene with no obvious hotspot region (Friedman, 1993b; Abdel-Aziz et al., 2021; Legius et al., 2021; Riva et al., 2022). Missense variants were observed to cluster in the CSRD domain (Figure 1) with no truncating variant observed, however the sample size in the current study is too small to make significant discussion on these.
Of the three patients with NF1 CNVs, a type 1 heterozygous deletion was identified in one patient (patient 16). This type of a deletion is the most commonly identified large deletion in NF1 patients and is typically ∼1.4 Mb in size and has defined recurrent breakpoints NF1-REPa and NF1-REPc (Pasmant et al., 2010; Pacot et al., 2021; Kehrer-Sawatzki and Cooper, 2022). A second, type 3 heterozygous deletion identified in patient 14 is a rarer deletion reported to be ∼1 Mb in size (Kehrer-Sawatzki and Cooper, 2021; 2022). A novel heterozygous two-exon deletion was identified in patient 15 and has not been reported in CNV databases such as DECIPHER. This deletion was reported as clinically significant due to haploinsufficiency secondary to protein truncation.
Overall, the clinical features identified in the present study group were consistent with the known phenotype associated with NF1. Of the positive cohort, most of the patients [87% (13/15)] met the NIH clinical diagnostic criteria for NF1 (Legius et al., 2021). The two remaining patients (patient 9 and patient 11), who did not meet these criteria, were included in the study on the basis of supportive features; patient 9 (with c.5991G>A, p.Trp1997Ter pathogenic variant) had a FASI identified on MRI brain scan and patient 11 (with c.1A>C, p.Met1? Likely pathogenic variant) had an incomplete assessment which was lacking a formal ophthalmological examination but had other suggestive features, with some suggestive of a NF1-Noonan syndrome (NS) phenotype (NFNS, OMIM# 601321); the c.1A>C (p.Met1?) likely pathogenic variant identified in this patient has one submission on ClinVar (in addition to the one identified in the current study). This submission (ClinVar ID, 694,505) was reported in a patient with NF1, this suggests that although the patient was reported to have a NFNS phenotype, the NF1 variant could be responsible for the clinical presentation. A NFNS phenotype is reported to occur in approximately 12% of cases of NF1 (Friedman, 1993a; Stevenson et al., 2006). Two patients, patient 8 with the NF1 VUS and patient 11, were suspected as having a NFNS phenotype. Although the diagnosis of NF1 in patient 8 has not yet been molecularly confirmed, this patient meets NIH criteria for NF1 and, together with patient 11, would result in a NFNS phenotype frequency of 13% in this cohort, in keeping with the reported frequency of NFNS phenotypes. Patient 8 and 11 also had full RASopathy panel screening and were found to not have any other variant except the variant identified in the NF1 gene. The start-loss variant identified in patient 11 (c.1A>C, p.Met1Leu) may need additional information to confirm pathogenicity since variants occurring in the first codon of a gene needs additional transcript information or functional evidence to interpret (Abou Tayoun et al., 2018). Similarly the variant identified in patient 8 (c.1885G>C,p.Gly629Arg) was classified as VUS due to the need to downgrade code PS1 that was applied because another variant c.1885G>A (VCV000068308.47) with the same amino acid change was classified as pathogenic. However there is a functional study supporting the effect of c.1885G>A variant on the protein (Pros et al., 2008) and there is no study on the effect of c.1885G>C variant on the protein function leading to classification of VUS (Richards et al., 2015).
Individuals with NF1 typically have an above-average head circumference with only a minority having a head circumference that is greater than 4 SD above the mean for age (Friedman, 1993b). Of the total positive cohort, 93% (14/15) had an above-average head circumference and 80% (12/15), in whom the information was available, had either a documented macrocephaly or relative macrocephaly. Only one patient [7% (1/15)] had a head circumference that was greater than four SD above the mean for age. Of the SNV-positive patients the majority [75% (9/12)], for whom information was available, had either macrocephaly or relative macrocephaly. These findings are all in keeping with the known NF1 phenotype. Macrocephaly is reported to correlate with optic pathway gliomas in approximately 62% of children with NF1 (Schindera et al., 2011); however there were no documented optic gliomas (past or present) noted in any of the present study’s positive patients with true macrocephaly, in whom an ophthalmology assessment had been performed.
Individuals with NF1 typically also have a below-average height with only a minority having a height that is greater than three SD below the mean for age. In the present study, below-average height was documented in 79% (11/14) of the total positive cohort, for whom data was available. This finding is consistent with the known height phenotype of NF1. Only 3/14 (21%) in whom the information was available, and all with a pathogenic SNV identified, had short stature with a height below the third centile and greater than two SD below the mean for age. Only one patient had a height that was greater than three SD below the mean for age.
The frequency of short stature in children with NF1 varies across the literature from 8% to 33%, with the frequency of short stature in the present study’s cohort falling within this range and being a similar frequency (27%) to that reported by North. (1993) (North, 1993; Zessis et al., 2018).
Of the positive cohort, only 33% (5/15) had a documented plexiform neurofibroma/s, a lower frequency than the reported frequency of approximately 50% in the literature (Friedman, 1993a; Legius et al., 2021). This is likely because many plexiform neurofibromas are located deep in the body and are typically only identified on detailed radiological imaging, which was lacking and was not performed routinely in our cohort. In the State healthcare sector in South Africa, and possibly in other low- or middle-income countries, patients with NF1 are not routinely investigated for plexiform neurofibromas unless there are signs and/or symptoms to suggest the presence of one. The lower frequency of plexiform neurofibromas in the present study may also be influenced by age-related penetrance, as the present positive cohort was predominantly paediatric in age. One-third of the SNV-positive cohort 33% (4/12) had one or more plexiform neurofibroma. Patient 6, identified to have a frameshift variant (c.5267_5268del), had a higher burden of plexiform neurofibromas (three in total) and was also found to have a brainstem glioma.
Intellectual disability, learning difficulties and behavioural problems are all known to occur in patients with NF1 (Sabbagh et al., 2013; Mao et al., 2018; Kehrer-Sawatzki and Cooper, 2022). A high frequency [40% (6/15)] of the present positive cohort had documented developmental or intellectual disability, a much higher frequency than that of between 4 and 8% noted in a review of the literature (Vogel et al., 2017). The high frequency noted in the present study is likely an overestimate due to possible ascertainment bias, it is suspected that individuals with NF1 who have developmental or intellectual disability are more likely to be referred to our local genetic clinics. It must be noted that a formal neurodevelopmental assessment was not part of this study and these diagnoses were based on clinical history and hospital file notes.
Among other features, the NF1 microdeletion phenotype is associated with somatic overgrowth, dysmorphic features (notable in adolescence and adulthood), more severe cognitive challenges, the earlier appearance with greater numbers of neurofibromas, and an increased risk of developing MPNST (Pasmant et al., 2010). Of the present study’s CNV-positive cohort, 67% (2/3) in the present study had macrocephaly, 33% (1/3) had relative macrocephaly, 100% (3/3) had normal weight, and none of the patients had tall stature. None of the deletion-positive patients were noted to have significant facial dysmorphism, however, these patients were relatively young and facial dysmorphism may still develop over time. All three deletion-positive patients had more than two cutaneous neurofibromas, with patient 15 also having a plexiform neurofibroma; however, the exact number and ages at which the neurofibromas developed were not documented in the clinical notes. There were no documented histories of MPNST in any of the CNV-positive patients. Intellectual disability is also well described in the NF1 microdeletion phenotype and occurs in over half of patients with the NF1 microdeletion phenotype (Legius et al., 2021; Kehrer-Sawatzki and Cooper, 2021). Although a small sample size, this was consistent with the present study’s deletion-positive cohort where 67% (2/3) had documented developmental/intellectual disability, and all three patients [100% (3/3)] had a documented learning disability. Again, it must be noted that a formal neurodevelopmental assessment was not part of this study and these diagnoses were based on clinical history and hospital file notes. Prospective studies on a larger sample size of South African patients are needed to adequately comment on the deletion-phenotype of NF1 in Southern African patients.
Of the present study cohort, 38% (10/26) tested negative for a disease-causing SNV/CNV. All 10 patients within the present negative-cohort met NIH clinical diagnostic criteria for NF1 (Legius et al., 2021). There were no significant differences observed in the clinical characteristics between the negative and positive cohort (Table 2).
The cross-sectional nature of the clinical data collection would also have influenced the frequencies of clinical features reported, and therefore a more prospective study on the clinical features and genotype/phenotype correlations in a larger cohort of Southern African patients with NF1 would be valuable. Of concern is that the less complicated cases of NF1 are perhaps not being referred to the genetic services, and therefore may not be receiving the necessary genetic counselling and medical surveillance that they require. Of special mention, only 35% (9/26) of the entire study cohort had undergone a formal ophthalmological assessment. Although NF1 is a relatively common genetic condition which presents to various other clinics (e.g., paediatric, adult neurology, oncology), based on the data obtained from clinical notes it appears that the clinical workup of a suspected NF1 patient and medical surveillance of a clinically diagnosed patient with NF1 is often incomplete in our local clinical setting. Patients with NF1 are not always routinely referred to, or do not always have easy access to, the genetic services in South Africa. It is possible that the more ‘obvious’ or apparently severe cases of NF1 are referred more readily to the genetic clinic and therefore there may be an element of ascertainment bias.
Although NF1 can be clinically diagnosed in most cases, genetic testing has a role to play in certain instances. These include confirming cases that do not strictly meet NIH NF1 criteria, informing clinical surveillance, and allowing for cascade and prenatal testing. Patients with NF1 often present in infancy or childhood and a confirmed genetic diagnosis would enable early diagnosis and implementation of formal medical surveillance from a young age, thereby potentially reducing the morbidity and mortality associated with NF1-complications. Genetic diagnosis may also allow for genotype-phenotype correlation with improved counselling and management, as well as potentially enabling patients to take part in future trials for molecular-targeted therapies. We would recommend that all South African State healthcare patients suspected of having NF1, regardless of perceived severity, be referred to the genetic services available in city centres across South Africa. Genetic services can provide genetic counselling, clinical assessment, implementation of appropriate medical surveillance, identification of other at-risk family members, and diagnostic and/or prenatal genetic testing. Currently these services are available in three provinces Gauteng, Western Cape and Free State in South Africa with patients from other rural provinces having to travel to these three for mostly clinical phenotyping and genetic testing only offered when indicated.
CONCLUSION
This is the first study documenting both the molecular and clinical characteristics of NF1 in a group of Southern African patients. This study was able to molecularly confirm the diagnosis of NF1 in 58% of the study group. Of the 15 positive variants identified, two variants (c.616A>T and the exon 19 and 20 deletion) have not been reported previously and may be novel variants. The majority of our patients met NIH clinical diagnostic criteria for NF1, yet 38% had no identifiable disease-causing SNV or CNV in NF1. These patients could benefit from future testing using SPRED1 CNV analysis, NF1 RNASeq or full gene sequencing to detect splice-site variants and other complex variants, however some of these may be somatic mosaic. Screening somatic mutations in the neurofibroma tissues may also identify mutations causing NF1 in these patients. Our study also confirms that the clinical features of Southern African patients with NF1 are largely similar to that of the known NF1 phenotype, with the exception of a lower frequency of plexiform neurofibromas and a higher frequency of developmental/intellectual disability compared to other cohorts, possibly reflecting ascertainment bias. In the State healthcare setting in South Africa, it is recommended that all patients suspected of having NF1 be referred to genetic services in order to access genetic counselling and testing, as well as guidance related to the recommended medical surveillance. Prior to the current study, these patients did not have a molecular confirmation for their clinical diagnosis. The identification of a causative variant is beneficial in interventions such as tumour surveillance as well as inclusion in NF1 clinical trials This study shows that by utilizing an NGS targeted panel, followed by MLPA CNV analysis, many patients can now obtain a molecular diagnosis which was not available previously.
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Case report: A novel COL3A1 variant in a Colombian patient with isolated cerebrovascular involvement in vascular Ehlers–Danlos syndrome
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Introduction: To date, approximately 600 unique pathogenic variants have been reported in COL3A1 associated with vascular Ehlers–Danlos syndrome (vEDS). The objective of this study was to describe a patient with a novel variant in COL3A1 associated with vEDS.
Case report: We describe the clinical history and thorough phenotyping of a patient with brain aneurysms and identified a novel pathogenic variant in COL3A1. This male patient reported transient focal neurologic symptoms. Physical examination showed abnormal atrophic scarring, horizontal stretch marks under the arms, and an acrogeric appearance of the skin of the hands and feet. Brain imaging revealed extensive dilation of both internal carotids and the vertebrobasilar system. Molecular analysis identified a variant in COL3A1 (NM_000090.4):c.3058G>T p.(Gly1020Cys), which was classified as likely pathogenic. Currently, the patient has never had an event concerning dissection/rupture of tissues that could be affected in this condition.
Conclusion: This report demonstrates that exhaustive evaluation with clinical and genetic approaches should be considered in patients with vascular abnormalities. vEDS has a variable clinical presentation and often goes unrecognized, even though it is related to life-threatening complications and a shortened life expectancy. Diagnosis confirmed by genetic testing is crucial to determining appropriate surveillance, prevention, treatment, and genetic counseling.
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1 Introduction

Vascular Ehlers–Danlos syndrome (vEDS) or EDS type IV is a rare connective tissue disorder of the heterogeneous group of EDS, characterized by intracranial and extracranial vascular abnormalities (1). vEDS is the least common form of EDS, with an estimated prevalence of 1/150,000. The major neurological complications include carotid cavernous fistulas, cervical arterial dissections, and intracranial aneurysms (2, 3).

Diagnosing vEDS is challenging due to its uncommon occurrence and diverse clinical manifestations. It relies on clinical observations initially and is later confirmed through molecular testing. The clinical identification of vEDS can be challenging as it shares similarities with other connective tissue disorders and arterial pathologies. For individuals with a history of early-age arterial rupture or dissection, intestinal rupture, or idiopathic pneumothorax, suspicion of vEDS should arise if they exhibit minor physical traits such as a thin, see-through skin with prominent veins and increased flexibility in small joints. Figure 1 shows vEDS diagnostic criteria (1). Diagnosis of vEDS is confirmed with a positive genetic test, that is, the identification of a pathogenic variant in COL3A1, which encodes the pro-α 1 chain of type III procollagen. Currently, more than 600 unique pathogenic variants in COL3A1 have been identified (4, 5).

[image: Diagram of diagnostic criteria for Vascular Ehlers-Danlos Syndrome (vEDS/EDS Type IV). Major criteria include arterial rupture, carotid-cavernous fistula, sigmoid colon perforation, uterine rupture, and family history. Minor criteria, marked with checks, are thin skin, acrogeria, hypermobility, translucent skin, spontaneous pneumothorax, talipes equinovarus, tendon rupture, varicose veins, keratoconus, gingival fragility, and characteristic facial appearance. A human figure is illustrated.]

FIGURE 1
 Vascular Ehlers-Danlos Syndrome diagnostic criteria. According with “The 2017 international classification of the Ehlers-Danlos syndromes”. Minimal criteria suggestive for vEDS: A family history of the disorder, arterial rupture or dissection in individuals less than 40 years of age, unexplained sigmoid colon rupture, or spontaneous pneumothorax in the presence of other features consistent with vEDS should all lead to diagnostic studies to determine if the individual has vEDS. Testing for vEDS should also be considered in the presence of a combination of the other “minor” clinical features. (✔): positive or presented in our case. (NA): not applicable. (*): some authors reported fragility or aneurysm in tissues.


The most frequent variants are heterozygous missense substitutions affecting glycine residues, but in some cases, vEDS can also stem from modifications in the splicing sites of genetic segments responsible for encoding a sequence forming a triple helix. Rarer variations such as frameshift mutations, nonsense mutations, or large deletions can also be found (5). An accurate diagnosis, coupled with suitable clinical care and ongoing monitoring, enhances the survival rates of individuals with vEDS. We report a case of vEDS associated with a novel missense variant in exon 42 of the COL3A1 gene in a patient with isolated cerebrovascular involvement.



2 Case description

We present the case of a 38-year-old man with resistant hypertension who presented to the emergency department (ED) after transient right-arm monoparesis that lasted 25–30 min. On admission, his blood pressure was 180/115 mmHg, and the neurological examination was normal. Head computed tomography (CT) was ordered to exclude the possibility of a stroke; brain parenchyma showed no abnormalities, but a fusiform dilation of the M1 segment of the left middle cerebral artery with increased density was observed (Figure 2A). CT angiography of the cerebral arteries showed tortuosity of the internal carotid arteries (Figures 2B,C). Cerebral angiography confirmed an extensive dilation of both internal carotids and the vertebrobasilar system with no lesions requiring endovascular treatment and suggestive of a systemic etiology (Figures 2D–G). Abdominal CT angiography showed no vascular abnormalities. Transesophageal echocardiogram showed no alterations, and all metabolic, autoimmune, and infectious tests were normal. The patient was discharged with a diagnosis of a transient ischemic attack and instructions for secondary prevention and outpatient follow-up.

[image: CT and angiography images showing various views of cranial and cerebral vasculature. Image A depicts a cross-sectional CT scan of the brain with an arrow indicating a specific point. Images B and C show three-dimensional renderings of cerebral arteries. Images D, E, F, and G display angiograms highlighting vascular structures in grayscale, each with distinct focus areas related to cerebral circulation.]

FIGURE 2
 (A) An axial non-contrast CT scan shows a fusiform aneurysm of 10 mm diameter of the M1 segment of the left middle cerebral artery with increased density. (B) A three-dimensional (3D) reconstruction of CT angiography of the cerebral arteries shows a fusiform aneurysm involving the ophthalmic and posterior communicating segments of the left internal carotid artery. The course of both internal carotid arteries and the vertebrobasilar system is tortuous. (C) A lateral view of the 3D reconstruction of CT angiography of the cerebral arteries. Cerebral angiography. AP (D,F) and lateral projections (E,G) of internal carotids showing fusiform dilation and tortuosity of both internal carotid arteries from the petrous segment to the terminal segment. No saccular aneurysms are seen. (D,E) Right carotid. (F,G) Left carotid.


Four months later, he presented again to the ED for a syncope due to a hypertensive crisis without focal neurologic symptoms. The images from the brain CT and CT angiography showed no discrepancies compared to the previous images. A Doppler ultrasound of renal arteries reported no stenosis. Oral antihypertensives were adjusted, and he was discharged. Given the diffuse involvement of the cerebral vasculature, the patient was referred to medical genetics. The patient had no relevant family health history or familial hypertension history. The parents of the proband were not available; his father died in a traffic accident at the age of 61, and his mother had been living in another city for several years. Physical examination revealed thin lips, abnormal atrophic scarring, thin skin with venous visibility in some areas, alopecia of the scalp, horizontal stretch marks under the arms, and acrogeric appearance of the skin of the hands and feet (Figure 3). The Beighton score was 4 points. The rest of the examination was unremarkable.

[image: A four-panel image showing various body parts. Panel A shows a top view of a bald head with visible skin texture. Panel B displays both hands placed on a wooden surface, palms down. Panel C presents a close-up of skin with visible dryness and folds, possibly an armpit. Panel D shows two feet from above, slightly dry skin visible, with one foot wearing jeans.]

FIGURE 3
 Patient had alopecia of the scalp (A), horizontal stretch marks under the arms (C), and acrogeric appearance of the skin of the hands and feet (B,D).


Proband-only exome sequencing was performed and reported a heterozygous variant in COL3A1 (NM_000090.4):c.3058G>T p.(Gly1020Cys) at genomic coordinates GRCh38 chr2:189006224, which was later confirmed by Sanger sequencing. This variant has not been annotated in the gnomAD, the ExAC, 1,000 Genomes, ClinVar, or HGMD databases. According to the American College of Medical Genetics and the Association for Molecular Pathology (ACMG/AMP) guidelines, we classified this variant as likely pathogenic, and a diagnosis of vEDS was made (1, 6). Figure 4 shows the patient’s pedigree, a schema of the COL3A1 gene and protein, and the site of the variant.

[image: Panel A shows a pedigree chart illustrating the inheritance pattern of vascular Ehlers-Danlos syndrome (vEDS) through three generations, identifying affected individuals. Panel B displays a gene structure diagram with exons and protein domains, indicating regions such as signal peptide, von Willebrand factor type C, N-propeptide, triple-helix repeat, and fibrillar collagen C-terminal noncollagenous.]

FIGURE 4
 Pedigree of the patient and family (A), schema of the COL3A1 protein structure, its domains, and localization of the identified variant (B).




3 Methods

Informed consent from the patient was obtained, reviewed, and approved by the Ethics Committee of Fundación Valle del Lili, Colombia (human study protocol #487-2023). The study was conducted in accordance with the Declaration of Helsinki.

A peripheral blood sample was obtained from the proband, and DNA was extracted using a Qiagen QIAamp® DNA Mini Kit. DNA was sequenced using the GeneSGKits® protocol for next-generation sequencing (NGS). Exome sequencing was performed. Target regions were captured using the SureSelectXT Human All Exon V6 (Agilent Technologies), and sequencing was performed on an Illumina HiSeq® instrument. The sequencing reads were aligned to the human reference genome (GRCh38) using the Burrows–Wheeler Aligner.

The Genome Analysis Toolkit (GATK) was used to perform variant calling (VCF_files). Variants were filtered using GeneSystems® analysis software according to whether it was a gene with the Online Mendelian Inheritance in Man (OMIM) phenotype. The analyzed regions include the coding exons and adjacent intronic regions (±10 bp) of the captured genes. Only variants with allele frequency < 1% were considered. The Integrative Genomics Viewer was used for visual exploration of the clinically relevant variants. Following this process, we were able to get a list of 32 potential variations. Additionally, a file was prepared containing genes that are related or potentially related to possible major phenotypes based on Human Phenotype Ontology (HPO) terms. This file served as a selected list of candidate genes for variant filtering and included the following list of terms: “Hypertension HP:0000822”; “hypertensive crisis HP:0100735”; “cerebral aneurysm HP:0004944”; “carotid artery aneurysm HP:0012163”; “aneurysm HP:0002617; “transient ischemic attack HP:0002326″; “joint hypermobility HP:0001382″; “metacarpophalangeal joint hyperextensibility HP:0006099″; and “atrophic scars HP:0001075″. Variants with a high pathogenicity score were selectively retained from the output file, and only the COL3A variant was prioritized after the phenotype HPO terms analysis. The read count was ≥20x, and a variant reads/total reads ratio ≥ 0.2. ACMG/AMP criteria were used for variant classification (6). Finally, according to the similarity between clinical features in the patient and the gene–phenotype relationship, Sanger sequencing for the COL3A1 variant was performed. A 3730xl DNA Analyzer (Applied Biosystems) was used, and the sequence of the primers was as follows: forward 5′-GGTGCAATCATGGCTCACTT-3′ and reverse 5′-CCTTTGTAAGTCAGACAGGTTG-3′.



4 Discussion

The clinical diagnosis of vEDS is often challenging due to its overlap with other connective tissue disorders and arteriopathies. Typically, vEDS is suspected in cases involving severe manifestations or premature death occurring before the fifth decade, characterized by spontaneous ruptures of the arteries, uterus, or bowel, although it has also referred to the fragility of tissues, such as arterial aneurysms that precede dissections or ruptures (7). However, the individual we present had a distinct clinical scenario where he exhibited only arterial aneurysms, thin vermillion of the lips, hypermobility of small joints (Beighton score 4 for fifth fingers and thumbs), thin skin, and acrogeria, serving as major and minor diagnostic criteria for vEDS, respectively (Figure 1) (1, 7). Our patient exhibits syndrome features that enable the establishment of a diagnosis through a multidisciplinary approach, including genetic consultation and testing to identify a novel variant in COL3A1, expanding the spectrum of disease-causing variants. The COL3A1 gene (MIM: *120180) is located on chromosome 2q32.2 and spans 44 kb, comprising 51 exons. It encodes the pro-α (III) chain of type III collagen, a protein characterized by 343 repetitions of glycine-X-Y (Gly-Xaa-Yaa) in each of the three polypeptide chains. Type III collagen is primarily found in connective tissues such as skin, lungs, uterus, intestine, and the vascular system, often in conjunction with type I collagen (8). More than 600 unique pathogenic variants have been reported in COL3A1 associated with vEDS (9). They have been classified as glycine substitutions, splice-site, frameshift, nonsense, large deletion variants, and non-glycine missense variants, including those within or outside the triple helix or in-frame indels in the N-or C-terminal part of the protein (5).

In our patient, a missense variant in exon 42 of the COL3A1 gene was detected, c.3058G>T, resulting in a Gly-to-Cys substitution at position 1,020 of the protein. Multiple in silico scores support the interpretation that this substitution is deleterious (MetaRNN = 0.997, CADD = 32, PolyPhen-2 = 1, SIFT = 0, REVEL = 0.993; PP3). The variant is missense in a gene with a low rate of benign missense mutations, where this type of variant is a common mechanism of disease (PP2, moderate). The variant is in a mutational region of interest and well-established functional domain with missense variants reported (PM1, moderate). An alternative variant (p.Gly1020Asp) is classified as pathogenic by LOVD (PM5, moderate); and the variant is absent from gnomAD (PM2, supporting). Taken together, these data result in a likely pathogenic classification (PP3, PP2_Moderate, PM1_Moderate, PM5_Moderate, and PM2_Supporting) according to the ACMG/AMP guidelines (6), as it has not been reported in the literature. However, the c.3059G>A p.(Gly1020Asp) variant has been described at the same exon and position of the protein (4), though they appear to be unrelated as cysteine is a neutral amino acid, whereas aspartic acid (Asp) is acidic.

In previous studies, a stability-related bias was considered in glycine-substituted residues of the collagen triple helix (Gly-Xaa-Yaa) in inherited connective tissue disorders. It was observed that certain amino acids, including Cys, Ser, and Asp., were involved in destabilizing mutations more frequently than expected (10). This trend has been observed in COL3A1 substitutions, where alanine (Ala) and Ser replace glycine less frequently than expected, and valine (Val), glutamic acid (Glu), and Asp replace it more often than expected (11). Interestingly, the substitution of Val or asparagine (Asn) for glycine has been associated with a poorer prognosis compared to a substitution of Ser (12).

Given the extreme tissue fragility associated with vEDS, severe cases of the syndrome are not unexpected and have been reported to manifest in patients between the ages of 30 and 40 years, displaying previously described clinical features. In cases involving arterial ruptures, these clinical features are commonly preceded by aneurysms, as seen in our case, with rupture sites primarily occurring in the chest and abdomen (66%), followed by the head and neck (17%), and extremities (17%) (13). Additionally, it is important to highlight the possibility of non-syndromic arteriopathy presentation without extra-arterial characteristics suggestive of vEDS, with evidence of phenotypic variability related to descriptions of both glycine-substituted and haploinsufficiency variants in COL3A1 (14).

Following the diagnosis of the patient, an integral multidisciplinary approach and surveillance were conducted to investigate the phenotypic findings described in previous reports. This investigation involved mainly non-invasive imaging to identify aneurysms, dissections, or vascular ruptures, as well as blood pressure monitoring. Effective interventions were employed to reduce the risk of arterial dissection or rupture and prolong life, such as management of blood pressure, and recommendations of circumstances to avoid such as trauma, arteriography, routine colonoscopy, and elective surgery (2, 15). Other recommendations for patients who have vEDS include regular, low-intensity exercise and annual imaging of the thoracic and abdominal aorta, cervical vessels, including the circle of Willis, and distally to the pelvis/upper legs (16). The identification of evolving changes must be assessed with specific imaging at shorter intervals. During a follow-up examination after 1 year, he did not have adverse vascular events and family studies are pending.

Evidence suggests that, having an early and correct diagnosis made, appropriate clinical management and long-term follow-up improve survival for patients who have vEDS (11, 13, 14, 16). This has been possible in part because the assessments by specialists, including geneticists, together with studies such as exome sequencing, are part of the services and technologies financed or covered by Colombia’s health benefits plan guaranteed to all persons affiliated with the Social Security Health System. Assessing and counseling the family members, including seemingly unaffected older and younger at-risk relatives, are suitable to promptly identify those who could benefit from early surveillance, promote treatment awareness for possible complications, and adopt risk-reducing behaviors such as limiting high-risk physical activities for family planning purposes.



5 Conclusion

We emphasize the role of a multidisciplinary workup in effectively managing vEDS, where an early diagnosis allows the implementation of appropriate medical management that can significantly enhance the survival and quality of life for individuals affected by this condition. vEDS should be suspected in young patients with transient focal neurological symptoms and aneurysmal dilatations of cerebral vasculature because clinical suspicion allows early genetic testing for connective tissue disorders.
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Background: Previous studies have shown that endoplasmic reticulum stress (ERS) -induced apoptosis is involved in the pathogenesis of dilated cardiomyopathy (DCM). However, the molecular mechanism involved has not been fully characterized.
Results: In total, eight genes were obtained at the intersection of 1,068 differentially expressed genes (DEGs) from differential expression analysis between DCM and healthy control (HC) samples, 320 module genes from weighted gene co-expression network analysis (WGCNA), and 2,009 endoplasmic reticulum stress (ERGs). These eight genes were found to be associated with immunity and angiogenesis. Four of these genes were related to apoptosis. The upregulation of MX1 may represent an autocompensatory response to DCM caused by a virus that inhibits viral RNA and DNA synthesis, while acting as an autoimmune antigen and inducing apoptosis. The upregulation of TESPA1 would lead to the dysfunction of calcium release from the endoplasmic reticulum. The upregulation of THBS4 would affect macrophage differentiation and apoptosis, consistent with inflammation and fibrosis of cardiomyocytes in DCM. The downregulation of MYH6 would lead to dysfunction of the sarcomere, further explaining cardiac remodeling in DCM. Moreover, the expression of genes affecting the immune micro-environment was significantly altered, including TGF-β family member. Analysis of the co-expression and competitive endogenous RNA (ceRNA) network identified XIST, which competitively binds seven target microRNAs (miRNAs) and regulates MX1 and THBS4 expression. Finally, bisphenol A and valproic acid were found to target MX1, MYH6, and THBS4.
Conclusion: We have identified four ERS-related genes (MX1, MYH6, TESPA1, and THBS4) that are dysregulated in DCM and related to apoptosis. This finding should help deepen understanding of the role of endoplasmic reticulum stress-induced apoptosis in the development of DCM.
[image: Flowchart illustrating the process of gene analysis. It includes identification of differentially expressed genes, module genes associated with DCM, and key genes. It also covers enrichment, immune analysis, regulatory and drug analysis of key genes, construction and evaluation of a nomogram, and diagnostic performance and expression verification of key genes. Each step is represented by graphs, charts, or diagrams connected with arrows.]Keywords: dilated cardiomyopathy, endoplasmic reticulum stress, apoptosis, immune regulation, gene, bioinformatics

BACKGROUND
Dilated cardiomyopathy (DCM) is a common cause of systolic heart failure (HF) and is characterized by cardiac dilatation and low left ventricular ejection fraction (LVEF) (Li et al., 2023). The European Society of Cardiology (ESC) defines DCM as a disease that is characterized by left ventricular (LV) or biventricular dilatation and systolic dysfunction, in the absence of conditions causing abnormal loading (hypertension and valvular disease) or coronary artery disease severe enough to cause systolic abnormalities (Schultheiss et al., 2019). The etiology of DCM can be genetic, environmental, or the result of an interaction between genetic susceptibility and environmental factors (Kaski and Cannie, 2023). It has been shown that approximately 50% of patients with idiopathic DCM have familial genetic predisposition, and the disease is inherited in predominantly autosomal dominant fashion (Schultheiss et al., 2019). Alterations in the expression and function of some genes have been shown to impair cardiomyocyte function in a variety of ways, such as through titin splicing, by altering the threshold for the electrical excitation of sodium channels, by disrupting the assembly of nuclear fibrillar proteins, and by reducing transcriptional activity (Jordan et al., 2021). Therefore, screening for genetic biomarkers is important for the early prevention, diagnosis, and treatment of DCM.
The subcellular mechanisms underpinning DCM are currently unknown. The role of endoplasmic reticulum stress (ERS) in the pathogenesis and progression of DCM has been discussed for decades (Pietrafesa et al., 2023). A number of factors can disrupt normal endoplasmic reticulum (ER) function and cause ERS, including hypoxia, hyperglycemia, oxidative stress, lipotoxicity, and inflammation (Zhang et al., 2021; Harding et al., 2023). In addition, apoptosis plays a crucial role in myocardial injury, and cardiomyocyte homeostasis involves several cellular processes, including ERS and autophagy (Fang et al., 2021; Kong et al., 2022). ERS signaling has cytoprotective effects and exists to maintain cardiomyocyte homeostasis (Jiang et al., 2021). However, prolonged ERS leads to cardiomyocyte dysfunction and apoptosis, and the presence of autophagic vesicles in the left ventricle of patients with dilated myocardia has been reported (Sanchez-Esteban et al., 2021). It is clear that ERS-associated apoptosis is involved in the pathogenesis of DCM.
It has been shown that the reoxidation of protein disulfide isomerase (PDI) leads to the accumulation of ROS and a hyperoxidative state in the ER, which increases the aggregation of proteins and stimulates apoptosis (Wang et al., 2020). Furthermore, prolonged ERS leads to the activation of pathways that eliminate defective cells, and this occurs in DCM (Martinez-Amaro et al., 2023). It has also been shown that plasma from patients with ischemic dilated cardiomyopathy (ICM) is enriched in miR-16-5p and promotes ER stress-induced apoptosis in cardiomyocytes in vitro (Calderon-Dominguez et al., 2021). Moreover, the administration of astaxanthin (AST) ameliorates ethanol-induced DCM by inhibiting cardiac ERS and the resulting apoptosis, and this involves GRP78 (Wang et al., 2021). Finally, mutations in FBXO32 cause DCM via upregulation of ERS-associated apoptosis (Al-Yacoub et al., 2021). These findings indicate that ERS-induced apoptosis promotes the development of DCM. Therefore, the relationship between ERS and apoptosis in DCM requires further investigation, and may represent a therapeutic target for DCM.
To date, the specific mechanism of action between ERS and DCM is not very clear. Therefore, in the present study, we aimed to identify genes that are dysregulated in DCM and associated with ERS and apoptosis through bioinformatic analyses, and to further characterize the mechanism of action of these genes in silico to identify potentially useful biomarkers of DCM.
RESULTS
Eight genes were found to be associated with immune function and angiogenesis
One thousand sixty-eight differentially expression genes (DEGs, 748 upregulated and 320 downregulated) were identified using the 166 DCM and 166 healthy controls (HC) samples in the GSE141910 dataset (Figure 1A), and sample clustering analysis showed that there were no outlier samples (Figure 1B). When the optimal soft threshold value was identified to be 6, the network was close to scale-free distribution, and a total of 12 modules was obtained (Figures 1C, D. Correlation analysis showed that the MEred module had the strongest positive correlation with DCM (r = 0.78, p = 9e−68) (Figure 1E). Therefore, the MEred module was identified as the key module, and 320 genes in this module were identified as the module genes for subsequent analyses. A total of eight target genes (HLA-DQA1, MIR146A, MX1, MYH6, MYOC, TESPA1, THBS4, and TLR7) were obtained by studying the intersection of the 1,068 DEGs, 320 module genes, and 2,009 endoplasmic reticulum stress-related genes (ERGs) (Figure 1F).
[image: Group of six panels illustrates various bioinformatics analyses. Panel A shows a volcano plot of gene expression data. Panel B displays a sample dendrogram with trait heatmap. Panel C features graphs on scale independence and mean connectivity. Panel D includes clustering of module eigengenes and gene dendrogram with module colors. Panel E presents a module-trait relationship heatmap. Panel F is a bar chart comparing gene counts across datasets.]FIGURE 1 | Differential expression analysis and weighted gene co-expression network analysis (WGCNA). (A) The volcano map and heat map of differentially expressed genes (DEGs) between dilated cardiomyopathy (DCM) and healthy control (HC) samples. (B) The samples in the GSE141910 dataset were clustered to remove the outlier. (C) Selection of the optimal soft-thresholding (power). (D) Hierarchical clustering of genes and module identification. (E) Heat map of the relationship between gene modules and clinical traits (DCM and HC). (F) Eight target genes obtained by overlapping DEGs, module genes, and endoplasmic reticulum stress (ERS)-related genes (ERGs).
With respect to their function, these eight genes were found to be associated with striated muscle adaptation, the positive regulation of leukocyte cell-cell adhesion, the negative regulation of angiogenesis, the regulation of chemokine production, the regulation of interleukin-8 production, the regulation of NIK/NFκB signaling, the toll-like receptor signaling pathway, and 39 Gene Ontology (GO) functions (Figure 2A; Supplementary Table S2). In addition, these genes were associated with four Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, including influenza A, viral myocarditis, measles, and the phagosome (Figure 2B; Supplementary Table S3).
[image: Panel A is a grid showing gene ontology terms with associated counts, highlighting cellular responses and signaling pathways. Panel B is a circular diagram connecting immune-related pathways with KEGG, influenza A, viral myocarditis, measles, and phagosome, using varying colors to represent logFC values.]FIGURE 2 | Functional enrichment analysis of target genes. (A,B) The Gene Ontology (GO) functions (A) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (B) enriched in target genes.
MX1, MYH6, TESPA1, and THBS4 affect the progression of DCM
Seven of the listed eight target genes (MIR146A, MX1, MYH6, MYOC, TESPA1, THBS4, and TLR7) were screened using least absolute shrinkage and selection operator (LASSO), and four (MX1, MYH6, TESPA1, and THBS4) were screened using support vector machine recursive feature elimination (SVM-RFE) (Figures 3A, B). Four candidate genes (MX1, MYH6, TESPA1, and THBS4) were obtained through examination of the intersection of these two sets of genes (Figure 3C). The area under the curves (AUCs) for all of these four candidate genes were >0.7 in both the GSE141910 and GSE116250 datasets (Figure 3D), and the trends in the expression of these genes were also consistent between the two datasets. MX1, TESPA1, and THBS4 were significantly upregulated, and MYH6 was significantly downregulated in the DCM samples in both the GSE141910 and GSE116250 datasets (p < 0.05) (Figure 3E). Therefore, all four of these genes were defined as genes of interest in DCM and were further studied.
[image: Graphical representation of a data analysis study consisting of five different images labeled A to E. A: Two plots show coefficient trajectories and cross-validation using LASSO regression, indicating optimal lambda values. B: A plot depicts the cross-validation error by the number of features, highlighting an optimal point. C: A Venn diagram compares LASSO and SVM feature selection. D: Two ROC curves evaluate the performance of three classifiers with AUC values. E: Box plots display expression levels of four genes (MX1, MYH6, TESPA1, THBS4) in control versus DCM groups, showing statistical significance.]FIGURE 3 | Identification of key genes. (A) The least absolute shrinkage and selection operator (LASSO) analysis of candidate genes. (B) Four genes were obtained by support vector machine recursive feature elimination (SVM-RFE) method. (C) The venn diagram of four candidate genes. (D) The receiver operating characteristic (ROC) curves of four candidate genes in the GSE141910 and GSE116250 datasets. (E) The expression of candidate genes in DCM and HC samples in the GSE141910 and GSE116250 datasets. **p < 0.01; ***p < 0.001; ****p < 0.0001.
Next, a nomogram comprising these four key genes was constructed (Figure 4A). The confusion matrix showed that most of the predictions were factual, and the calibration curve showed that the disease risk prediction was close to the truth (Figure 4B). In addition, the AUC for the nomogram was >0.8, and the decision curve showed that the benefit rate of the nomogram model was higher than that for each individual gene in both the GSE141910 and GSE116250 datasets (Figure 4C). Taken together, these findings indicate that this logistic regression model may represent a useful diagnostic model.
[image: (A) Nomogram chart showing points for genes MYH6, MX1, TESPA1, and THBS4 with total points leading to a probability of Dilated Cardiomyopathy (DCM). (B) Confusion matrix comparing predicted control versus DCM, with visual distribution. (C) Two ROC curves indicating the AUC for DCM prediction, and performance plots showing nomogram model effectiveness against high risk threshold.]FIGURE 4 | The construction and validation of the nomogram. (A) The nomogram created based on four key genes. (B) The calibration curve of the nomogram. (C) The ROC curve and decision curve of the nomogram in the GSE141910 and GSE116250 datasets.
The functions of the genes of interest are related to apoptosis
Gene set enrichment analysis (GSEA) of the four genes of interest showed that they were associated with cytokine-cytokine receptor interactions, cell adhesion, apoptosis, MAPK, VEGF signaling pathways, and 22 KEGG pathways. MX1, TESPA1, and THBS4 were found to be associated with ECM receptor interaction, ERBB, the mTOR signaling pathway, and 18 KEGG pathways. In addition, THBS4 was found to be significantly negatively associated with oxidative phosphorylation, which was strongly associated with ERS (Figures 5A–D; Supplementary Tables S4–S7).
[image: Four line graphs (panels A to D) display gene set enrichment analysis for different genes: MX1, MYH6, TESPA1, and THBS4. Each graph shows enrichment scores against gene rankings, with different colored lines representing various KEGG pathways. Legends to the right of each graph identify pathways such as ribosome, diabetes mellitus, and cell adhesion molecules.]FIGURE 5 | Gene set enrichment analysis (GSEA) of key genes. (A) MX1; (B) MYH6; (C) TESPA1; (D) THBS4.
The genes of interest play important roles in immunity
Twelve types of immune cell were significantly overrepresented and 10 types were significantly underrepresented in the DCM group (p < 0.05). The expression of MX1, TESPA1, and THBS4 was significantly positively associated with the 12 upregulated immune cells and negatively associated with the 10 downregulated immune cells. In addition, the opposite relationships were identified for MYH6, which is consistent with the results of the expression and function analyses. The strongest negative correlation of MX1 was with the type 17 helper T cell population (r = −0.4), and its strongest positive correlation was with the activated CD8 T cell population (r = 0.56). The strongest positive correlation of TESPA1 was also with the activated CD8 T cell population (r = 0.56) (Figures 6A, B). Moreover, eight immune reactions were significantly upregulated and five were significantly downregulated in the DCM group (p < 0.05). The findings for MYH6 were opposite to those of the other genes of interest, which is consistent with the results of the expression and function analyses. The strongest negative correlation for MYH6 was with TGF-β family member (r = −0.47), whereas THBS4 showed the strongest positive correlation with TGF-β family member (r = 0.64) (Figures 6C, D).
[image: Graphical summary depicting differences between control and DCM groups. Panel A shows inflammation scores across various cell types with box plots. Panel B is a correlation heatmap for selected genes and pathways, highlighting correlations with color intensity. Panel C illustrates immune scores in control versus DCM groups through scatter plots. Panel D displays another heatmap of correlations for specific genes across different cell types, color-coded by correlation strength.]FIGURE 6 | Immune infiltration analysis. (A) Discrepancies of immune cell scores in the DCM and HC samples. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (B) The relevance of key genes and differential immune cells. (C) The relative scores of immune reactions in the DCM and HC samples. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (D) The relevance of key genes and differential immune reactions.
Potential regulatory mechanisms involving, and drugs potentially targeting, the genes of interest
The correlation analysis revealed positive correlations among MX1, TESPA1, and THBS4; whereas MYH6 showed negative correlations with the other three key genes. The strongest positive correlation was between MX1 and TESPA1 (r = 0.51), and the strongest negative correlation was between MX1 and MYH6 (r = −0.55) (Figure 7A). The co-expression network comprising the genes of interest and the 20 genes with the strongest correlations with the genes of interest showed that MX1 may be a hub gene, because it was found to be associated with the response to type I interferon and the regulation of viral genome replication. In addition, ISG15, OAS1, RSAD2, and IFIT1 were found to be associated with these functions (Figure 7B).
[image: Panel A shows a correlation matrix with red to blue circles representing different correlations among genes like MYH11, THBS1, MYK, and TESMIN. Panel B displays a circular network of gene interactions with various colored lines. Panel C illustrates a network diagram with genes and functions, using color-coded nodes. Panel D features a detailed compound interaction network, highlighting chemical compounds and related functions, represented by connected nodes.]FIGURE 7 | The potential regulatory mechanisms and drug prediction. (A) The relevance among four key genes. (B) The co-expression network of key genes. (C) The competitive endogenous RNA (ceRNA) network of key genes. The red graphic represents key genes, yellow represents microRNA (miRNA), and green represents long non-coding RNA (lncRNA). (D) The gene-drug network of key genes. The red graphic represents key genes and yellow represents targeted drugs.
The competitive endogenous RNA (ceRNA) network regulatory network constructed using two genes of interest (MX1 and THBS4), seven microRNAs (miRNAs, containing hsa-miR-137, hsa-miR-181a-5p, hsa-miR-181b-5p, hsa-miR-181c-5p, hsa-miR-181d-5p, hsa-miR-329-3p, and hsa-miR-362-3p), and 30 long noncoding RNAs (lncRNAs) showed that XIST may competitively bind all seven miRNAs and regulate MX1 and THBS4. In addition, AC021078.1 and OIP5-AS1 may also competitively bind all five of the miRNAs targeting THBS4 (Figure 7C; Supplementary Table S8).
The chemical-gene network constructed using the four genes of interest and 159 chemicals showed that eight chemicals may target both MX1 and MYH6, three may target both MX1 and TESPA1, four may target MYH6 and THBS4, and three may target both MYH6 and THBS4. Specifically, bisphenol A and valproic acid were predicted to target all of MX1, MYH6, and THBS4 (Figure 7D; Supplementary Table S9).
DISCUSSION
In the present study, we have identified eight genes that are associated with inflammation and angiogenesis, and ERS is known to influence disease progression by regulating and activating angiogenesis (Zou et al., 2019; Hardy et al., 2021). Many previous studies have shown that macrophages differentiated from immune-infiltrating monocytes regulate myocardial inflammation and cardiac injury, and thereby accelerate abnormal ventricular remodeling and arterial vasculogenesis (Wong et al., 2021). The results of KEGG analysis suggested these genes principally play roles in pathways related to viral infection (influenza A), myocarditis (viral myocarditis), and the autophagosome (phagosome). It has been previously shown that damage caused by, and the immune response following, viral infection leads to myocarditis, and that cellular autophagy is involved in viral clearance and replication, which can lead to DCM (Tschöpe et al., 2021). The cellular fractions that were enriched on GO analysis were principally endocytic vesicles and lysosomal membranes (endocytic vesicles), organelles that are involved in cytophagy and autophagy and are functionally and structurally related to the fusion of vesicles with the endoplasmic reticulum (Nielsen et al., 2018; Li et al., 2020), further suggesting that cellular autophagy plays a role in DCM.
Four genes of interest, MYH6, MX1, TESPA1, and THBS4, were further studied by constructing machine learning models using these as hub genes. However, functional enrichment analysis showed that they are all related to apoptosis, which plays an important role in DCM. It is also worth noting that these four genes are related to the MAPK and VEGF signaling pathways; and that MX1, TESPA1, and THBS4 are also related to the ERBB and mTOR signaling pathways. The trends in the expression of the four hub genes were consistent and significant in both the training and validation sets, except for MYH6, which was expressed at lower levels in the DCM group, whereas the expression of the other three genes was higher in the DCM group than in the control group.
MYH6 encodes myosin heavy chain, an intracellular protein expressed in cardiac myocytes that has been identified as a major antigen in cardiac autoimmunity (Nielsen et al., 2018; Li et al., 2020). Its downregulation would lead to sarcomere dysfunction and, in turn, cardiac remodeling. In addition, there is evidence that MYH6 regulation of a miRNA-FOXO3 axis plays a key role in preventing myocardial apoptosis and excessive autophagy during the pathogenesis of DCM (Cheng et al., 2023). It has been reported that the mutation of MYH6 can lead to arrhythmia and sudden cardiac death in DCM(Zhao et al., 2021).
The MX1 gene encodes a guanosine triphosphate (GTP) metabolic protein that is involved in the cellular antiviral response. Expression of the encoded protein is induced by type I and type II interferons and it can inhibit the replication of several RNA and DNA viruses (Chen et al., 2021). High expression of this protein may inhibit viral replication in DCM-affected cells. It has been reported that MxA is an IFN-induced and MX1-expressed antiviral protein that localizes to and reorganizes cell membranes in association with ER, in a similar way to members of the large GTPase family that are constitutionally expressed (Davis et al., 2019).
TESPA1 is a protein-bridging subunit that binds and activates ip3r1 to control the release of Ca2+ from the ER (Parys and Vervliet, 2020), which is the main site of intracellular Ca2+ storage. When exogenous compounds enter cells, abnormal Ca2+ metabolism in the ER leads to ERS and thus apoptosis, which has been reported to be a feature of DCM and other heart diseases (Gao et al., 2022; Martinez-Amaro et al., 2023).The protein encoded by the THBS4 gene belongs to the platelet-responsive protein family. Members of the platelet-responsive protein family are adhesion glycoproteins that mediate intercellular and intercellular matrix interactions. The product of this gene can induce inflammation and fibrosis in cardiomyocytes by affecting macrophage differentiation and apoptosis (Rahman et al., 2020). In summary, the four genes of interest are involved in ERS, cell autophagy, and apoptosis in DCM, which might have important implications for the pathogenesis of DCM.
Analysis of the infiltrating immune cells revealed significantly different immune microenvironments in the control and DCM groups, with the four hubs being significantly associated with activated B cells, activated CD8 T cells, memory B cells, and natural killer cells; and all of these immune cell types were upregulated in DCM samples. Immune response analysis revealed the upregulation of antigen processing and presentation proteins, anti-microbial factors, B-cell receptor signaling, chemokines and cytokines, interferons, transforming growth factor-β, and tumor necrosis factor. CD8 T lymphocytes are the principal cellular component of the adaptive immune system, and during bacterial infection, B cells promote the activation of CD8 T cells to enhance antigen processing and presentation and B cell receptor signaling to resist infection. In contrast, natural killer cells are characterized by their non-specific effects to kill tumor cells and virally infected cells.
In DCM, viral replication leads to myocyte necrosis, and the MX1 activates the host’s innate immune system by presenting viral antigens (Kawada et al., 2021), leading to the proliferation and activation of a large number of immune cells, which produce chemokines and cytokines, such as TGF-β family member, which are involved in the recognition and killing of infected cells. During this process, viral damage causes the release of intracellular or surface antigens, which may become autoimmune targets, thus causing autoimmune tissue damage and cardiac inflammation (Lasrado and Reddy, 2020). Following tissue injury, monocytes and macrophages undergo significant phenotypic and functional changes in tissues. During this period, TGF-β, a key regulator of tissue repair and regenerative fibrosis, the principal function of which is to regulate the inflammatory process, plays an important role in the cardiac remodeling of injured cardiomyocytes and the pathogenesis of fibrosis (Frangogiannis, 2022). In addition, the Ang II-ATR1 signaling pathway, downstream of TGF-β, plays a key role in the post-inflammatory fibrotic remodeling that is involved in the development of DCM (Czepiel et al., 2022). Moreover, TGF-β can induce DCM by promoting ripk1-dependent apoptosis (Yin et al., 2022). These published findings are consistent with the upregulation of MX1 identified in the present analysis and the downregulation of MYH6, along with the negative correlation of the expression of MYH6 with TGF-β expression. Accordingly, we speculate that MX1 and MYH6, two ERS-related genes, mediate inflammatory responses that also involve TGF-β, thereby inducing cardiomyocyte apoptosis, which leads to the development of DCM.
We performed a correlation analysis of the genes of interest, and identified positive correlations between MX1, TESPA1, and THBS4; and negative correlations between MYH6 and the other three genes, consistent with the results of the expression and functional analyses. MX1 induces the production of interferon by presenting viral antigens, which reduces the expression of endogenous antigens, such as MYH6, and activates TESPA1 and THBS4, thereby activating specific immune pathways and promoting apoptosis.
Next, we constructed a ceRNA regulatory network to better understand the relevance of the lncRNAs, miRNAs, and regulatory hub genes. Two lncRNAs in this network, NEAT1 and XIST, can bind to multiple miRNAs and thereby regulate the expression of MX1 and THBS4. NEAT1 principally regulates subnuclear paraspeckles in nuclei, and paraspeckles and their family members can play a role in several biological processes, including cell differentiation, the response to viral infection, and oxidative stress (Guo et al., 2022). It has been shown that XIST is associated with a variety of cardiac diseases. XIST regulates mRNA expression through miRNA, which in turn affects the progression of cardiomyocyte hypertrophy (Chen et al., 2018; Xiao et al., 2019). In addition, XIST promotes the development of myocardial infarction through a similar approach (Zhou et al., 2019; Lin et al., 2020). Moreover, in this regulatory network, lncRNA FGD5-AS1 has been reported to be a key lncRNA in DCM (Schiano et al., 2021). FGD5-AS1 is an important regulatory gene in the heart and is involved in cell proliferation, migration, invasion, and the inhibition of apoptosis.
Other lncRNAs also play roles in important biological pathways. For example, by regulating mRNA expression through miRNA, AC145207.5 participates in cellular immunity, MIR34AHG is an ERS-related lncRNA (Chen et al., 2022a), SPAG9 activates the JNK signaling pathway (Liu et al., 2021a), and nucleolar RNA host genes all play roles in cardiac-related diseases. These regulated pathways are very similar to the biological processes that are dysregulated in DCM. In summary, XIST and SNHG5 may affect the activation of important pathways, such as the TGF-β and cAMP signaling pathways, in DCM by regulating multiple miRNAs, which in turn affect cellular fibrosis and apoptosis. Nucleolar RNA genes may also affect the function of vascular cells and cardiomyocytes through hsa-miR-181a-5p and hsa-miR-181b-5p, and MIR34AHG regulates ER function and thereby other cellular functions.
We have previously shown that bisphenol A is closely associated with various cardiovascular diseases, including myocardial infarction, arrhythmia, DCM, atherosclerosis, and hypertension (Zhang et al., 2020); and that the circulating triiodothyronine concentration is also associated with the prognosis of patients with DCM (Zhao et al., 2020). Valproic acid is a deacetylation inhibitor that protects the cardiac function of patients who have experienced myocardial infarction through the Foxm1 pathway, and therefore may also represent a potential therapeutic agent for DCM (Tian et al., 2019).
In summary, we have shown that four hub genes (MYH6, MX1, TESPA1, and THBS4) are associated with ERS-induced DCM and apoptosis. They may be involved in the etiology of DCM through effects on the MAPK, VEGF, ERBB, and mTOR signaling pathways. Furthermore, we identified associations of these four genes with the immunological phenotype of DCM, including with the size of the population of activated CD8 T cells, interleukin receptors, and antigen processing and presentation. Notably, MX1 and MYH6 may be associated with inflammatory responses and TGF-β activation, thereby inducing apoptosis, which is an important part of the pathogenesis of DCM. In addition, we have identified seven miRNAs and 30 lncRNAs that may be involved, including FGD5-AS1, which is involved in cell proliferation, migration, invasion, and the inhibition of apoptosis. Finally, we have identified 159 compounds that may represent potential therapeutic options. Of these, bisphenol A, triiodothyronine, and valproic acid may be useful for early interventions in DCM. However, experimental verification of the gene expression findings in animal models is required prior to any clinical assessment. In the future, we will further verify the function of key genes through animal model experiments.
MATERIALS AND METHODS
Data extraction
Two DCM-related transcriptome datasets were downloaded from the Gene Expression Omnibus (GEO) database. The GSE141910 dataset comprises data obtained from 166 patients with DCM and 166 HCs, and the GSE116250 dataset comprises data obtained from 37 patients with DCM and 14 HCs. All of the samples were LV tissue samples. In addition, a total of 2,009 ERGs were obtained from the GeneCards database (Relevance score >5) (version 5.14) (Supplementary Table S1).
Functional enrichment analysis of DCM-related genes
The DEGs between the DCM and HC samples in the GSE141910 dataset were compared using the “limma” R package (Ritchie et al., 2015) (version 3.52.4) (|log2FC| ≥ 1, adjusted p < 0.05), then a co-expression network was constructed using “WGCNA” R package (Langfelder and Horvath, 2008) (version 1.71) to screen relevant module genes that were associated with DCM. Genes of interest were obtained by identifying the intersection among the DEGs, module genes, and ERGs using “ggvenn” (Yan, 2023) (version 0.1.9). Finally, functional enrichment analysis of these genes was conducted using “clusterProfiler” R package (Wu et al., 2021) (version 4.4.4) (adjusted p < 0.05).
Identification of genes of interest and construction of a diagnostic model for DCM
The LASSO analysis using the glmnet package (Friedman et al., 2010) (version 4.14-4) and the SVM-RFE method using the e1071 package (version 1.7-11) (Jiang et al., 2020) were used to screen the selected genes, then candidate genes were obtained by comparing these two sets of genes. Next, receiver operating characteristic (ROC) curves for each candidate gene were constructed to study their ability to identify patients with DCM in both GSE141910 and GSE116250 datasets, using the “pROC” R package (Robin et al., 2011) (version 1.18.0). In addition, the expression of these genes in DCM and HC samples in both the GSE141910 and GSE116250 datasets was compared. Genes with areas under the ROC curve (AUCs) > 0.7 and with consistent expression trends in both the GSE141910 and GSE116250 datasets were regarded as genes of interest in DCM.
A diagnostic model (logistic regression model, nomogram) was then constructed using these genes using the “rms” R package (version 6.3-0) (Liu et al., 2021b); a confusion matrix was constructed; and a calibration curve, ROC curve, and decision curve were drawn to determine the validity of the diagnostic model.
Functional analysis of the genes of interest
Pearson correlation coefficients for the relationships between each gene of interest and with all the expressed genes were calculated, and GSEA was performed to study the pathways associated with each gene using “clusterProfiler” R package (Wu et al., 2021) (adjusted p < 0.05).
Analysis of the immune micro-environment
To explore the role of the genes of interest in the immune micro-environment, the proportions of 28 immune cells and 17 immune reactions were calculated for the DCM and HC samples using the “ssGSEA” algorithm and compared using the Wilcoxon signed-rank test. Moreover, the relationships between the genes of interest and the immune cell populations, and between these genes and the differentially activated immune reactions, were further studied using Spearman’s correlation.
Analysis of the potential regulatory mechanisms involving the genes of interest
Pearson correlations for the relationships among the genes of interest were calculated, then a co-expression network comprising the genes of interest and the 20 genes with the closest correlations with these genes was constructed using the GeneMANIA online tool.
Next, the miRNAs targeting the genes of interest were predicted using the Starbase and TargetScan databases (Chen et al., 2022b), and miRNAs of interest were identified by studying the intersection of these two groups of predicted miRNAs. The lncRNAs targeting these miRNAs were also predicted using the Starbase and TargetScan databases (clipExpNum ≥5), and lncRNAs of interest were obtained by studying the intersection of these two groups of predicted lncRNAs. Finally, a competitive endogenous RNA (ceRNA) network was constructed using “Cytoscape” (Su et al., 2014) (version 3.9.1).
Prediction of drugs targeting the genes of interest
We also predicted the drugs that would target the genes of interest using the Comparative Toxicogenomics database, (https://ctdbase.org/), and a chemicals-gene network was constructed using “Cytoscape” (Su et al., 2014) (version 3.9.1).
Statistical analysis
All analyses were conducted using R (R Foundation for Statistical Computing, Vienna, Austria). Differences between two groups were identified using the Wilcoxon signed-rank test. If not specified otherwise above, p < 0.05 was regarded as indicating statistical significance.
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Hearing impairment (HI) is a prevalent neurosensory condition globally, impacting 5% of the population, with over 50% of congenital cases attributed to genetic etiologies. In Tunisia, HI underdiagnosis prevails, primarily due to limited access to comprehensive clinical tools, particularly for syndromic deafness (SD), characterized by clinical and genetic heterogeneity. This study aimed to uncover the SD spectrum through a 14-year investigation of a Tunisian cohort encompassing over 700 patients from four referral centers (2007–2021). Employing Sanger sequencing, Targeted Panel Gene Sequencing, and Whole Exome Sequencing, genetic analysis in 30 SD patients identified diagnoses such as Usher syndrome, Waardenburg syndrome, cranio-facial-hand-deafness syndrome, and H syndrome. This latter is a rare genodermatosis characterized by HI, hyperpigmentation, hypertrichosis, and systemic manifestations. A meta-analysis integrating our findings with existing data revealed that nearly 50% of Tunisian SD cases corresponded to rare inherited metabolic disorders. Distinguishing between non-syndromic and syndromic HI poses a challenge, where the age of onset and progression of features significantly impact accurate diagnoses. Despite advancements in local genetic characterization capabilities, certain ultra-rare forms of SD remain underdiagnosed. This research contributes critical insights to inform molecular diagnosis approaches for SD in Tunisia and the broader North-African region, thereby facilitating informed decision-making in clinical practice.
Keywords: syndromic deafness (SD), spectrum of SDs, next-generation sequencing (NGS), early detection, under-diagnosis, Tunisia

1 INTRODUCTION
Hearing Impairment (HI) is the most frequent sensorineural disorder worldwide. HI is characterized by a broad spectrum of clinical manifestations which allows its classification, depending on the age of disease onset, the location (conductive, sensorineural, mixed), and the severity (mild, moderate, severe, profound) of the HI. The prevalence of bilateral sensorineural HI has been estimated to be 1 per 500–1,000 newborns (Ideura et al., 2019; Bussé et al., 2020). The incidence of mild HI has been estimated to be 1 per 750 infants in developed countries (Zazo Seco et al., 2017). Severe to profound HI represents 35% of affected cases (Boudewyns et al., 2018). Genetic etiologies account for over half of all congenital HI cases (Calvet et al., 2018; Ideura et al., 2019). The remainder are associated with non-genetic factors such as ototoxic drugs and, materno-fetal infection including cytomegalovirus (CMV) infection.
It has been shown that more than 250 genes, accounting for 1% of the human coding genome, are involved in the development and functioning of the auditory system (Sheppard et al., 2018). Around 6% of rare diseases affect hearing. Genetic HI has been studied in the Tunisian population for several years. The two first Autosomal Recessive Non-Syndromic Hearing Loss (ARNSHL) loci (DFNB1 and DFNB2) were discovered for the first time by Guilford et al. in 3large consanguineous families originating from Northern andSouthern-Tunisia (Guilford et al., 1994). However, there is a considerable lack of epidemiological data and a complete absence of specific registries. Upon the last available epidemiological data in a survey conducted by Ben Arab et al., the prevalence of congenital HI has been estimated to be 0.32% (Ben Arab et al., 2004).
HI can also be classified according to the absence or presence of additional clinical features into Non-Syndromic Hereditary Hearing loss (NSHHL) and Syndromic Deafness (SD), respectively. Diseases associated with HI in SD can affect one or more organ systems, namely, the eye, skin, thyroid, kidney, heart, and nervous system. SD accounts for approximately 30% of congenital HI cases. The prevalence of SDs has been estimated to be 3/10,000 live births (Gettelfinger and Dahl, 2018). The London Dysmorphology database reports roughly 400 SDs identified worldwide (Castiglione et al., 2013).
Among the most frequent SDs worldwide, we can mention Pendred syndrome (PDS), Usher syndrome (USH), and Waardenburg syndrome (WS). PDS (# 274600) is globally known as the first and most frequent deafness syndrome accounting for up to 10% of all the genetic forms of HI (Diramerian and Ejaz, 2023). It is an autosomal recessive disorder described for the first time by Vaughan Pendred in 1896 (Gettelfinger and Dahl, 2018). In the general population, PDS is a rare condition with a prevalence of 7.5-10/100,000 cases. This disorder is characterized by sensorineural HI associated with inner ear malformations and a thyroid dysfunction manifested by goiter.
The most common related gene is SLC26A4 (OMIM 605646) which is also the second most common cause of ARNSHL (DFNB4). This gene encodes for pendrin which is a transmembrane anion transporter highly expressed in the inner ear, thyroid, and kidney (Gettelfinger and Dahl, 2018; Tesolin et al., 2021).
USH is the second most frequent SD with a prevalence estimated between 3.2 and 6.2/100,000 cases depending on the population (Fuster-García et al., 2021). The syndrome is defined as the association of HI, vestibular dysfunction, and progressive loss of vision leading to blindness, termed ‘ Retinitis Pigmentosa’ (RP). Loss of night vision and narrowing of the visual field are usually considered as the primary signs consistent with RP (Ivanova et al., 2018). Vision impairment worsens the gait disturbances resulting from the vestibular dysfunction (El-Amraoui and Petit, 2014; Gettelfinger and Dahl, 2018). The USH phenotype is conventionally subdivided into three clinical subtypes. USH1, which is the most frequent clinical subtype, is characterized by HI and RP developed during infancy or adolescence and marked by its association with vestibular dysfunction. This latter often appears as an inability to walk and sit before the age of 18 months. The onset of USH syndrome in clinical subtype II (USH2) occurs in adolescence or adulthood without any signs of vestibular disorder. USH3 is marked by progressive HI that appears in late childhood or around puberty stage with or without a vestibular disequilibrium (Fuster-García et al., 2021). In all three clinical subtypes, RP could be accompanied by cataracts (Gettelfinger and Dahl, 2018). The clinical subtype IV refers to atypical USH phenotypes that do not fit any of the three conventional clinical categories (Fuster-García et al., 2021). To date, 10 major genes have been associated with the three typical clinical forms of USH, thereby revealing the genetic and mutational heterogeneity of this syndrome. MYO7A, USH1C, CDH23, PCDH15, and SANS genes are involved in USH1. Three genes have been associated with USH2, namely, USH2A, ADGVR1, and WHRN. USH3 is induced by mutations in the CLRN1 gene. The aforementioned genes encode proteins expressed in the hair cells of the inner ear as well as the photoreceptors of the retina (Jouret et al., 2019; Géléoc and El-Amraoui, 2020; Delmaghani and El-Amraoui, 2022). USH1-associated proteins, expressed at the tips of the stereocilia, are all involved in the development of the hair bundle (Géléoc and El-Amraoui, 2020). USH2 proteins are expressed transiently during embryonic development, 1–2 days after USH1 proteins. Their role is to refine the V shape of the hair bundle (Delmaghani and El-Amraoui, 2022).
Despite its rarity, Waardenburg syndrome (WS) is the third most common form of SD worldwide and represents 1%–3% of all SD forms identified to date (Ahmed Jan et al., 2021). The prevalence and incidence of WS have been estimated to be 1 per 20,000–40,000 and 1 to 2 per 8,400, respectively (Ideura et al., 2019). The syndrome was described for the first time in 1951 by the Dutch ophthalmologist and geneticist Petrus Johannes Waardenburg. It is characterized by the association of HI with pigmentation abnormalities of the eye, hair, and skin (Koffler et al., 2015). Such a condition affects melanocytes in different body tissues, namely, the stria vascularis of the cochlea. WS is classified into four clinical subtypes depending on the presence or absence of additional symptoms such as dystopia canthorum that characterizes WS types I and III, musculoskeletal malformations of the upper limbs in type III and Hirschprung disease in type IV. Six genes are known to be implicated in WS, including PAX3, MITF, SOX10, SNAI2, EDN3, and EDNRB with 284 mutations described to date. A dominant mode of inheritance is often considered as the major criterion of WS (Huang et al., 2021).
To the best of our knowledge, we report here, for the first time in a MENA (Middle East and North-Africa) country, the spectrum of SD in Tunisia following the clinical, genetic, and mutational investigations performed in a large cohort as well as a literature review of the reported SD forms in the Tunisian population.
2 MATERIALS AND METHODS
2.1 Patients recruitment
A total of 700 patients were recruited at 4 major referral centers for HI in Tunisia, namely, the Ear-Nose-Throat Department at La Rabta Hospital in Tunis, the Department of Congenital and Hereditary Diseases at Charles Nicolle Hospital in Tunis, the Department of Pediatrics at La Rabta Hospital in Tunis, and the Department of Neuropediatrics at the Mongi BEN HMIDA Institute of Neurology in Tunis. Patients were enrolled in our study if they met at least one of the following criteria: Family history of HI, parental consanguinity, presence of HI associated with other anomalies, and exclusion of environmental HI etiologies. Patients presenting with syndromic deafness attributed to chromosomal rearrangements, including conditions such as Down syndrome or Klinefelter syndrome, were excluded from the study cohort based on thorough review of their clinical records at the designated referral centers as well as clinical examination.
We decided to include in the study cohort both SD and NSHHL cases considering that previous studies in the world (Xiang et al., 2022) and in Tunisia (Riahi et al., 2015) have shown that apparently NSHHL patients harbored variants in genes associated with SD. Such findings have led to reexamining the patients and discovering the overlooked anomalies or additional clinical signs not initially recorded, thus confirming a syndromic condition.
2.2 Methods
2.2.1 Clinical evaluation
Audiological assessments, conducted at the ENT department at La Rabta hospital in Tunis, included both subjective (visual reinforcement audiometry (for children), pure-tone audiogram, speech audiometry) and objective tests (tympanometry, middle-ear muscle reflex, otoacoustic emissions, auditory brainstem responses). Detection of inner ear malformations was carried out by temporal bones tomography and Magnetic Resonance Imaging (MRI) of the inner ear. Complementary clinical explorations including ocular fundus examination, cardiac and renal echography were systematically performed.
2.2.2 Genetic screening
2.2.2.1 Genetic screening strategy
For individuals initially diagnosed with apparently non-syndromic HI, our study employed Sanger sequencing as the primary method targeting the GJB2 gene, since it is the most frequently associated with genetic HI. Furthermore, we extended the sequencing to encompass other genes in families where specific causal variants were identified following a cascade screening approach. In cases where Sanger sequencing did not yield conclusive results or for patients clinically confirmed with syndromic deafness (SD), Targeted Gene Sequencing (TGS) was used for a comprehensive analysis of genes associated with both non-syndromic and specific syndromic forms of SD. In instances where TGS did not provide definitive outcomes or for clinically undiagnosed cases of SD, Whole Exome Sequencing (WES) was performed for a comprehensive screening of genes linked to both non-syndromic and non-specific forms of SD, particularly atypical and ultra-rare conditions.
Among the 700 patients enrolled in this study, molecular analyses were conducted on 554 cases (78.71%) diagnosed with either non-syndromic HI or SD. Sanger sequencing was used for genetic testing in 424 patients. Additionally, 118 patients were subjected to TGS, while twelve patients underwent WES.
2.2.2.2 Targeted gene sequencing (TGS)
Genomic DNA was extracted from peripheral blood leukocytes using standard protocols. A targeted gene sequencing of 113 HI-related loci was carried out in each patient. Genomic DNA capture, sequencing and variant calling were conducted by IntegraGen S.A (Evry, France). Library preparation was performed by NEBNext Ultrakit (New England Biolabs). For each sample, genomic DNA was fragmented by sonication to produce 150–200 db fragments. Purified DNA fragments libraries were hybridized to the SureSelect oligo probe capture library for 72 h followed by washing and elution. The eluted fraction was qPCR -amplified and quantified by qPCR. Quantification enabled the creation of equimolar pools that were again quantified by qPCR. Sequencing of 150 pb paired-end reads was performed on an Illumina HiSeq 2,500.
Bioinformatic analysis of sequencing raw data was conducted by an in-house pipeline. Alignment of sequencing reads to the reference genome (hg19) was carried out using the Burrows-Wheeler Aligner-MEM software (BWA-MEM version 1.1.1; https://bio-bwa.sourceforge.net). Variant calling was performed using the Genome Analysis Tool Kit (GATK) algorithm HaplotypeCaller.
2.2.2.3 Whole exome sequencing (WES)
Exon capture was performed using the Agilent SureSelect XT Human All Exon v6 (60 Mb) Version C2 (December 2018). Following library preparation, samples were sequenced on a NovaSeq6000 platform (Illumina, San Diego, California) with a 150 bp paired-end reads configuration. Raw sequence files were aligned to the human genome reference sequence (version hg19) using the BWA-MEM software (BWA-MEM version 1.1.1; https://bio-bwa.sourceforge.net). Duplicates removal from BAM files was performed using the PICARD tool (www.picard.sorceforge.net). The GATK tool (GATK, www.broadinstitute.org/gatk/) was used for Indels realignment by the Realigner Target Creator algorithm. GATK was also used for base quality score recalibration. Variant Calling was performed by the GATK package Haplotype Caller.
2.2.2.4 Variant annotation and prioritization
For both TGS and WES data, variant annotation and prioritization were conducted using the VarAFT software version 2.16 (http://varaft.eu/) (Desvignes et al., 2018). SNPs and INDELs located in functionally relevant genomic regions, .i.e., exons and splice sites, were selected. Variants identified as synonymous or non-coding were excluded. Sequencing coverage statistics were calculated using the VarAFT tool. Genetic variants, with a read depth<20X and a mapping quality score<30, were discarded. A frequency filter was then applied to only include variants with a Minor Allele Frequency (MAF) threshold of 0.1 or less according to 1000Genomes (https://www.internationalgenome.org/), gnomeAD (https://gnomad.broadinstitute.org/), and GME (Greater Middle East) Variome (http://igm.ucsd.edu/gme/) databases.
The functional effects of genetic sequence variants were assessed by in silico prediction tools including SIFT (sift.bii.a-star.edu.sg/), MutationTaster (mutationtaster.org/); PolyPhen (genetics.bwh.harvard), FATHMM (http://fathmm.biocompute.org.uk), PROVEAN v1.1 (provean.jcvi.org/), MutationAssessor 1.0 (mutationassessor.org/r3/), and VarSome (https://varsome.com). Genetic variants, for which the CADD-Phred score is less than 15, were filtered out.
2.2.2.5 Copy number variation (CNV) detection and analysis
CNVs were called from TGS data using the ExomeDepth R package that detects CNVs from targeted sequencing data based on a read depth approach. The alignment data (BAM file) of the tested patient were compared to a matched aggregate reference set that combines five control BAM files generated by identical NGS sequencing and bioinformatic analysis procedures.
2.2.2.6 Sanger sequencing
Polymerase Chain Reaction (PCR) was performed on genomic DNA samples using primers designed by the primer3 software. PCR products were sequenced using the BigDye terminator v3.1 cycle sequencing reaction kit on an ABI prism 3130 DNA Genetic Analyzer (Applied Biosystems, Foster City, CA, United States) in accordance with the manufacturer’s recommendations. The ABI files were analysed using the BioEdit sequence alignment editor (version 7.2).
2.2.3 Literature data extraction
We performed a systematic and comprehensive search of the published literature until February 2022. The bibliographic data sources included scientific publications available in Pubmed (https://pubmed.ncbi.nlm.nih.gov/), Scopus (https://www.scopus.com/), Web of Science (https://www.webofscience.com), Science direct (https://www.sciencedirect.com), and OMIM (https://www.omim.org/) databases. In order to gather all available studies on SD, broad search terms such as ‘Syndromic hearing impairment’ AND ‘Tunisia’ were used. The names of frequent deafness syndromes were also used as keywords. Articles reporting either clinical descriptions, genetic studies or both were captured. We also referred to the local genetic diseases database, developed at the LGBMO and gathering 589 entities (Mezzi et al., 2021), in order to retrieve genetic conditions associated with HI. Grey literature sources included medical and scientific dissertations or theses, abstracts and posters presented in national and international conferences as well as those found in websites and specialized databases.
3 RESULTS
3.1 Preliminary clinical classification of the studied cohort
A total of 700 patients belonging to 620 families have been enrolled in the current study. Among these families, 221 (35.64%) were multiplex, i.e., more than one affected case in the nuclear and/or the extended family.
SDs identified in the studied cohort have been classified into two major clinical categories based on the patient phenotype. The first one corresponds to specific syndromes that include well known clinical entities that are defined as SDs in the literature and reported in HI specific databases. The second category includes non-specific syndromic forms, multisystemic diseases, and atypical phenotypes in which HI is a secondary or an uncommon clinical manifestation. Comorbidities are also included in this disease group.
The studied cohort has been categorized into 4 clinical subsets; i) Patients affected with apparently non-syndromic deafness; ii) Patients presenting with specific SDs; iii) Patients presenting with non-specific SDs; iv) Patients with suspected comorbidities.
Clinical data collection has allowed us to classify 78 patients, representing 11% of the total cohort, as having a SD. These patients belonged to 70 families, among whom 30 were consanguineous (38.46%) and 20 were multiplex. The age range varied between 4 and 75 years. Sixteen SDs were identified; five of which corresponded to specific clinical forms, including Waardenburg syndrome (WS), Alport syndrome, Treacher-Collins syndrome, Usher syndrome (USH), and CHARGE syndrome (Coloboma, Heart Anomaly, Choanal Atresia, Retardation, Genital, and Ear Anomalies). Twelve non-specific syndromic forms were identified following our census.
Two comorbidities were suspected in two patients; the first one associates unilateral Hearing Loss (HL) with triple A syndrome (or Allgrove syndrome) and the second one combines deafness with Moyamoya disease. The two patients with these comorbidities are from first degree consanguineous marriages, a factor that favors the co-occurrence of two or more disorders.
3.2 Molecular investigation of SDs in the studied cohort
Sanger sequencing confirmed non-syndromic HI, whether associated with the GJB2 gene or not, in 116 patients (21% of the investigated cases (216/424); 57% of the resolved cases), and SD in eight patients. TGS identified the molecular etiology in 70 cases out of the 118 patients tested, with 18 presenting with SD. Exome analysis conducted in twelve patients revealed SD in only one case, corresponding to alpha-mannosidosis (AM), an ultra-rare SD reported for the first time in the Tunisian population Figure 1.
[image: Flowchart illustrating the diagnostic process for 700 cases, detailing molecular investigations on 554 cases. Methods include Sanger sequencing (424 cases, 29% yield), Targeted Gene sequencing (118 cases, 41% yield), and Whole Exome sequencing (12 cases, 75% yield). Shows resolved and unresolved cases, with specific counts. Twelve novel variants are reported. Conditions mentioned include Usher syndrome and Alpha-mannosidosis.]FIGURE 1 | Overview of the molecular investigation in the studied cohort. Diagram summarizing the molecular investigation carried out in the studied cohort using 3 approaches: Sanger sequencing, Targeted Gene Sequencing and Whole Exome Sequencing. Diagnostic yields are indicated.
Following the molecular investigation, five syndromic clinical entities, including USH, WS, craniofacial-deafness-hand syndrome (CFDH), H syndrome (HS), and AM were identified in 27 patients. The AM cases have already been published elsewhere (Mkaouar et al., 2021) Figure 1.
3.2.1 Genetic investigation of usher syndrome (USH)
The diagnosis of USH was strongly suggested in five patients (DF202, DF252, DF522, DF618, DF619), in the presence of a HI associated with retinitis pigmentosa (RP) that was revealed by electroretinography (ERG) and Optical Coherence Tomography (OCT) (Table 1). USH was also suspected in the patient DF211 given that he had a history of walking delay, which suggested a vestibular dysfunction. The remaining four cases were initially diagnosed as non-syndromic HI.
TABLE 1 | Clinical characteristics of the patients presenting with Usher syndrome.
[image: Table listing patients by code, age, hearing impairment degree, and associated clinical features. Ages range from 8 to 28 years. Hearing impairments are either bilateral profound congenital or bilateral profound. Clinical features include retinitis pigmentosa (RP), psychomotor delay, cerebral issues, and other conditions. ND indicates not determined. Notes classify patients by descending age.]Among the 10 investigated cases, audiological examinations revealed bilateral profound deafness in eight patients. A familial history of HI has been reported in five consanguineous families.
Molecular investigation by TGS in the 10 USH patients allowed the identification of 10 different variants in 5 genes, namely MYO7A (n = 6), USH1G (n = 1), PCDH15 (n = 1), CDH23 (n = 1), and USH2A (n = 1), which highlights the genetic and mutational heterogeneity of this syndrome even in a clinically homogeneous group of patients (9 USH1 cases) (Table 2). These variants included a duplication and an insertion that lead to a frameshift, three variants affecting splice sites, a missense variant, and a large deletion. The genetic diagnosis was confirmed by ophthalmologic fundus examination using ERG and OCT.
TABLE 2 | Molecular findings in patients with Usher syndrome.
[image: A table displays genetic data for several patients, including columns for patient code, age, geographical location, consanguinity, gene, nucleotide change, amino-acid change, zygosity, and location. Additional information includes variant identifier, variant type, clinical significance, pathogenicity classification, inheritance pattern, sequencing method, clinical subtype, and references. Key details involve specific genes like USH1G, PCDH15, MYO7A, CDH23, USH2A, and classifications such as homozygous or autosomal recessive (AR), and clinical subtypes like USH/I. Some entries are marked as not reported or not determined.]In patient DF211, no causative mutation was initially identified. Following the analysis of the quality control files that provide information on the coverage of the targeted exons in the gene panel, a lack of coverage (0 Reads in 1X, 4X, 10X, and 25X read depths) was detected in the genomic region covering exon 4 of the MYO7A gene. Therefore, we hypothesized the presence of a homozygous deletion in this particular genomic region. The CNV analysis conducted on TGS data using the R package ExomeDepth provided validation to our hypothesis, revealing a homozygous deletion encompassing exon 4 (151 bp) of the MYO7A gene. Following annotation by the AnnotSV tool, this CNV, leading to a loss of function, was classified as potentially pathogenic (class 4 according to the ACMG criteria). This deletion has not been reported in the DGV database or in the literature.
3.2.2 Genetic investigation of Waardenburg syndrome
In the present study, 22 patients presenting with clinical features of Waardenburg syndrome (WS) and belonging to 16 unrelated families, were recruited. This is the largest WS Tunisian cohort reported to date since only six Tunisian patients have been described in the literature. Among the 16 families analyzed in the present work, a family history of isolated HI was reported in six families, three of which were multiplex for WS. The clinical diagnosis was made according to current international recommendations (Pingault et al., 2010; Trabelsi et al., 2017): the presence of at least two major clinical criteria or one major and two minor clinical criteria. Patients were also classified, according to the presence of additional clinical manifestations (Table 3). The W index was calculated to confirm the presence of dystopia canthorum (Trabelsi et al., 2017).
TABLE 3 | Clinical characteristics of the patients presenting with Waardenburg syndrome.
[image: A table lists patients classified by age, hearing impairment, and associated clinical features. Patient ages range from 3 to 53, with some not determined (ND). Hearing impairments include severe or profound bilateral. Clinical features include blue or heterochromia irides, skin hypopigmentation, dystopia canthorum, Hirschsprung disease, growth retardation, thoracic malformation, autistic features, hydrocephalus, gait imbalance, and polymalformative syndrome. The data are ordered by descending age.]3.2.2.1 Genetic investigation of WS cases with typical clinical presentations
The genetic investigation by TGS led to the identification of nine different variants in SOX10 and PAX3 genes in nine patients from seven families (Table 4). Six variants, comprising 3 missense, 2 nonsense, and 1 splice acceptor site mutations were predicted as deleterious by at least six in silico prediction tools (Supplementary Table S1). The p.(Arg270Gly) missense variant in exon 5 of the PAX3 gene as well as one inframe deletion (p.(Trp114del) and one nonsense variant p.(Trp114Ter)) in exon 2 of the SOX10 gene were identified in three multiplex families (DF289, DF551, DF592). Given that the SOX10 gene is involved in the molecular etiology of the five WS2 patients investigated by TGS, we performed a targeted mutational screening by Sanger sequencing of exon 2 of the SOX10 gene in two cases belonging to the same family DF592-1 (mother) and DF592-2 (daughter) with WS2. This allowed the detection of a deleterious nonsense variant c.342G>A; p.(Trp114Ter) at the heterozygous state.
TABLE 4 | Molecular findings in patients with Waardenburg syndrome.
[image: A detailed table displays genetic and clinical data of patients with a confirmed diagnosis of WS (Waardenburg Syndrome). It includes columns for patient code, age, geographical location, consanguinity, gene, nucleotide change, amino-acid change, zygosity, and exonic location. Additional columns provide variant identifiers, clinical significance, pathogenicity classification, inheritance patterns, sequencing methods, clinical subtype, and references. The table focuses on variants in genes like SOX10 and PAX3, with annotations regarding pathogenicity and inheritance patterns, classified by clinical subtype and study references.]3.2.2.2 Diagnostic refinement: a case of craniofacial-deafness-hand syndrome (CFDH)
Patient DF548, aged 28 years and born to consanguineous parents, presented with a particular phenotype marked by the association of profound bilateral deafness with a dystopia canthorum and musculoskeletal malformations. Therefore, the diagnosis of WS3 was firstly considered. Since exons 2 and 5 of the PAX3 gene have been reported as mutational hotspots in suspected WS1 and WS3 patients (Pingault et al., 2010), a targeted mutational screening of these 2 exons was performed in the proband. This led to the identification of a heterozygous missense variant p.(Asn47Lys) in exon 2 of the PAX3 gene. This variant has been associated with CFDH which has been described in only three American familial cases carrying the same variant (Sommer et al., 1983).
This ultra-rare autosomal dominant syndrome is characterized by the association of profound deafness with dysmorphic features including a high forehead, flattened face, hypoplasia or absence of nasal bones, downwardly and outwardly directed palpebral slits, hypertelorism, dystopia canthorum, maxillary hypoplasia, and ulnar deviation of the hands (Asher et al., 1996; Sommer and Bartholomew, 2003). Since the clinical presentation of DF548 patient included hypertelorism, downwardly and outwardly directed palpebral slits, and maxillary hypoplasia, the clinical diagnosis has been refined to CFDH given that the aforementioned clinical signs are specific to CFDH rather than WS3.
To our knowledge, this is the second case of CFDH described in the world. Another missense variant p.(Asn47His) affecting codon 47 of the same gene and leading to the substitution of an asparagine by a histidine, has been previously associated with WS3 (Hoth et al., 1993). Two hypotheses have been proposed regarding the mechanisms involved in the variable expressivity of these two variants, namely, i) Different effects of the two variants on the affinity of the PAX-3 transcription factor to target genes and ii) Impact of modifier genes (Asher et al., 1996).
3.2.2.3 Suspicion of a comorbidity associating deafness with iris heterochromia
In one sibling (DF549-1 and 2) with WS2 (HI associated with iris heterochromia), no mutations in WS-associated genes have been detected, however, a homozygous missense variant c.242G>A; p.(Arg81Gln) has been identified in exon 7 of the LRTOMT gene. This is a founder mutation frequently associated with non-syndromic HI (DFNB63) in North Africa (Tunisia, Morocco, Libya) (Ahmed et al., 2008; Charif et al., 2012; Mosrati et al., 2021; Souissi et al., 2021). To date, the LRTOMT gene has not been associated with a syndromic clinical entity. Such a result suggests the co-occurrence of the c.242G>A variant located in the LRTOMT gene, explaining the HI, with a second variant located in a yet unidentified gene involved in iris heterochromia.
3.2.3 H syndrome (HS)
We report here, the clinical and genetic investigation of two Tunisian cases with H syndrome (HS) which is a genodermatosis first described in 2008 by Molho-Pessach et al. (Molho-Pessach et al., 2008). It belongs to a group of histiocytic diseases known as “Histiocytosis Lymphadenopathy Plus” (Morgan et al., 2010; Noavar et al., 2019). HS is an ultra-rare condition whose prevalence has been estimated to be less than one in 1,000,000 cases (Bhatti et al., 2018; El-Bassyouni et al., 2020). It is a multisystemic disorder characterized by hypoacusis, skin hyperpigmentation, hypertrichosis, heart disease, hypogonadism, hepatosplenomegaly, hyperglycemia, and hallux valgus.
The two patients, aged 21 (TUN_HS_8) and 32 (TUN_HS_10) years, were born to consanguineous parents originating from southern Tunisia. Both patients share several pathognomonic manifestations of HS, including hyperpigmentation, hypertrichosis, inflammatory syndrome, hallux valgus, bilateral camptodactyly of the toes, and heart anomaly. Other clinical signs were individually observed such as sacroiliitis, inflammatory joint arthralgias, chronic urticaria and hyperthyroidism in patient TUN_HS_08 as well as unilateral renal hypoplasia, hypogonadism, diabetes and hepatosplenomegaly in patient TUN_HS_10 (Table 5).
TABLE 5 | Clinical characteristics of the patients presenting with H syndrome.
[image: Table listing clinical details of two patients. Patient TUN_HS_08 (age 21) has moderate conductive hearing loss in the right ear, mild mixed in the left. Clinical features include hyperpigmentation, hypertrochosis, chronic urticaria, cardiac issues, and hyperthyroidism. Patient TUN_HS_10 (age 32) has moderate congenital neurosensory hearing loss bilaterally. Clinical features include similar skin conditions, cardiac issues, ankylosing spondylitis, diabetes mellitus, and hypogonadism.]The type and degree of HI was different between the two patients. TUN_HS_08 had an asymmetric bilateral HI; moderate conductive in the right ear and mild mixed in the left one, whereas TUN_HS_10 was diagnosed with a congenital bilateral moderate sensorineural HI.
The genetic etiology of HS was associated with compound heterozygous and homozygous variants in the SLC29A3 gene encoding the balancing nucleoside transporter 3 (Hent3) located in endosomes, lysosomes, and mitochondria (Bhatti et al., 2018). Given that 36% (9/25 variants) of HS cases reported in the literature is related to variants located in exon 6 of the SLC29A3 gene (Bolze et al., 2012; Al-Haggar et al., 2015), a targeted variant screening of this mutational hotspot was conducted by Sanger sequencing.
This revealed the presence of the missense variant c.1088G>A; p.(Arg363Gln) at the homozygous state in patient TUN_HS_08. In patient TUN_HS_10, missense variants p.(Arg363Gln) and c.971C>T; p.(Pro324Leu) were identified at the compound heterozygous state (Table 6). For both cases, parental segregation was not performed due to the unavailability of the parents’ DNA.
TABLE 6 | Molecular findings in patients with H syndrome.
[image: Patient data table with genetic information for two individuals, both from Southern Tunisia. The table includes patient codes TUN_HS_08 and TUN_HS_10, their ages (21 and 32), consanguinity (N), gene SLC293, nucleotide and amino-acid changes, zygosity, variant type (missense), clinical significance, and inheritance pattern (AR). Sequencing was by Sanger sequencing, with references from Molho-Pessach et al.]3.3 Update of the spectrum of SDs in the Tunisian population
3.3.1 Clinical specificities
Literature review conducted in the current study has allowed us to set up the phenotypic spectrum of SDs in the Tunisian population and to calculate the relative frequency of each syndrome (i.e., number of patients per clinical entity). It has allowed the identification of 231 patients affected with 31 different SDs, including relatively frequent syndromes as well as ultra-rare atypical clinical presentations. Among these SDs, four clinical entities correspond to comorbidities identified in four patients from four unrelated families.
On the other hand, the Patient census has led to expanding the phenotypic spectrum of SDs by identifying 11 syndromes not previously reported in the Tunisian population. By combining literature data with our results, we identified 309 Tunisian patients diagnosed with 42 different SDs. We also found that the top four SDs in Tunisia correspond to USH, PDS, AS, and WS with 101, 43, 37, and 28 cases, respectively (Figure 2).
[image: Bar chart showing the number of gut microbiota publications per research topic from 2012 to 2017. Notable topics include ulcerative colitis at 101, obesity at 43, and mucosal biology at 37. Other topics range from 28 to 1 publication each.]FIGURE 2 | Clinical spectrum of syndromic deafness in the Tunisian population. Histograms recapitulating the number of patients for each syndromic deafness identified in Tunisia. The asterisk indicates syndromes that have only been reported in the current study. DRTA2: Renal tubular acidosis, distal, 2, with progressive sensorineural hearing loss; MIDD: Diabetes and deafness, maternally inherited.
Although it is an ultra-rare genodermatosis, HS with 14 identified patients is the sixth most common syndrome in Tunisia. The top four SDs are globally recognized as the most common ones with a slight difference regarding their ranks; for example, PDS is globally ranked as the most frequent SD followed by USH and WS (Koffler et al., 2015; Gettelfinger and Dahl, 2018). Among the listed SDs, 33% (14/42) fall into the category of syndromic non-specific forms.
SDs identified in Tunisia are mainly represented by two disease classes, i.e., congenital malformations, dysmorphic, and chromosomal aberrations (50%) as well as endocrine, nutritional, and metabolic diseases (48%).
Among the syndromic forms pertaining to the class of endocrine, nutritional, and metabolic diseases, 64% correspond to lysosomal storage disorders. The molecular basis of these dysfunctional conditions has been established in Tunisian patients affected with types IH, IIIB, and IIIC mucopolysaccharidosis, Pompe disease, and AM.
3.3.2 Genetic specificities
3.3.2.1 Classification of syndromic deafness according to the inheritance mode
In the investigated cohort (551 patients), the autosomal recessive mode of inheritance is the most frequent (34%) among the SDs identified. Those inherited in both recessive and dominant transmission modes accounted for 25% followed by strictly AD forms (17%). Inheritance patterns of 8% of the SDs detected in our cohort remain unknown due to the lack of molecular data. In total, when combining literature data with our findings, the rate of AR inheritance rises to 56% followed by the AD transmission mode (12%) (Figure 3A). Mitochondrial cytopathies represent 5% of all the SDs found in the Tunisian population.
[image: Three pie charts display genetic data distribution. The first chart in blue shows genetic inheritance: 56% autosomal recessive, 12% AR AD, 10% NA, 7% AR AD XLD, 5% digenic, 3% XL linked to the X, 3% mitochondrial. The second chart in red presents types of mutations: 31% missense, 21% splicing, 19% nonsense, 15% indels, 5% copy number variation, 4% mitochondrial. The third chart in purple illustrates recurrence categories: 55% private, 36% recurrent, 9% founder.]FIGURE 3 | Genetic characteristics of Syndromic Deafness in the Tunisian population. (A) Inheritance patterns of syndromic deafness in Tunisia. (B) Causative variants types. (C) Recurrence of the causative variants.
3.3.2.2 Genetic and mutational spectrum
According to published data, 50 causative variants in 23 nuclear and 3 mitochondrial genes were reported in 206 Tunisian patients with 19 different SDs. Variants detected in the different SDs were of 6 types; missense (31%), splicing (21%), frameshift deletions/duplications (19%), nonsense (15%), CNVs (5%), and mitochondrial (4%) (Figure 3B). Private variants represent the largest proportion (55%) followed by recurrent (36%), and founder (9.4%) mutations (Figure 3C, Supplementary Table S2).
Two founder mutations associated with the USH1B form (MYO7A gene) have been described in the Tunisian population. Two other founder mutations involved in non-specific SDs, namely, Chanarin-Dorfman syndrome and Mucopolysaccharidosis (MPS) type III, were specific to the Tunisian population (Supplementary Table S2).
The current study has broadened the genetic and mutational spectrum of genetic deafness by including 12 not previously reported variants in Tunisia and 9 others never described worldwide. These 21 variants were identified in 8 genes involved in 4 SDs, i.e., USH, WS, CFDH, and AM, that have been clinically confirmed in patients carrying these variants. For SW, SH, and AM, mutational hotspots were identified in SOX10, SLC29A3, and MAN2B1 genes, respectively. Six variants not previously reported in Tunisia were identified in CDH23 and SLC26A4 genes, associated with USH and PDS, respectively. Accordingly, in these patients, family segregation analysis of these two variants, combined with a thorough clinical evaluation will be performed to confirm their pathogenicity. Overall, the molecular data provided by the present study represent approximately 30% of all variants (22/72) identified in Tunisia.
By merging our molecular findings with bibliography data, the proportion of cases with known molecular etiology in the Tunisian population is roughly 70% (234/334). The SDs diagnosed in the Tunisian population are marked by a high genetic heterogeneity which is far more important for USH whose molecular etiologies have been associated with 7 different genes (Figure 4).
[image: Chart displaying pie graphs of various genetic disorders, each labeled with a disorder name. The pie charts illustrate the distribution of different genetic mutations for each condition, with each variant shown in a unique color. Disorders include Usher, Waardenburg, and others like X-linked agammaglobulinemia, Pompe disease, MELAS, Alström, and Rosai-Dorfman, among others. The key indicates mutation types corresponding to colors.]FIGURE 4 | Genetic spectrum of syndromic deafness in the Tunisian population. Deafness syndromes with known molecular etiologies are represented by pie charts. Each syndromic deafness is indicated with a different color. Color degradation has been adopted to specify the gene(s) associated with each syndrome. The number of patients carrying variants in each gene is provided.
4 DISCUSSION
To the best of our knowledge, our study is the first to identify the spectrum of SDs in the Tunisian population. Tunisia is part of the lower medium income countries (LMIC; category 2; https://data.worldbank.org/country/TN). Its socio-economic, geographical position, and history of settlement, places the country at the crossroads of several regions including North-Africa, South-Europe and Middle East. Consequently, specific lessons learnt from Tunisia would aid in setting-up tailored clinical and genetic diagnosis approaches, thereby enhancing intervention and disease management. These insights may hold relevance beyond Tunisia and could potentially be replicated in other countries with shared genetic backgrounds.
Interestingly, our study reveals that syndromic deafness is encountered in major disease groups not necessarily classified as SD, such as genodermatosis, Chanarin-Dorfman syndrome, HS, Rosai-Dorfman syndrome, as well as hereditary metabolic disorders. These latter contribute to 33% (14/42) of the overall spectrum. Among these, Lysosomal storage diseases (Mucopolysaccharidosis, Pompe disease (PD), glycogen storage disease type II and AM) represent 64%.
One of the strengths of our study is the diversity of its data sources considering that our patient census, carried out in different medical specialty departments, was complemented by a literature survey. On the other hand, we have also identified the study limitations which mainly include the recruitment bias due to the focus of clinical specialists on certain conditions rather than others, such as the large number of Alport syndrome cases identified in the Congenital and Hereditary Diseases Department, considered as a national referral center for the genetic diagnosis of renal diseases. One other limitation is related to the estimates provided by the literature review, which may be skewed by data redundancy especially in the absence of a national registry for genetic HI in Tunisia. Nevertheless, the overall statistics would not deviate significantly since they would be rebalanced by the proportion of SDs that are still largely under-diagnosed. Although the spectrum of SDs here identified remains incomplete, it provides a substantial insight into the clinical and genetic specificities of SDs in the Tunisian population and reveals the significant proportion of hereditary metabolic disorders in this spectrum.
The classification of SDs is challenging due to several layers of complexity. These especially include the clinical heterogeneity with variable expressivity and disease outcome, resulting in a paucity of knowledge about SDs in the clinical practice. In terms of genetic characterization, SD classification is complex given the diversity of inheritance patterns, the genetic and mutational heterogeneity, the genetic background of the study population, as well as the socio-cultural context favoring consanguineous and endogamous marriages. Another layer of complexity is added by the fact that the healthcare system is characterized by a lack of adequate infrastructure and limited human and financial resources to ensure a thorough clinical and para-clinical investigation. For all these reasons, the risk of diagnostic error and delay in patient care is significant. Thus, genetic study remains the most reliable approach to obtain a precise diagnosis, to offer genetic counseling to families and to propose a prenatal diagnosis especially when the risk of recurrence is high.
Given the wide variety of SDs to consider, accurate clinical diagnosis could be challenging, even for an experienced clinician. Diagnostic errancy can be induced by strict phenotype-driven diagnostic methods, for this reason, some authors have suggested that the genomic approach should be given priority over the clinical approach (Monies et al., 2019). However, to take into account the unique clinical circumstances of each patient, it would be necessary to practice both approaches simultaneously in order to boost early diagnosis and to provide personalized medical management.
Historically, the genetic investigation of HI has been initiated in Tunisia since 1995, 1 year after the discovery of the first locus associated with ARNSHL (DFNB1) by Guilford et al. in two Tunisian inbred families (Guilford et al., 1994). Literature review has revealed that in 86% of the cases, genetic investigations of SDs were based on standard techniques such as linkage analysis, direct sequencing, and genotyping microarrays. Such approaches were mainly used for the genetic screening of recurrent and founder mutations for WS, PDS, HS, AM, and mitochondrial DNA depletion syndrome (Supplementary Table S2).
Twenty-five causative variants have been identified, in a 6-year time frame (2015–2021), versus 23 variants over an 18-year period (1995–2013) during the pre-NGS era (Supplementary Figure S1). This means that on average, 4 mutations per year were detected by NGS while only one variant per year was identified by conventional techniques. Thus, the detection rate has four-fold increase in less than a third of the time following the use of NGS techniques whose contribution to the genetic and mutational spectrum of SDs in Tunisia is equivalent to 37.5% (27/72 variants).
In the present work, the contribution of TGS to the detection rate is 2 times higher than the one obtained by Sanger sequencing (59.33% for TGS versus 29.25% for Sanger sequencing) (Supplementary Figure S2). TGS has also allowed to enrich the mutational spectrum of SDs by the identification of 21 novel variants not previously described in Tunisia (Tables 2 and 4). These results highlight the significant contribution of NGS to the molecular characterization of SDs in Tunisia.
Given the genetic and mutational heterogeneity of numerous SDs identified in Tunisia, a thorough genetic investigation based on Sanger sequencing would be impractical in time and cost-effectiveness. TGS has been consistently proven to be an effective approach for the genetic diagnosis of deafness with detection rates ranging between 16% and 42% (Sheppard et al., 2018). A panel of 120 genes has detected molecular etiologies in 33.5% of the investigated cases (N = 200) (Zazo Seco et al., 2017). The Otoscope gene panel has yielded a modest increase in diagnostic rate towards 39% (Sheppard et al., 2018). In the current study, the gene panel of choice resulted in a greater diagnostic yield, i.e. 59.33% (70 solved cases/118 investigated cases; Supplementary Figure S2) and allowed us to ascertain the molecular etiologies of USH and WS in 10 and 8 patients, respectively. However, it is important to note that all of the aforementioned gene panels were used for patients with apparently isolated HI.
Shearer et al. have emphasized the importance of including SD-associated genes in TGS panels to increase the detection rate of syndromic entities characterized by hidden clinical features such as RP in USH (Shearer et al., 2013; Sheppard et al., 2018). Indeed, this is well illustrated by the present study as our gene panel covering 46 SD genes allowed for the detection of USH-gene variants in five patients originally diagnosed with non-syndromic HI. Such findings suggest that the use of a specific gene panel for each SD would significantly increase the diagnostic yield. This was demonstrated in the study by Bonnet et al. who used an USH-specific gene panel that resulted in an 85% diagnostic yield (Bonnet et al., 2016). However, the use of syndrome-specific gene panels requires the availability of accurate clinical data, which is not always the case in Tunisia. This may be due to poor patient referral within the healthcare system as well as limited access to thorough ophthalmological examinations (OCT and ERG) allowing the detection of minor RP clinical signs. In the same study by Bonnet et al., TGS combined with CGH (Comparative Genome Hybridization) and qPCR (quantitative PCR) increased the detection rate of molecular etiology to 93% by identifying CNVs in patients carrying monoallelic point mutations in USH-associated genes (Bonnet et al., 2016). In two Tunisian familial cases, Adato et al. have reported a large deletion in the MYO7A gene, which was identified by linkage analysis and validated by Sanger sequencing (Adato et al., 1997). However, all these techniques (CGH, qPCR, Sanger) used for CNV identification and validation are highly expensive and time consuming. Indeed, our study showed the efficiency of a robust bioinformatics analysis, using the ExomeDepth tool, in the detection of CNVs from TGS data in the USH patient DF211. Therefore, we consider CNV analysis to be an essential step for negative TGS/WES cases affected with USH. We also propose long-range PCR as a cost-effective CNV validation technique when compared to qPCR.
The high rate of inbreeding characterizing the Tunisian population predicts an increasing emergence of rare and complex syndromes. Indeed, consanguinity and endogamy rates in Tunisia can reach 38% and 87%, respectively (Ben Halim et al., 2015). Among the 220 Tunisian SD families, including those reported in the literature, 66.81% of the index cases were born to consanguineous parents. This factor, in conjunction with the clinical and genetic heterogeneity of SD, could compromise the design of a gene panel adequately adapted to the genetic profile of the Tunisian population. In the present study, we found that the spectrum of SDs in Tunisia tends to constantly expand. Thus, the discovery of new syndromes, such as AM, will lead to an increase in the number of loci that need to be covered in a gene panel and thereby enhance its cost. As WES is increasingly becoming affordable, (Shearer et al., 2013), this tool would be more suitable for the genetic investigation of complex genetic conditions, namely, nonspecific and ultra-rare syndromic forms.
Given the limited access to NGS platforms in Tunisia, we propose as a first step, for the diagnosis of clinically confirmed SDs associated with a single gene, to proceed with direct sequencing of the mutational hot spots, e.g., AM and HS which are often associated with recurrent mutations. Furthermore, for familial cases, if the causal mutation segregating with the syndromic entity is known, cascade screening would be highly effective for the early detection of affected family members. For genetically heterogeneous forms that are clinically well characterized, we recommend the use of a gene panel, specific to the SDs frequently encountered in Tunisia such as USH, PDS, AS, and WS.
Our study showed that several SDs were originally classified as non-syndromic, which was the case for USH in the study cohort. Similarly, comorbidity cases were initially classified as SD, e.g., a co-occurrence of HI and ichthyosis that was primarily suspected as a KID syndrome in one patient (Sayeb et al., 2019). Such findings imply that each isolated deafness could be considered as a SD until proven otherwise. Likewise, each SD could actually be a comorbidity. In fact, for the syndromic forms for which deafness is the primary clinical manifestation, it is important to note that regular follow-up should be planned for all patients presenting with an apparently isolated deafness and carrying variants in the genes involved in USH or the SLC26A4 gene associated with PDS in order to anticipate the diagnosis of RP or thyroid dysfunction for USH and PDS, respectively.
In light of our study, and considering the importance of the earliest possible intervention for children with congenital deafness, it is essential for these children to be detected as early as possible, at birth or during infancy, so that they can benefit from appropriate auditory and educational care.
Early detection of deafness through newborn hearing screening would allow in the mid to long term to implement a genetic screening system, especially in the presence of a family history and after excluding the involvement of non-genetic etiologies. Therefore, it is mandatory to combine clinical screening with genetic testing, if possible with NGS, in the newborn screening system. The failure to implement Universal Newborn Hearing Screening (UNHS) programs in Tunisia is due in part to a combination of several technical, financial, organizational and ethical considerations. To circumvent these limitations, knowledge societies and patient advocacy groups have become increasingly mindful towards the importance of awareness and advocacy campaigns to seek action from policymakers and stakeholders in Tunisia. Taking into account that the risk of developing a hearing impairment is inherent at all ages, all children should have in their health record a hearing health follow-up at crucial developmental stages: birth, preschool or school admission, and adolescence. The widespread use of the hearing health record should also be maintained throughout adulthood. This should be facilitated by the attribution of a unique identifier through the social security system and the implementation of the Electronic Medical Record (EMR). These two aspects have already been planned within the framework of the health policy and are being supported by the national dialogue on health in Tunisia.
In summary, the present study aims to raise awareness on the threats weighing on hearing health in the region, especially the genetic predisposition due to consanguinity and endogamy, which makes our population prone to an increased incidence of complex clinical entities. On the other hand, we emphasize on the importance of auditory rehabilitation (hearing aid and cochlear implant: CI) in terms of social inclusion and management of associated anomalies. Indeed, children with severe to profound HI can benefit greatly from early intervention via CI even if they suffer from other disabilities as it would not only provide auditory rehabilitation and speech improvement, but it would also enhance psychomotor and behavioral development. The need to provide auditory rehabilitation is even more critical for USH considering that early indication of CI would allow the patient to get optimal outcomes and gain the maximum capacity in auditory communication before the onset of visual loss. Furthermore, several studies have revealed the beneficial outcomes of CI particularly in HI due to genetic etiology. Thus, early auditory and genetic screening could yield better clinical outcomes. In fact, numerous studies have suggested that the CI clinical outcomes could be influenced by the genetic etiologies underlying HI. Good CI outcomes have been noted in patients affected with USH1 (Loundon et al., 2003), WS (Eshraghi et al., 2020; Polanski et al., 2020), Stickler, Bartter, Down, CINCA (Chronic Infantile Neurological Cutaneous and Articular), and Donnai-Barrow syndromes (Broomfield et al., 2013). However, outcomes can vary even in patients belonging to the same syndrome group. Such findings pinpoint the need to better understand genotype-phenotype correlations and CI outcome in order to provide effective genetic counseling and treatment strategies.
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Case Report: A novel RRM2B variant in a Chinese infant with mitochondrial DNA depletion syndrome and collective analyses of RRM2B variants for disease etiology
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Background: There are few reports of infantile mitochondrial DNA depletion syndrome (MDDS) caused by variants in RRM2B and the correlation between genotype and phenotype has rarely been analyzed in detail. This study investigated an infantile patient with MDDS, from clinical characteristics to genetic causes.



Methods: Routine physical examinations, laboratory assays, which included gas chromatography–mass spectrometry of blood and urine, and MRI scans were performed to obtain an exact diagnosis. Whole-exome sequencing was used to pinpoint the abnormal gene and bioinformatic analyses were performed on the identified variant.



Results: The case presented with progressive neurologic deterioration, failure to thrive, respiratory distress and lactic acidosis. Sequencing revealed that the patient had a homozygous novel missense variant, c.155T>C (p.Ile52Thr), in exon 2 of the RRM2B gene. Multiple lines of bioinformatic evidence suggested that this was a likely detrimental variant. In addition, reported RRM2B variants were compiled from the relevant literature to analyze disease etiology. We found a distinctive distribution of genotypes across disease manifestations of different severity. Pathogenic alleles of RRM2B were significantly enriched in MDDS cases.



Conclusion: The novel variant is a likely genetic cause of MDDS. It expands our understanding of the pathogenic variant spectrum and the contribution of the RRM2B gene to the disease spectrum of MDDS.



KEYWORDS
mitochondrial DNA depletion syndrome, RRM2B, whole-exome sequencing, disease spectrum, disease etiology





1 Introduction

Mitochondrial DNA (mtDNA) depletion syndrome (MDDS), which features a maintenance defect of mtDNA, belongs to a group of disorders with complex phenotypic subtypes due to disrupted nuclear genes (1, 2). Such nuclear genes responsible for MDDS act through the key enzymes that affect the process of mtDNA synthesis and replication, causing a reduction in the amount of mtDNA. This damages the synthesis of the respiratory chain complex and adenosine triphosphate (ATP) in cells, which results in dysfunction in affected tissues and organs. A growing number of studies have expanded the number of pathogenic variants in different genes found in different MDDS phenotypes. They have also established that pathogenic variants in the RRM2B gene are an uncommon cause of MDDS, specifically MDDS types 8A and 8B (MIM #612075) (3, 4). The RRM2B gene is located on chromosome 8q22 and encodes p53R2, which is a subunit of the ribonucleotide reductase (RNR) complex (5). This complex is a heterotetrametric enzyme and is a key protein in the de novo synthesis of mtDNA (Figure 1A). RRM2B variants have been found to induce a broad spectrum of clinical phenotypes, from birth to late adulthood, with different inheritance models (6), such as infantile-onset MDDS by autosomal recessive inheritance (7–12), progressive external ophthalmoplegia (PEO) by either autosomal recessive inheritance or autosomal dominant inheritance (7, 13–16) and acute liver failure (17).
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FIGURE 1
(A) schematic presentation of mtDNA replication. RNR, ribonucleotide reductase; dNMP, deoxynucleoside monophosphate; dNDP, deoxynucleoside diphosphate; dNTP, deoxynucleoside triphosphate; NDP, nucleoside diphosphate; dTMP, deoxythymidine monophosphate. (B) Graphical representation of the RRM2B protein 3D structure and location of the altered amino acid. The identified c. 155T>C variant caused the p.Ile52Thr amino acid change. The pink coil represents the loop structure, blue depicts an alpha-helix and the purple region is a β-strand. Each color represents a different atom; yellow-C atom, gray-H atom, blue-N atom, red-O atom and orange-S atom. The red dotted line represents the hydrogen bond. The red rectangles show areas of change.


To date, fewer than 40 cases of infantile-onset MDDS caused by an RRM2B defect have been reported (9, 18–21). These cases mainly presented with hypotonia, progressive neurologic deterioration, failure to thrive, lactic acidosis, feeding difficulties, respiratory distress and proximal tubulopathy. Other symptoms, such as sensorineural hearing loss (SNHL), gastrointestinal (GI) symptoms and seizures, also emerged in several infants. The patients were usually hospitalized due to hypotonia, feeding difficulties and failure to thrive in the first few months after birth. Laboratory tests showed elevated lactate levels in multiple body fluids, such as blood, cerebrospinal fluid (CSF) and urine, deficiency in oxidative phosphorylation enzymes and loss of residual mtDNA in skeletal muscle (8). The patients usually had a low overall survival rate, which dropped to 29% and 16% at 6 months and 1 year after birth, respectively (18).

In this study, we characterized the clinical features of an infantile patient with fatal MDDS from a Chinese Han trio family. The patient was identified as being homozygous for a novel missense RRM2B variant that has not previously been recorded in any of the databases. We analyzed data from a systemic examination and metabolite screen, plus the bioinformatic analyses and protein structure models of the variant, to substantiate the genotype-phenotype correlation in this MDDS case. In addition, we compiled data from the reported RRM2B variants and detailed the history of the corresponding cases from the relevant literature in an effort to explore the genetic pathogenicity of these variants. This work will be helpful in extending our understanding of the genetics that underpin MDDS.



2 Case report


2.1 Clinical features and laboratory assays

The patient was a boy who was 2 months and 12-days-old. He was the first child of non-consanguineous Chinese Han parents, neither of whom had any obvious relevant symptoms or family history of similar diseases. The patient was born at term, after a normal pregnancy, and the birth weight was 3,400 g. The boy was hospitalized in the maternity hospital for 9 days due to asphyxia at birth. Two months later, he was transferred to our hospital due to feeding difficulties and respiratory distress. He then underwent a detailed clinical assessment and laboratory examination.

The patient showed progressive neurologic deterioration and failure to thrive, such as poor suck, lack of head control, hypotonia and lethargy. A progressive dyspnea also emerged during his hospitalization. The hematological parameters (Table 1) showed that the patient had aberrantly elevated lactate (Supplementary Figure S1), high-sensitivity cardiac troponin I (hs-cTnI), myohemoglobin, lactate dehydrogenase (LDH), creatine kinase (CK), aspartic transaminase (AST), alanine aminotransaminase (ALT), plus reduced uric acid and fibrinogen. The serum ammonia level (16.5 umol/L, normal range: 10–50 umol/L) and blood glucose level (4.8 mmol/L, normal range: 3.9–5.8 mmol/L) were normal, whilst the total protein (CSF-TP) level was elevated in the CSF. The results of the patient's electroencephalogram were normal. Multiple pathogens were detected in the patient, such as extended-spectrum β-lactamase-producing Escherichia coli, Streptococcus pneumoniae and Pneumocystis jiroveci. Cardiac ultrasonography indicated pulmonary arterial hypertension, with a 50 mmHg pulmonary arterial systolic pressure and patent foramen ovale. The qualitative test for urinary protein was positive. The MRI showed a high water content in the white matter of the bilateral frontal, temporal, parietal and occipital lobes, and showed that the sulci of the bilateral cerebral hemispheres were wider and deeper than normal, which suggested abnormal brain development (Figure 2A). Urine gas chromatography-mass spectrometry (GC-MS) showed that a variety of urinary organic acids, such as lactate, pyruvic acid, hydroxybutyrate and 5-oxyproline, were elevated by varying degrees (Supplementary Figure S2). As the disease had an impact on mitochondrial function and infection further decreased the ability of the liver cells to metabolize amino acids, an increase in amino acids was observed in the blood. As shown in Table 1, tandem mass spectrometry of blood slides showed that the levels of glutamic acid, glycine ornithine and serine were increased. The levels of acylcarnitine were normal. These results suggested disorders of mitochondrial energy metabolism.


TABLE 1 Hematological parameters of patient.
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FIGURE 2
(A) MRI images obtained during hospitalization. The MRI showed a high water content in the white matter of the bilateral frontal, temporal, parietal and occipital lobes. Red arrows point to brain lesions. (B) Pedigree of the family. The father and mother were asymptomatic carriers of the pathogenic variant, while the patient showed clinical symptoms. (C) Reverse complementary sequences of the RRM2B variants showed an A>G nucleotide substitution at the 155th nucleotide, in exon 2. The patient carried a homozygous mutation, while both his father and mother had a heterozygous mutation at the same site. (D) A multispecies analysis showed that this site was highly conserved.


Due to failure to cure the patient's progressive dyspnea with 8 days of high-flow nasal cannula oxygen therapy, the patient was treated with oral tracheal intubation and mechanical ventilation for 30 days. The patient's condition was complicated by multiple pathogenic infections, which may have resulted in liver and myocardial damage. The patient received comprehensive treatments, such as meropenem, vancomycin, caspofungin and sulfonamide for infection, inflammation, immune regulation, myocardial nutrition, correction of acidosis and maintenance of internal environment stability. The patient could not be weaned-off the ventilator until his condition improved. He died at 3 months of age.



2.2 Bioinformatic analyses of the novel c. 155t>C variant in RRM2B

Hierarchical bioinformatic analyses were performed after whole-exome sequencing (WES) of the patient's family. WES Genomic DNA was extracted from peripheral blood samples. WES kit (MyGenostics, Beijing) was used to capture the target, according to the manufacturer's instructions, and DNBSEQ-T7RS (MGI, China) sequenced the DNA. The pathogenicity of the variation was evaluated according to ACMG guidelines (22). The patient was homozygous for the NM_015713.5 (RRM2B): c.155T>C (chr8:103244426); NP_056528.2: p.Ile52Thr novel non-synonymous variant. The substitution at c.155 in exon 2 (c.155T>C) led to an amino acid change from isoleucine to threonine (p.Ile52Thr), which was confirmed by Sanger sequencing. In accordance with the sequencing results from the family, the patient's two copies of the variant were inherited from his parents, who were both heterozygous for this variant (Figures 2B,C). In contrast to their child, who had severe symptoms, the parents appeared to be asymptomatic. We found no record of this variant in the HGMD database or any suggestion of its pathogenicity in the latest version of the ClinVar database. In accordance with the ACMG standardized variant classification (https://www.acmg.net/docs/Standards_Guidelines_for_the_Interpretation_of_Sequence_Variants), the classification of the RRM2B (NM_015713.5): c.155T>C variant was “Unknown Significance”. This variant was preliminarily classified as a PP3_Strong + PM2_Supporting + PM3_ Supporting(hom) criteria, which means that its pathogenicity was supported by in silico evidence and the variant was absent from controls. No information about this site was found in the general population databases, which included gnomAD. The REVEL integrative functional prediction algorithm for non–synonymous variants was applied and the result was indicative of a harmful consequence. Orthodox ratings for functionality consistently gave a biologically harmful result from SIFT, PolyPhen_2, Mutation Taster and GERP++, based on the evolutionary conservation. The analysis of conservation showed that the amino acids at this site were highly conserved across multiple species, from fish to mammals (Figure 2D).

As a change in the primary protein structure was caused by this novel missense variant, AlphaFold2 and JPred4 were used to predict a potential alteration for the higher-order structure. In the protein structure model, a substitution of p.I52T in the small p53 inducible subunit (p53R2) led to altered physical and chemical characteristics, such as polarity, charge and isoelectric point (PI). The nonpolar, hydrophobic amino acid at position 52 changed to a polar, hydrophilic amino acid and the PI declined from 6.02 to 5.6. The potential role of the identified RRM2B variant was assessed by analyzing the p53R2 protein (encoded by RRM2B) structure generated by the AlphaFold artificial intelligence algorithm (Figure 1B). AlphaFold2 produced a per-residue confidence score >90, which indicated very high confidence in the model for most regions of the protein structure. The variant occurred in an alpha helix structure and resulted in conformation distortions that affected protein interactions. The protein secondary structure prediction by JPred4 showed a change in the alpha–helix in the region between amino acids 50 and 60, together with multiple other regions in the variant protein, when compared with the wild type. This implied that functionalization of the protein was affected during polymerization (Supplementary Figure S3). These results all suggested that c. 155T>C (p.I52T) had a high impact on protein function. Because infantile-onset RRM2B-related MDDS is an autosomal recessive disease, we proposed to change the original classification of “Unknown Significance” variant to “Likely Pathogenic” variant.




3 Previously reported pathogenic RRM2B variants

We collated data on 63 variants from affected individuals with different clinical manifestations and of different ancestry to gain more insightful knowledge about the contribution to disease from variants in the RRM2B gene (Figure 3A, Supplementary Table S1). The reported pathogenic variants mainly affected the primary protein structure and included 41 missense variants (65.08%), eight nonsense variants (12.70%), six splicing variants (9.52%), seven frameshift variants (11.11%) and one large deletion (1.59%) from exon 4 to exon 6. The frameshift variants included a deletion (c.414_415delCA) and an insertion (c.635_636insAAG) of one codon. An uneven distribution of pathogenic variants was observed across each exon, with the highest density in exons 4, 6 and 2. The novel variant detected in this study was found in exon 2.
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FIGURE 3
(A) previously reported pathogenic RRM2B variants and the novel variant in the patient. The location of each variant is shown in the nine exons of RRM2B messenger RNA (mRNA). The P53R2 protein comprises 351 amino acid residues. Each exon is labeled with the segment of the amino acid chain that it encodes. Codon variant refers to an insertion or deletion of one or several codons. The yellow, blue and green fonts represent homozygous, heterozygous and compound heterozygous genotypes, respectively. The grey font indicates an unknown type of variant. Purple represents both homozygous and compound heterozygous genotypes. Red represents both heterozygous and complex heterozygous genotypes. & indicates that the variant was present in both MDDS and PEO. The red arrow represents the novel variant. (B) Distribution of genotypes in patients with MDDS and PEO. M, missense variant; PTV, protein-truncating variant, e.g., splice-site, nonsense, frameshift and codon variants. (C) The relationship between PTV and developmental delay in patients with MDDS. (D) Clinical features in patients with MDDS.


The genotype and the severity of the clinical manifestation was tightly correlated. The affected individuals were mainly diagnosed into two categories of diseases, MDDS and PEO, based on the clinical data (Supplementary Table S2). The variants found in patients with MDDS were mostly distributed in exons 2, 4 and 6, which was consistent with the overall trend, while the variants detected in patients with PEO were found in exons 4, 6 and 9 (Figure 3A, Supplementary Table S3). Single heterozygotes in PEO and homozygote or compound heterozygotes in MDDS were mostly found in exons 1, 3 and 9 (Figure 3A). The predominant variant types that were responsible for such diseases were the variants that altered the amino acids. These included 27 (64.29%) missense and four (9.52%) frameshift variants in patients with MDDS, and 19 (70.37%) missense and four (14.81%) frameshift variants in patients with PEO or other diseases. Among the reported variants, most were found separately in MDDS or PEO, with just seven shared between both diseases. Notably, the genotype distribution was significantly different across the two disease categories, with a striking enrichment of pathogenic variants in MDDS cases (Fisher's exact test, OR = 50, p = 2′10−6, Figure 3B). For MDDS, almost all variants were found in homozygous or compound heterozygous genotypes, which may indicate that both copies of the gene were damaged. In contrast, the genotypes were mainly heterozygous or compound heterozygous in patients with PEO, which suggested a partially disrupted function of the gene (Figure 3A; Supplementary Table S1).



4 The natural history of disorders with defects in RRM2B

We collated a detailed set of clinical data from the literature from 84 patients with a defect in RRM2B (Supplementary Table S2). The data was composed of 39 patients with MDDS, 36 patients with PEO, four individuals with renal dysfunction, rod-cone dystrophy and SNHL, two family members with acute liver failure and three patients without specific records of clinical symptoms. The patients with MDDS mostly developed severe symptoms that were lethal in infancy. However, the patients with PEO typically started to show symptoms on reaching maturity and the disease was not lethal.

Detailed clinical, biochemical and imaging features of all 39 pediatric patients with MDDS are summarized in Supplementary Table S2. The median age of onset was two months, with a range from 0 to 36 months, and 33 patients (84.62%) died. The most frequent clinical symptoms, such as hypotonia (36/39, 92.31%), developmental delay (23/39, 58.97%), renal disease (19/39, 48.72%), feeding difficulties (17/39, 43.59%), hearing loss (17/39, 43.59%), respiratory involvement (16/39, 41.03%), seizures (12/39, 30.77%) and eye abnormalities (9/39, 23.08%) (Figure 3C), involved multiple systems. Muscle residual mtDNA and plasma lactic acid were measured in 56.41% (22/39) and 66.67% (26/39) of patients, respectively, with 63.64% (14/22) of patients having significantly diminished mtDNA and all patients having significantly elevated plasma lactic acid. We found CSF protein or lactate in 35.9% (14/39) of patients and CK was found in 30.77% (12/39) of patients, with elevated levels in 71.43% (10/14) and 75% (9/12), respectively. An MRI scan was performed on 25.64% (10/39) of patients and 70% (7/10) were abnormal.

We conducted additional analyses using the collected MDDS data. A close relationship was found between both the age of onset and time of death and the residual mtDNA levels in skeletal muscle. A lower residual mtDNA level was associated with an earlier onset (Spearman's rank test, rho = 0.59, p = 0.034) and an earlier death (Spearman's rank test, rho = 0.676, p = 0.011). An earlier onset tended to result in an earlier death (Spearman's rank test, rs = 0.686, p = 0.01). Patients who presented with eye abnormalities tended to develop the syndrome later (Mann-Whitney U test, p = 0.049), while patients who showed developmental delay tended to die later (Mann-Whitney U test, p = 0.014). As shown in Figure 3C, the number of PTVs (protein-truncating variants), such as splice-sites, nonsense, frameshift and codon variants, was positively associated with a higher risk of developmental delay (Chi squared test, χ2 = 7.337, p = 0.026).



5 Discussion

The high mortality rate of infantile MDDS and the lack of effective treatments lead to an extremely poor prognosis for patients with the disease, despite its extremely low morbidity. Progression of the disease is usually faster in patients with infantile MDDS caused by RRM2B defects and death comes at an earlier stage (1, 23). The common clinical manifestations are feeding difficulties, failure to thrive, hypotonia in newborns, respiratory distress and lactic acidosis, occasionally found with proximal tubulopathy, seizures, SNHL and GI symptoms (24, 25). Fewer than 40 cases of infantile-onset MDDS, caused by an RRM2B defect, have been reported and most developed lethal symptoms in infancy, with approximately 85% mortality (9, 18–21). A lack of etiological and pathogenic understanding of the disease remains a fundamental reason for the poor results from clinical intervention. It is necessary to carefully investigate each clinical case to raise the awareness of medical practitioners in discerning and diagnosing the syndrome and to promote the development of appropriate treatments for each affected patient.

In this study, we reported a patient whose RRM2B function was most likely impaired by a homozygous nonsynonymous variant. The patient was affected by the typical features of infantile MDDS, with respiratory distress and failure as his major cause of death. His parents refused permission for a muscle biopsy, which meant that residual muscle mtDNA could not be investigated. The novel variant in RRM2B was confirmed in the trio-family and was evaluated to be deleterious, based on its biological pathogenicity, through a set of functional predictions. It was considered to be a plausible cause of MDDS in the patient. The novel variant was found in a phylogenetically conserved site and may have a high impact on gene function. This further added to the evidence that this novel mutation is Likely Pathogenic. A comprehensive analysis of the clinical phenotype of the patient adds support for a correlation between genotype and pathogenesis of the disease.

The p53R2 protein that is encoded by RRM2B is a homolog of subunit R2 of RNR, which is a heterotetramer composed of two R1 subunits and two R2 subunits (8, 26). In the cytosol (3), RNR is essential for keeping an intact mitochondrial deoxyribonucleotides triphosphate (dNTP) pool and is required for the conversion of ribonucleotide diphosphate to deoxyribonucleotide diphosphate. Damage to p53R2 synthesis prevents the dNTP pool from being maintained for mtDNA replication, which leads to mtDNA depletion (Figure 1A). The RRM2B gene is widely expressed across human tissues, with an exceptional level of p53R2 found in skeletal muscle. The p53R2 protein takes over from R2 in tissues with a low amount of R2 and it plays a role in dNTP synthesis (27). Therefore, variants in RRM2B that reduce the levels or activity of p53R2 create an imbalanced dNTP pool, create a deficiency in mtDNA synthesis and ultimately cause MDDS. The newly discovered p.Ile52Thr substitution is close to the N-terminal of p53R2 and shows a high degree of conservation across species (Figure 2D). This suggested that the altered amino acid may impact the structure and function of p53R2 (Figure 1B). Moreover, this variant, at the 52nd position in the polypeptide, was very close to the p.M55I (c.165G>A) variant, which was previously reported to be pathogenic (18). The proximity of these two variants supported a common influence on the structure and activity of the polypeptide.

Our compiled data (Figure 3C, Supplementary Table S2) indicated notable phenotypic heterogeneity among the RRM2B-related diseases. The clinical phenotypes of other child- and adult-onset diseases caused by a defect in RRM2B (13), such as common PEO, ptosis, proximal muscle weakness, uncommon encephalopathy, GI and renal involvement, were distinct from infantile MDDS. We found that hearing loss occurred at a different frequency in infantile-onset MDDS (43.59%), when compared to other child or adult disorders (30.95%). This contrasts to the similar percentage of 36% observed in these two groups by Keshavan et al. (18), using a smaller data set. Seizures were observed in 30.77% of infantile MDDS cases in our data, which was also different to the 39% observed by Keshavan et al. (18). The phenotypic heterogeneity observed in our study resulted from a disparity in the spectrum of RRM2B variants between infantile-onset MDDS and other child or adult disorders.

The detailed analyses in this study showed a significant correlation between genotypes and phenotypic severity. Autosomal recessive inheritance was observed more often in the infantile-onset disorders than in other disorders, which were caused by recessive or dominant inheritance of pathogenic variants (13). The patients with MDDS with recessively inherited homozygote or compound heterozygote genotypes had a more severe multisystem condition and an earlier disease onset. Most died in infancy. In contrast, the symptoms of patients with single heterozygote variants emerged at a later age and were not as life-threatening. Notably, the biallelic RRM2B variants in more seriously affected infantile patients exhibited a departure in their distribution along the gene from those in other child or adult patients. The variable severity of the disease phenotypes may be attributable to the different functional domains in which the variants are found. Variants were mainly found in exons 2, 3, 4 and 6, in patients with infantile MDDS, and in exons 4, 6 and 9, in patients with PEO (Supplementary Table S3). Hence, it appeared that the variant position and genotype may exert different effects on the gene function implicated in the different diseases.

In addition to investigating the spectrum of infantile MDDS due to defects in RRM2B, we also attempted to expand our understanding of the correlation between different phenotypes. It has been found that the residual mtDNA levels reflect the RNR activity and seem to be related to certain clinical features, such as early death and age of onset, with marginal significance (13). Thus, the degree of mtDNA depletion can be used to predict the age of onset or the severity of the disease, in that a lower residual mtDNA level is associated with an earlier onset, an earlier death and a worse prognosis.



6 Conclusions

In summary, the novel c.155T>C variant in RRM2B that was identified in this study may be a genetic cause of MDDS and expands the variant spectrum of the RRM2B gene. The clinical characterization for the case should be used to raise the awareness of medical practitioners in discerning and diagnosing the syndrome and may promote the development of appropriate treatments for affected patients. We investigated the history of disorders found in combination with an RRM2B defect to improve our understanding of the genetic contribution to the disease spectrum. In previously reported cases of infantile MDDS there was a lack of investigation into the underlying molecular mechanisms of the disease. This study provided data to inspire future work to explore the functionality and pathogenicity of RRM2B variants in various disorders.
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Introduction: Primary ciliary dyskinesia (PCD) is a rare heterogeneous disease caused by abnormalities in motile cilia. In this case report, we first analyzed the clinical and genetic data of a proband who was suspected of having PCD on the basis of her clinical and radiological findings.
Methods: Whole-exome sequencing was performed, and a variant in the RSPH4A gene was identified in the proband. Sanger sequencing was used for validation of RSPH4A variants in the proband, her sister, her daughter and her parents. Finally, the phenotypic features of the patient were analyzed, and the current literature was reviewed to better understand the gene variants in PCD related to hearing loss and the clinical manifestations of the RSPH4A variant in PCD.
Results: The chief clinical symptoms of this proband included gradual mixed hearing loss, otitis media, anosmia, sinusitis, recurrent cough and infertility. Her DNA sequencing revealed a novel homozygous T to C transition at position 1321 within exon 3 of RSPH4A according to genetic testing results. This variant had never been reported before. The homozygous variant resulted in an amino acid substitution of tryptophan by arginine at position 441 (p.Trp441Arg). The same variant was also found in the proband’s sister, and a heterozygous pathogenic variant was identified among immediate family members, including the proband’s daughter and parents.
Discussion: A literature review showed that 16 pathogenic variants in RSPH4A have been reported. Hearing loss had only been observed in patients with the RSPH4A (c.921+3_6delAAGT) splice site mutation, and the specific type of hearing loss was not described.
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INTRODUCTION
Primary ciliary dyskinesia (PCD) is a rare genetic disease related to abnormal ciliary structure or function. It is usually inherited in an autosomal recessive pattern, with few X-linked recessive forms. The prevalence of PCD is estimated to be between 1:2000 and 1:40000. In children with recurrent respiratory infection, the incidence is as high as 5% (Chapelin et al., 1997). PCD is mainly caused by defects in the ciliary outer dynein arms, radial spokes (RSs) or central pair (CP), which lead to severely impaired mucociliary clearance (Edelbusch et al., 2017). The main clinical manifestations of PCD include neonatal respiratory distress, bronchiectasis, recurrent upper or lower respiratory infections, and infertility in adulthood (Goutaki et al., 2016). Kartagener’s syndrome is a subgroup of PCD, presenting with a triad of bronchiectasis, sinusitis, as well as situs inversus. It accounts for approximately half of patients with PCD (Kennedy et al., 2007). In pediatric patients with PCD, respiratory and otologic symptoms are common. The slow progression of PCD may affect the growth and development of children. Since detection methods require a certain level of skill, the diagnosis of PCD is usually delayed. In Europe, the median age at diagnosis of PCD is 5.3 years (Kuehni et al., 2010). In China, the median patient age at diagnosis is 7.0 years (Guan et al., 2021). Therefore, it is necessary for Chinese doctors, especially respiratory physicians, pediatricians, and ENT doctors, to improve their awareness of this disease. Eighty-one percent of patients with PCD have recurrent otitis media, including otitis media with effusion (OME) and acute or chronic otitis media, at an age of 2–3 years (Sommer et al., 2011). Recurrent ear infections and otitis media with effusion can lead to temporary or permanent hearing loss, which may lead to delayed speech development during childhood (Pruliere-Escabasse et al., 2010). More than 90% of children with hearing loss have ever been diagnosed of otitis media for at least one time due to the abnormality of mucociliary clearance in the middle ears and Eustachian tubes (Kreicher et al., 2018). In adult patients with PCD, the median age at diagnosis is 23.5 years (Shah et al., 2016). Adults have a higher prevalence of chronic wet cough, sinusitis, diffuse panbronchiolitis, Pseudomonas aeruginosa infection, and radiological bronchiectasis and show worse lung function (Peng et al., 2022). Therefore, if a patient’s chief symptoms are unexplained ENT manifestations, including chronic rhinitis, recurrent or chronic rhinosinusitis and recurrent otitis media, it is important for specialists to be aware of PCD. The diagnosis of PCD mainly relies on typical clinical manifestations combined with biopsy for ultrastructural examination with electron microscopy, nasal nitric oxide testing, gene detection, high-speed video microscopy and immunofluorescence (Goutaki and Shoemark, 2022). Treatments of PCD are largely referred to the international guidelines of cystic fibrosis, which focus on improving the ability of mucus clearance and anti-bacterial treatments of airway infections. Moreover, latest precision medicine therapies, such as mRNA transcription and gene therapy, have also been explored as possible treatment options. The identification of specific genotypes in PCD and their underlying mechanisms is the first step to achieving personalized medicine. The ultimate goal is to restore ciliary function (Paff et al., 2021).
More than fifty genes have been found to be associated with PCD, including DNAH11, DNAH5, DNAI1, CCDC39, and CCC40 genes. The most frequently mutated genes reported in North America are DNAH5 and DNAI1 genes, followed by DNAH11, CCDC39, and CCDC40 genes. Pathogenic variants in these five genes account for more than 50% of PCD cases (OConnor et al., 2021). In China, the highest incidence of variants occurs in DNAH11 gene, followed by DNAH5, CCDC39, DNAH1, and CCNO genes (Guan et al., 2021).
Here, we report a PCD patient with a novel RSPH4A pathogenic variant in a Chinese family. Studies have shown that RSPH4A localizes to the radial spoke heads of the microtubules in cilia. Variants in RSPH4A mainly destroy the ciliary ultrastructure and lead to the absence of radial spoke heads, which causes dysfunction of mucus clearance (Zhao et al., 2021). A range of motility defects, including reduced ciliary beat frequency, dyskinesia and rotational rather than planar beating patterns, have been reported in PCD patients with RSPH4A variants through nasal biopsies (Frommer et al., 2015). In China, the incidence of variants in RSPH4A gene reported in children with PCD is 1.33% (Guan et al., 2021). To date, a total of five adult PCD patients with RSPH4A variants in China have been reported by Chinese researchers (Bian et al., 2021; Wang et al., 2022; Feng et al., 2023).
MATERIALS AND METHODS
Subjects
Here we described the clinical feature of a young woman with primary ciliary dyskinesia. A three-generation family tree was drawn according to available information obtained from hospital records as well as interview of her immediate family members. The pathogenic variant was also verified on patient’s sibling, parents and daughter. This study was approved by the research ethics committee in Ruijin Hospital. Written informed consents were obtained from all participants.
DNA purification and genetic testing
We performed whole-exome sequencing to detect the presence of any variant. Genomic DNA was extracted from peripheral blood lymphocytes using standard protocols according to previous references (Hu et al., 2022). The sequencing was performed by capturing high-throughput chip technology. The platforms for whole-exome sequencing (NanoWES Human Exome, Berry Genomics Corporation, Beijing, China) were performed on a Illumina NovaSeq 6000 (Illumina, San Diego, United States). Sanger sequencing was used to verify the variants in patients and her family members.
In silico analyses
Single-nucleotide variants (SNVs) and short insertion and deletions (InDels) discovery were performed according to the American College of Medical Genetics and Genomics (ACMG) guidelines (Richards et al., 2015). High-frequency variants (minor allele frequency>0.01) were ruled out combined with using HPO (https://hpo.jax.org/app/), OMIM (https://www.ncbi.nlm.nih.gov/omim/) and GHR (https://ghr.nlm.nih.gov/genetics) database. SNVs and InDels were filtered as follows: 1) Noncoding and intronic variants were excluded; 2) Synonymous missense variants were filtered; 3) Homozygous or compound heterozygous variants were retained. No pathogenic SNV or InDel variant which had been previously reported related to the phenotype of our case was detected. However, one candidate missense variant in RSPH4A was found. A further detailed genetic study of 78 genes (Supplementary Table S1) was carried out by panel sequencing of causal and risk genes known to be associated with ciliary dyskinesia reported by the American College of Medical Genetics and Genomics (ACMG) (Miller et al., 2022). The functional effects and the pathogenicity of the variant were predicted and analyzed using Verita Trekker® variant detection system and Enliven® variant annotation interpretation system independently developed by Berry Genes (Berry Genomics Corporation, Beijing, China) (Hu et al., 2022).
Literature review
A literature review was firstly done using Pubmed for all previously reported articles published between 1975 and 2023 which were related to hearing loss and PCD. A combination of relevant medical subject heading terms along with keywords such as: “cilia,” “ciliary,” “dyskinesia,” “immotile,” “motility,” “hearing,” “hearing loss,” “impairment,” and “deafness” were used (see details of the search strategy in Supplementary Table S2). The reference lists of the relevant articles were also reviewed. Full text articles and conference abstracts of the identified citations were retrieved and reviewed to determine their eligibility for inclusion. In addition, the keyword “RSPH4A” was searched using LOVD3 (Leiden Open Variation Database) (www.lovd.nl/RSPH4A) and PubMed to summarize all pathogenic variants in RSPH4A and related clinical manifestations reported so far.
RESULTS
Clinical findings
The proband is a 31-year-old female patient with gradual hearing loss in the past 3 years accompanied by ear dullness (Figure 1). She also complained of hyposmia and recurrent sinusitis since childhood. Nasal steroids were used to control nasal symptoms (Figure 2A). She had a prolonged wet cough after suffering from COVID-19 and was diagnosed with bronchiectasis by chest computed tomography (Figure 2B). In addition, the patient reported infertility after marriage. Salpingography showed no obvious obstruction in the bilateral fallopian tubes, but they were not as patent as normal (Figure 2C). She finally had a daughter assisted by reproductive technology after fertility consultation. When asking the proband about her family history, she reported that her sister had similar symptoms. The proband’s parents and daughter did not show any symptoms at the time. The parents were not close relatives. No family history of primary ciliary dyskinesia had ever been identified.
[image: Pure tone audiometry results show hearing thresholds for both ears. The right ear graph indicates higher thresholds, suggesting hearing loss, while the left ear shows similar patterns with slightly better thresholds. Tympanogram results for both ears reveal normal middle ear pressure and ear canal volume, indicating normal middle ear function.]FIGURE 1 | Auditory examination of the proband. The pure tone audiometry revealed bilateral conductive hearing loss at low frequencies and sensorineural hearing loss at high frequencies. Acoustic immittance showed flat tympanogram which indicated bilateral secretory otitis media.
[image: Three panels labeled A, B, and C, each with two or three medical CT scans. Panel A shows three cranial CT scans highlighting different areas with arrows. Panel B displays two thoracic CT scans focusing on the lungs. Panel C presents two pelvic CT scans with arrows indicating specific regions. Each panel appears to focus on diagnostic features of interest.]FIGURE 2 | (A) Sinus computed tomography showed inflammation in both maxillary (yellow arrow) and ethmoidal sinuses (red arrow). (B) Chest computed tomography showed bronchiectasis in both sides of lung lobes. (C) Salpingography showed no obstruction in bilateral fallopian tubes but was not patent like as normal (yellow arrow).
Genetic findings and in silico predictions
We sequenced the DNA of patients using Agilent SureSelect Whole Exome capture and Illumina sequencing technology. No pathogenic SNV or InDel variant that had been reported to be related to the phenotype in our patient was detected. However, a homozygous missense variant in exon 3 of RSPH4A was detected. According to ACMG guidelines and recommendations from the ClinGen Sequence Variant Interpretation (SVI) working group (Biesecker et al., 2018), the variant in RSPH4A (NM_001010892.3:exon3:c.1321T>C:p.Trp441Arg) was considered a likely pathogenic variant (PP3+PM2+ PM3+PP1). This variant was further analyzed by REVEL (Rare Exome Variant Ensemble Learner) (Ioannidis et al., 2016), and the results showed that it could cause harmful effects. This variant has not been reported in the 1000 Genomes Project Database, Exome Aggregation Consortium (ExAC) Database or Genome Aggregation Database (gnomAD). According to public databases, RSPH4A (OMIM:612647) variants have been verified to cause primary ciliary dyskinesia. Therefore, this novel variant was considered likely pathogenic combined with the clinical features and family history. Sanger sequencing verified a novel T to C transition at position 1321 within exon 3 of RSPH4A, resulting in an amino acid substitution of tryptophan by arginine at position 441 (Trp441Arg), which led to dysfunction of the RSPH4A protein (Figure 3A).
[image: Panel A shows DNA sequencing chromatograms with base pair peaks for five sequences. A mutation is highlighted at position c.1321 T>C. Panel B displays a pedigree chart illustrating the inheritance of this mutation. Squares represent males, circles represent females, and filled symbols indicate individuals with the mutation. Numbers and letters denote specific genotypes, with WT indicating wild-type alleles and MT indicating mutant alleles.]FIGURE 3 | (A)The results of Sanger sequencing in this family. The homozygous variant in the RSPH4A gene was found in both the proband and her sister. The variant was found in the heterozygous state in the proband’s parents and daughter. (23Y08256: proband, 23Y08256FU0: father, 23Y08256MU0: mother, 23Y08256NE0: daughter, 23Y08256MM0: sister). (B) Pedigree of the proband’s family. The RSPH4A variant was found in the proband (II-2). The patient was diagnosed with ciliary dyskinesia at 33 years of age. Arrow indicates proband. One family member-her sister (II-3) had the same clinical symptoms and was also diagnosed with ciliary dyskinesia. Proband and her sister were homozygous for the variant in RSPH4A. Their parents (I1 and I2) and proband’s daughter (III1) all carried the heterozygous variant in RSPH4A.
Verification of RSPH4A in the patients and family members
The proband reported that her sister had the same clinical manifestations. Sanger sequencing was also used to verify the RSPH4A variant in her family members. The homozygous variant of RSPH4A was also detected in the proband’sister. The variant was found in the heterozygous state in the proband’s parents and daughter (Figure 3A). A family pedigree was drawn (Figure 3B).
Literature review of genes related to hearing loss in PCD
No review has identified genes related to hearing loss in PCD. A literature review was performed by searching the keywords, such as “cilia,” “ciliary,” “dyskinesia,” “immotile,” “motility,” “hearing,” “hearing loss,” “impairment,” and “deafness.” Our searches extracted 108 articles from Pubmed, of which 6 articles met our eligibility criteria (Supplementary Figure S1). Our literature review revealed that the hearing loss was different depending on the gene involved (Table 1). Variants in CCDC114 cause sensorineural hearing loss (SNHL) (Li et al., 2019), while variants in CCNO, CDH3, DNAH5 and OFD1 cause conductive hearing loss (CHL) (Bukowy-Bieryllo et al., 2019; Fan et al., 2019; Henriques et al., 2021; Wang et al., 2021; Yang et al., 2022). In addition, the clinical findings were summarized to conclude the different symptoms, age at onset or diagnosis among PCD patients with CHL and SNHL (Table 2). The first visit to a doctor of PCD patients with CHL was always before 10 years of age, while the time of patients with SNHL was often approximately 10 years of age or later. However, the age at diagnosis was almost after 10 years, demonstrating the lack of awareness of this disease by most clinicans. According to the literature review, CHL is the most common type of hearing loss in PCD due to otitis media, acounting for about 88.9% and only one PCD patient had SNHL. All patients with CHL and SNHL had bronchiectasis and rhinosinusitis. Five patients (62.5%) with CHL also suffered from gastro-oesophageal refux and three patients (32.5%) had situs inversus. The patient with SNHL had the unique symptoms of pulmonary artery stenosis, renal fibrosis and patent ductus arteriosus. These findings implied that specific genotypes of PCD could have different underlying pathogenic mechanisms.
TABLE 1 | Different genes variants and their corresponding type of hearing loss.
[image: Table showing gene name, gender, type of hearing loss, age at onset of symptoms, age at diagnosis, and reference. Genes include CDH3&DNAH5, CCDC114, CCNO, DNAH5, and OFD1. Hearing loss types are conductive (CHL) and sensorineural (SNHL). Ages of onset range from less than one to thirty-one years, with diagnosis ages from one to twenty-nine years. References are publications from 2019 to 2022.]TABLE 2 | Comparison of clinical characteristics in PCD patients with CHL and SNHL.
[image: Table comparing characteristics between patients with conductive hearing loss (CHL, total n=8) and sensorineural hearing loss (SNHL, total n=1). Categories include gender, age at diagnosis, age at onset of symptoms, and medical history. Key differences are observed in age at onset of symptoms and medical history. SNHL has a higher prevalence of pulmonological issues such as pulmonary artery stenosis and chronic bronchitis, each at 100%, compared to CHL.]Literature review of RSPH4A variants in PCD and their clinical symptoms
RSPH4A variants have rarely been reported in China. Up to January 2023, a total of 85 cases with 18 pathogenic variants in RSPH4A had been reported in the Leiden Open Variation Database (www.lovd.nl/RSPH4A). A literature review was performed through the Litvar and PubMed databases and altogether 10 articles from 1875-2023 were selected which described the clinical manifestations of patients with altogether 18 pathogenic variants in RSPH4A gene in details (Supplementary Table S3). We then summarized the clinical features of patients with different varients in RSPH4A for comparison (Table 3). The most common features of RSPH4A variants in PCD patients were bronchiectasis, rhinosinusitis, otitis media, followed by infertility, recurrent pneumonia and chronic bronchitis. Hearing loss was only reported in one patient of RSPH4A (exon1:c.460C>T:p.Gln154) without describing the specific type (Castleman et al., 2009).
TABLE 3 | Comparison of clinical characteristics of PCD patients with RSPH4A variants.
[image: Table showing medical history of patients with RSPH4A variants. Recurrent pneumonia: 5 (27.8%), Atelectasis: 1 (5.6%), Bronchiectasis: 17 (94.4%), Rhinosinusitis: 15 (83.3%), Otitis media: 11 (61.1%), Hearing loss: 1 (5.6%), Chronic bronchitis: 4 (22.2%), Situs inversus: 0 (0.0%), Infertility: 9 (50.0%), Deformity: 3 (16.7%). Total n equals 18.]DISCUSSION
In this study, we reported a patient with gradual hearing loss, otitis media, anosmia, sinusitis, recurrent cough and infertility. She was diagnosed with PCD after performing whole-exome sequencing. A novel homozygous in RSPH4A (NM_001010892.3:exon3:c.1321T>C:p.Trp441Arg) was found. This genetic variant has not been reported before in the literature on individuals with RSPH4A-related disease. Therefore, doctors should be aware of this disease, especially when young patients experience mixed hearing loss. PCD is usually inherited in an autosomal recessive pattern. The pathological basis of PCD is abnormal ciliary movement, which leads to dysfunction of mucociliary clearance in the middle ear and Eustachian tubes. Therefore, PCD patients may have auditory manifestations at an early age. Hearing loss in children will lead to speech or language delay. Therefore, it is necessary to regularly monitor hearing in children with PCD (Shapiro et al., 2016). Symptoms are often alleviated with age, although some patients continue to require hearing aids in adulthood (Lucas et al., 2020). Kreicher et al., 2018 found that CHL was the most common type of hearing loss in PCD patients, although 30% of children had some sensorineural component to their hearing loss. With the treatment of CHL caused by otitis media, hearing thresholds in PCD children can often be improved following conservative management. Tympanogram scores in different age groups also showed a trend toward improvement with age. Most cases resolve by the age of 12 (Wolter et al., 2012). Ventilation tube insertion in children with PCD is controversial because postoperative prolonged otorrhea and persistent perforation of the tympanic membrane are common complications. Hearing aids are recommended in patients with moderate and severe hearing loss (Andersen et al., 2016). In addition to the most common manifestation of secretory otitis media, sensorineural hearing loss can also be found in some PCD patients. We speculate that this may be closely related to abnormal ciliary function in the cochlear hair cells, although to date, no researcher has reported pathological structural and functional changes in hair cells of PCD patients or animal models. PCD is usually caused by motile cilia dysfunction due to variants in genes that encode axonemal motor proteins that are responsible for ciliary beat regulation. However, latest studies have shown that these proteins also play important roles in sensory function (Piatti et al., 2017). Mutation of different proteins may cause corresponding clinical features. From the above literature review, we conclude that pathogenic variants in the CCDC114 gene may cause SNHL, while variants in CCNO, CDH3, DNAH5, and OFD1 genes may cause CHL, suggesting that different types of hearing loss may be closely related to the specific location and function of different proteins. Sometimes manifestations of motor and sensor ciliopathies can overlap.
The difference in the clinical manifestations of PCD usually depends on the specific location of the mutated protein in the cilia. The cross section of cilia shows a typical “9 + 2” configuration, with 9 peripheral microtubule doublets surrounding the central microtubule pair. The outer dynein arm and inner dynein arm are attached to the microtubule doublets and provide motor activity. Radial spoke and nexin-dynein regulatory complexes ensure stability (Horani and Ferkol, 2021). PCD patients whose bronchial biopsies showed the absence of central microtubules under transmission electron microscopy had a higher incidence of otologic features and respiratory tract infections (Tamalet et al., 2001). For example, compared with patients with variants in DNAH5 gene or other outer dynein arm defects, those with variants in CCDC39 or CCDC40 gene have worse lung function and growth indices (Davis et al., 2015; Davis et al., 2019). Patients with variants in CCNO and MCIDAS genes that cause a reduced number of cilia also exhibit more severe pulmonary lesions (Boon et al., 2014). Individuals with variants in genes that encode the ciliary outer dynein arm or radial spoke, including DNAH11, DNAH9 and RSPH1 genes, tend to have less severe respiratory or otologic symptoms (Knowles et al., 2014; Fassad et al., 2018; Shoemark et al., 2021). Therefore, exploring the association between the genotype and phenotype of PCD patients is helpful for the long-term management of disease and accurate prediction of prognosis.
RSPH4A localizes to the radial spoke heads and plays a central role in the three types of RS assembly. It is generally found in the trachea, ependymal tissues and oviduct of mice and modulates the planar beating of motile cilia (Yoke et al., 2020). The research team of De Jesus-Rojas first identified a pathogenic variant in RSPH4A gene (c.921 + 3_921+6delAAGT) in Puerto Rico in 2021 and traced it back to the ancestral haplotype. Sixty-nine percent of the patients had hearing loss, but the specific type of hearing loss was not explicitly reported. Bian et al. reported homozygous variants in the RSPH4A gene (c.667delA, p.S223Afs*15) in a patient with neurofibromatosis and confirmed the diagnosis of PCD at the same time. No hearing loss was found in this patient. Wang et al. reported three novel compound RSPH4A variants: 1) c.2T>C, p. (Met1Thr), 2) c.1774_1775del, p. (Leu592Aspfs*5), and 3) c.351dupT, p. (Pro118Serfs*2), which were related to infertility in PCD patients in China. The symptoms were similar to those reported in our case, but no hearing loss was found in these three families. Hearing was also normal in a child with a variant of c.1454G>A (p.Arg485Gln) in RSPH4A gene (Guan et al., 2021). In the above literature review, the main clinical features of PCD caused by RSPH4A variants were summarized, including bronchiectasis, rhinosinusitis, otitis media and infertility. Only one article reported symptom of hearing loss caused by RSPH4A variant, and not all variants in RSPH4A would cause otitis media and hearing loss. One of the most obvious features the patient exhibited in our case was mixed hearing loss, which had never been reported before in RSPH4A-related PCD. Thus, we consider that different RSPH4A variants exert different effects on cilia movement and function.
We believe that it is important for ENT doctors not only to focus on the patient’s otologic or nasal symptoms but also to pay attention to the clinical manifestations in other organs and the medical history. In this case, we simply connected the patient’s hearing loss and secretory otitis media to her long-term sinusitis at first, but mixed hearing loss was found when more attention was given to the auditory examination. Then, her bronchiectasis and infertility and the similar symptoms in her sister made us further suspect a genetic disease. Finally, gene sequencing confirmed the diagnosis of PCD. Untill now, the treatments of PCD still focus on treating the symptoms and no therapy has been shown to be effective in restoring ciliary function. As a result, expanding the genetic spectrum of this disease will not only raise the awareness of PCD by doctors, but also lead to timely intervention and can put emphasis on therapeutic plan. Different variants will also promote the development of personalized gene therapy in the future.
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Introduction: Rare and ultra-rare genetic conditions significantly contribute to infant morbidity and mortality, often presenting with atypical features and genetic heterogeneity that complicate management. Rapid genome sequencing (RGS) offers a timely and cost-effective approach to diagnosis, aiding in early clinical management and reducing unnecessary interventions. This pilot study represents the inaugural use of next-generation sequencing (NGS) as a diagnostic instrument for critically ill neonatal and pediatric ICU patients in a Turkish hospital setting.



Methods: Ten infants were enrolled based on predefined inclusion criteria, and trio RGS was performed. The mean age of the participants was 124 days, with congenital abnormalities being the most common indication for testing. Three patients had consanguineous parents. The mean turnaround time from enrollment to delivery of results was 169 h, with a diagnostic yield of 50%.



Results: Three patients received a definitive molecular diagnosis, impacting their clinical management. Two patients benefited from the exclusion of Mendelian conditions, leading to alternative diagnoses.



Discussion: This study demonstrates the feasibility and results of RGS in Turkish hospital settings, emphasizing the importance of timely genetic diagnosis in reducing the diagnostic odyssey for families and improving patient care. Further research is needed to evaluate the cost-effectiveness and applicability of RGS in the Turkish healthcare system for children with diseases of uncertain etiology.
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1 Introduction

Rare and ultra-rare genetic conditions serve as risk factors and direct causes of admissions to the intensive care unit, significantly impacting infant morbidity and mortality (1). The presence of accompanying comorbidities, atypical presentations, and clinic and genetic heterogeneities, when compounded by infancy and hospitalization in the intensive care unit, poses challenges for accurate diagnosis. The rapid progression of diseases in critically ill infants necessitates early genetic assessment to avoid unnecessary and potentially invasive, painful, and costly examinations and treatments. Early diagnosis not only facilitates clinical management but also alleviates anxiety among healthcare workers and addresses concerns within the family, ultimately reducing morbidity and mortality rates (2, 3). Recent advances in next-generation sequencing (NGS) techniques have decreased costs and time, along with increased availability (4). Over the last decade, more than 40 studies that involved over 3,500 critically ill pediatric patients suspected of having a genetic condition have used NGS for rapid diagnosis. Across these studies, the diagnosis time varied from rapid to ultra-rapid, and various NGS methods were employed. The reported diagnostic rates varied from 19% to 87.5%, with the duration of diagnosis spanning from 0.3 to 23 days. The impact of molecular diagnosis on clinical management varied from 30% to 100% (5–31).

These revolutionary findings have compelled organizations and governments to incorporate rapid genomics into clinical practice. Although some have achieved success in this endeavor (24, 28, 32, 33), even within the scope of a coverage policy and refund (34), others are currently integrating this advanced approach. In Turkey, newborn and infant mortality rates remain sufficiently high to warrant continued efforts in combating them (newborn: 5.7/1,000 and infant: 9.1/1,000) (35). According to the Organization for Economic Cooperation and Development, which ranks infant mortality rates for 48 countries, Turkey ranks ninth in this regard (36). Although the statistical breakdown of these deaths to identify underlying genetic causes is not yet known, it is established that 25.4% of the reported infant mortality cases in Turkey involve consanguinity between the parents (35). Considering that consanguineous marriage in Turkey is approximately 15 times more common than the European average and 6 times more common than the global average, the incidence and impact of genetic diseases are expected to be considerably higher (37).

This pilot study represents the inaugural use of NGS as a diagnostic instrument for critically ill neonatal and pediatric ICU patients in a Turkish hospital setting. The principal objectives of this investigation encompass the establishment and evaluation of a comprehensive workflow that integrates rapid NGS. Following established patient selection criteria from the literature, this study also assesses the diagnostic efficacy and impact of the diagnosis on patient care and determines the optimal timeframe required for this sequential cascade of events within our country's context.



2 Materials and methods


2.1 Patient selection and sample collection

The study was approved by the Ethics Committee of Acibadem University (ATADEK: 2021-23/30). This study prospectively enrolled 10 acutely deteriorating and critically ill infants between October 2022 and July 2023.

Neonatologists and pediatric intensive care specialists from three Acibadem healthcare hospitals in Istanbul were involved in the study. They were tasked with referring acutely ill patients in need of a rapid diagnosis. Patient eligibility was assessed on a case-by-case basis by a multidisciplinary team (MDT) led by pediatric clinical geneticists. Other consulting specialists were invited according to the predefined inclusion criteria (Table 1). An immediate meeting was organized with the parents, the study was thoroughly explained, counseling was provided, and informed consent was obtained. Detailed family history and clinical data were obtained using a standard recording template. Furthermore, phenotypic information was listed as human phenotype ontology (HPO) terms. Blood samples (index–mother–father) were collected and transferred to the Acibadem University Biobank Study (Figure 1). Patients with recognizable genetic conditions, known trisomies, or other genetic diagnoses were excluded from this study. Genetic analysis was planned as our standard routine procedure.


TABLE 1 Inclusion and exclusion criteria for enrollment in the study.

[image: Inclusion and exclusion criteria table for critically ill infants. Inclusion: infants under twelve months with conditions like multi-system failure, unexplained neurological or metabolic abnormalities, malformations, or insufficient response to standard therapy. Exclusion: infants with a clear diagnosis such as isolated prematurity, response to treatment, trauma, malignancy, genetic diagnosis, specific syndrome, or parental declination.]


[image: Flowchart illustrating the steps in a genomic research process: 1) Patient selection. 2) Family meeting, informed consent, and blood sample collection. 3) DNA isolation, genome sequencing, and variant calling. 4) Variant filtering and classification, focusing on disease-causing genes. 5) Multidisciplinary evaluation of results by a team of providers and experts. 6) Management changes based on findings.]
FIGURE 1
Illustration summarizing the study design from patient selection to management changes. Image conceived using Biorender.com.




2.2 Whole genome sequencing

DNA isolation, quantification and quality check, library preparation, genome sequencing, and data analysis (alignment and variant calling) were performed by the SZAomics biotechnology and research laboratory. DNA was isolated using a QIAamp DNA Blood Mini Kit according to the manufacturer's instructions. Illumina DNA PCR-Free Prep Kit was used for the library preparation. Samples with sufficient QC scores were taken for sequencing. Whole genome sequencing (WGS) was performed on the Illumina NovaSeq 6000 (Illumina Inc., San Diego, CA, USA) system. Raw data (.blc) obtained after sequencing were converted to the Fast Adaptive Shrinkage Thresholding Algorithm and Quality (FASTQ) format via DRAGEN (v3.9.5). The binary alignment map file was obtained by aligning the FASTQ data to the GRCh38/hg38 human reference genome. The aligned raw data were converted to a VCF format from which the variants were called.

Data in a VCF format were annotated using GenNext developed in the laboratory of our university (https://github.com/GenivaInformatics/gennext-workflows/tree/main). Following variant annotation, filtering criteria were applied to obtain candidate variants. Variants were prioritized according to phenotype and pedigree information. In silico tools (CADD Exome, DANN Coding, FATHMM, MetaSVM, MutationTaster, PROVEAN, SIFT, MutationAssessor, MetaLR, PolyPhen-2, REVEL, and SpliceAI) were used to predict the pathogenicity of the variants. Population-, disease-, and sequence-specific open-source or paid databases were used in all variant analysis steps. The most frequently used databases were gnomAD3, 1000 Genomes Project, dbSNP, dbVar, ClinVar, OMIM, Human Gene Mutation Database, Human Genome Variation Society, DECIPHER, Leiden Open Variation Database, NCBI Genome, RefSeq, GME, Ensembl, Iranome, and Turkish Variome.

Variants with a reading depth of at least 95% for 30 times were evaluated. The identified variants were evaluated based on the variant identification guidelines provided by the Association for Clinical Genomic Science and Clinical Genome Resource and were further classified according to the American College of Medical Genetics and Genomics variant classification guide. Within this framework, variants categorized as “benign” and “possibly benign” were excluded from reporting. Only variants classified as “uncertain clinical significance (VUS)” pertaining to the patient's phenotype and all “likely pathogenic” and “pathogenic” variants were included in the report. The nomenclature of reported variants adheres to the Human Genome Variation Society guidelines.



2.3 MDT discussion and reporting

Following variant filtering and classification, a comprehensive meeting was convened, during which all team members discussed potential variants. All clinical consultants were present in the meeting. If a variant or variants contributing to the patient's phenotype were identified, a comprehensive report was generated. The results were communicated to the parents in person by the pediatric clinical geneticists. In cases where the result was negative, the family received counseling regarding the yearly reanalysis of the data.




3 Results

Ten critically ill infants were enrolled over a 9-month period. All patients underwent trio rapid genome sequencing (RGS). Siblings were included in two families. The mean age of the participants was 124 days, ranging from 2 days to 11 months. Six were female. An equal number of patients were referred from the neonatal intensive care unit (NICU) and pediatric intensive care unit (PICU). The most common indication for testing was congenital abnormalities. Three patients had consanguineous parents. Five patients had dysmorphic facial features.

The mean turnaround time (TAT) to the result (starting from sample receipt to sequencing report) was 169 h (range, 124–240 h). The average pre-lab time including multidisciplinary patient selection, counseling, and consent was 26 h, the wet-lab time including DNA isolation and genome sequencing was 100 h, and the post-lab time including data alignment, variant calling, variant filtering, and evaluation of results was 43 h (Figure 2). The final reports of cases with positive results were concluded faster: the average time was 147 h, whereas inconclusive or non-diagnostic results were reported at an average of 174.5 h.


[image: Timeline diagram illustrating a gene sequencing workflow divided into three phases: Pre-Lab (26 hours), Wet Lab (100 hours), and Post-Lab (43 hours). Steps include multidisciplinary patient selection, counseling and consent, DNA isolation and genome sequencing, data analysis with alignment and variant calling, variant filtering and classification, and multidisciplinary evaluation of results.]
FIGURE 2
Timeline and process flow graph demonstrating each part of the workflow. Image conceived using Biorender.com.


Table 2 summarizes the clinical indications, results, and TAT. Figure 3 shows the impact on management.


TABLE 2 Demographics, clinical summary, and RGS test results of the study cohort.

[image: Table listing ten patients with details including ward, gender, age, clinical features, consanguinity (Cons), test type, gene involved, final diagnosis, turnaround time (TAT) in hours, and status. Diagnoses include mitochondrial encephalopathy, FARIS, multiple congenital anomalies, and others. Status varies between alive and deceased post-test.]


[image: Bar chart and diagram illustrating results of rapid genomic sequencing (RGS) on different patients. Bar chart shows frequencies of outcomes like guided clinical follow-up and avoided further testing, with frequencies ranging from one to eight. Diagram categorizes patients into three groups: red (positive RGS results), green (negative RGS results aiding exclusion), and blue (negative RGS results impacting patients). Each category details patient number, age, unit (NICU or PICU), primary issue, diagnostic result, and time to diagnosis (TAT), with some listing specific genetic findings or syndromes.]
FIGURE 3
Overall implications of management in the 10 patients and their families. Image conceived using Biorender.com.



3.1 Definitive molecular diagnosis achieved in Patients 1, 5, and 9


3.1.1 Patient 1

A 2-day-old female born at term as the second child of healthy first-cousin parents was admitted to the NICU due to suspicion of seizure. Electroencephalogram was abnormal. Cranial ultrasonography revealed a choroid plexus cyst and asymmetry of lateral ventricles. Trio RGS was performed on Day 2. The result was reported as negative in 146 h. The patient was discharged with antiepileptic medication and readmitted a month later due to intractable seizures. Eye examination revealed macular dystrophy. Cranial magnetic resonance imaging (MRI) revealed restricted diffusion in the bilateral perirolandic area and in the posterior crus of the internal capsule in the appropriate location to the corticospinal tract, hypomyelination, and widening of the subarachnoid distance in the bilateral frontal region. A re-evaluation of the RGS data with additional HPO terms, that is, “(HP:0007754) macular dystrophy,” led to the identification of a homozygous candidate variant in the IDH3A gene (ENST00000299518.7, c.802G>A, p.Gly268Arg) (OMIM:601149). The biallelic variants in the IDH3A gene are associated with retinitis pigmentosa 90 (#619007) in Online Mendelian Inheritance in Man (OMIM). However, a similar patient with retinitis pigmentosa, bilateral optic atrophy, and severe mitochondrial encephalopathy was previously reported (38). Therefore, the family was counseled regarding the diagnosis of this ultra-rare condition.



3.1.2 Patient 5

An 11-month-old female born at term to unrelated healthy parents was previously evaluated by the pediatric genetics department due to short stature. The FGFR3 gene analysis was negative, and the whole exome/genome sequencing analysis was planned. The patient was healthy and developing well until her admission to the PICU due to a lower respiratory tract infection, which rapidly evolved into respiratory insufficiency. Echocardiography revealed severe mitral and subaortic stenosis. Trio RGS revealed (TAT, 145 h) a heterozygous de novo pathogenic variant in the FBN1 gene (ENST00000316623, c.5096A>G, p.Tyr1699Cys) (OMIM: 134797). The clinical findings were compatible with geleophysic dysplasia (#614185). The family was counseled regarding the diagnosis. The cardiovascular surgeons were also informed. They decided to postpone the valve replacement surgery because of the high postoperative morbidity and mortality rates in infancy. The family chose to have the cardiac surgery in another center where the patient died during the postoperative follow-up.



3.1.3 Patient 9

A 2-day-old male born at term as the fifth child of healthy first-cousin parents was admitted to the NICU with metabolic acidosis, high lactate levels, and hypoxemia. Echocardiography revealed right ventricular hypertrophic cardiomyopathy and endomyocardial fibroelastosis. Rapid trio RGS identified a homozygous VUS variant in the SCO1 gene (ENST00000255390.10, c.715A>G, p.Arg239Gly) (OMIM: 603644) (TAT, 148 h). The biallelic variants in the SCO1 gene were associated with “mitochondrial complex 4 deficiency, nuclear type 4” (#619048), a metabolic disorder characterized by hypotonia, developmental delay, encephalopathy, hypertrophic cardiomyopathy, hepatomegaly, hepatic steatosis, hepatic failure, feeding difficulties, increased serum lactate, and metabolic acidosis. The family was counseled regarding this diagnosis; however, they were lost to follow-up after discharge.




3.2 Negative RGS result helping diagnosis with exclusion in Patients 2 and 7


3.2.1 Patient 2

A 37-day-old female and the first child of unrelated parents was born at the 35th gestational week due to decreased fetal movements. The patient was admitted to the NICU due to hypotonia and poor respiratory effort. Transient neonatal myasthenia gravis (TNMG) was the initial diagnosis, supported by the mother's previous myasthenia gravis diagnosis. The patient was consulted for RGS because of her severe course unexpected for TNMG. The patient had a myopathic face, downward-sloping palpebral fissures, bulbous nose, severe feeding difficulty with no sucking or swallowing, and bilateral pes equinovarus. Trio RGS was performed, and the result was reported as negative in 155 h. The exclusion of other etiologies led to further consultation with international experts. Fetal acetylcholine receptor inactivation syndrome (FARIS) was suggested as a possible diagnosis (personal communication, Prof. Heinz Jungbluth). The analysis of fetal acetylcholine receptor antibodies (AchR) revealed high fetal AchR levels in the patient and the mother. The family was counseled regarding this diagnosis and the possibility of recurrence in future pregnancies.



3.2.2 Patient 7

A 1-month-old male born at term as the first liveborn offspring of unrelated healthy parents was admitted to the NICU for prenatally diagnosed aortic coarctation. At birth, left microphthalmia, midline sternal defect, and paraumbilical raphe were detected. Eye examination revealed leukocoria and persistent hyperplastic vitreous in the left eye. Orbital MRI revealed retinal hemorrhage within the left vitreous, displaced optic lens, and left optic nerve atrophy. Trio RGS was performed, and the result was reported as negative in 240 h. The exclusion of other causes led to the diagnosis of PHACES syndrome (#606519). This prompted additional comprehensive radiological assessments, including cranial and thoracoabdominal MRI and MR angiography. The examination revealed the absence of the left internal carotid artery, with a retrograde flow detected in the left vertebral arteries. The family received counseling regarding this diagnosis, and treatment with acetylsalicylic acid was initiated.




3.3 Negative RGS result

Trio RGS was negative in Patients 3, 4, 6, 8, and 10.




4 Discussion

RGS, rapid exome sequencing, and rapid NGS panels are increasingly considered the first-line diagnostic tests for genetic diseases in ICU patients (4). Considering the increasing daily costs of care in NICUs and PICUs and sophisticated investigations during the diagnosis process, it is likely that the current cost savings per patient diagnosed by rapid sequencing are remarkable (39, 40). Retrospective and prospective studies using these methods in diverse cohorts have provided a diagnostic yield between 19% and 87.5% (5–31). This considerable variability is likely attributable to the differences in the inclusion criteria, particularly between studies using the same method.

This study is the first application of RGS in critically ill infants in Turkey. We successfully implemented an end-to-end protocol in 10 patients over 9 months. The trio RGS analysis results were achieved within 124–240 h (mean, 169 h). This TAT was comparable to that in previous studies conducted with RGS (7, 9, 21, 28). Infants with readily recognizable genetic conditions were excluded from this study. A genetic cause was identified in three patients, whereas a clinical diagnosis was established with the exclusion of the Mendelian conditions in two additional patients. We, therefore, suggest that the diagnostic yield in this study is 50%. All results were delivered back to the families and physicians involved in care before discharge from the hospital.

Technically, the trio WGS analysis, which surpasses single/trio whole exome sequencing (WES), offers numerous advantages, including enhanced copy number calling and the identification of mitochondrial and non-coding variants. Furthermore, it eliminates the time spent on the segregation analysis. However, note that WGS necessitates high-efficiency sequencers, along with expertise in bioinformatics and genetics within the field of translational genomics. Our study did not substantiate the superiority of WGS over WES. All causative variants identified in our study were coding SNVs, which would have been identified using a trio WES analysis. However, patients diagnosed with PHACES and FARIS benefited from a negative WGS result.

This study has several limitations. The small cohort size compared with previous studies in other countries was insufficient to provide conclusive data. The cost of trio RGS in a university-funded research project limited our ability to ensure a larger cohort. The data were analyzed using a phenotype-based prioritization approach, which might have restricted our analysis to a group of established genes, without a candidate gene approach. Finally, although this pilot study successfully prevented additional unnecessary tests for nearly all patients, note that the study design did not incorporate a formal cost-effectiveness analysis; therefore, the financial burden could not be estimated.

In conclusion, a prompt and timely diagnosis facilitated by rapid genetic testing can eliminate the diagnostic odyssey, enable targeted therapy, reduce the need for unnecessary invasive and costly interventions, alleviate uncertainty about the diagnosis for families, and facilitate family planning decisions. This inaugural study represents the first demonstration of the feasibility and results of RGS in critically ill infants in ICUs in Turkey. However, conducting additional research is crucial in evaluating the cost-effectiveness of such testing and in determining the widespread applicability for the entire Turkish national healthcare system. Future studies will determine the impact of the integration of rapid sequencing into the Turkish healthcare system for all children with diseases of uncertain etiology at ICU admission.
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Background: Stickler syndrome type I (STL1) is an autosomal dominant disorder characterized by ocular, auditory, orofacial, and skeletal anomalies. The main causes of STL1 are variants in the COL2A1 gene, which encodes a type II collagen precursor protein. The specific focus of this study was on a newborn from China diagnosed with STL1, with the aim of providing novel insights into the effects of a newly identified intronic variant in the COL2A1 gene on pre-mRNA splicing.Methods: Trio whole exome sequencing was used to identify the causative variant in the family. The identified variant was validated using Sanger sequencing. Bioinformatics programs were used to predict the pathogenicity of the candidate variant. Additionally, an in vitro minigene assay was used to investigate the effects of the identified variant on RNA splicing.Results: The proband with STL1 had a novel heterozygous splicing variant in the intron nine acceptor donor site of COL2A1 (c.655-2A>G). This splice junction variant resulted in aberrant COL2A1 mRNA splicing, leading to the skipping of exon 10 and the production of a shorter protein that may lack the last 18 native amino acids.Conclusion: The c.655-2A>G variant in the COL2A1 gene leads to STL1 through abnormal splicing. By expanding the spectrum of variants in the COL2A1 gene, this finding improves the clinical understanding of STL1 and provides guidance for early diagnosis and disease counseling.Keywords: Stickler syndrome, functional analysis, COL2A1 gene, intron heterozygote variant, type II collagenopathies
1 INTRODUCTION
Stickler syndrome is a collagen connective tissue disease characterized by ocular, auditory, orofacial, and skeletal anomalies, with dominant inheritance being common and recessive inheritance being rare (Snead and Yates, 1999). The incidence rate of Stickler syndrome in neonates is approximately 1 in 7,500–9,000 (Hoornaert et al., 2010). Based on locus heterogeneity, autosomal dominant hereditary Stickler syndrome is divided into three types: I, II, and III. The most prevalent form, Stickler syndrome type I (STL1, MIM #108300), is predominantly caused by defects in the COL2A1 gene (Faber et al., 2000). STL2 (MIM #604841) is associated with defects in COL11A1 and patients have exhibited the “beaded” type 2 vitreous phenotype (Poulson et al., 2004), (Wilkin et al., 1999). Type III, also known as non-ocular Stickler syndrome or otospondylomegaepiphyseal dysplasia, is caused by pathogenic variants in COL11A2 (Annunen et al., 1999). The symptoms and signs of patients diagnosed with STL exhibit wide variations. STL1 may present with a wide range of findings, including cleft palate, small jaw, hearing loss, or early-onset osteoarthritis (Stickler et al., 2001). STL1 is most commonly associated with ocular complications, but inner ear, skeletal/joint, and craniofacial structures are often involved. The clinical characteristics of STL1 include typical vitreous (membranous) lesions accompanied by retinal detachment; facial abnormalities, such as cleft palate, glossophthalmos, and retropalatal deformity; relatively mild corresponding osteophytes; and early-onset arthropathy. The phenotype of STL1 constantly evolves throughout life, making diagnosis challenging, particularly in sporadic cases. Therefore, it is crucial to diagnose this disease by combining phenotypic and genetic analyses (Boothe et al., 2020).
The COL2A1 gene maps on to 12q13.11-q13.2, contains 54 exons, and encodes the type II collagen precursor protein (Nishimura et al., 2005). Alterations in the amino acid arrangement of type II collagen due to COL2A1 variants can affect the structural stability and function of the protein helix, leading to type II collagenopathies (MIM #120140). (Annunen et al., 1999; Wilkin et al., 1999; Yamamoto et al., 2020). Type II collagenopathies can be broadly classified into five categories: lethal diseases, types mainly affecting spinal deformity, types involving long bones and joints, types primarily associated with ocular manifestations, and unusual types. Although STL1 belongs to the type mainly involving ocular manifestations, it is also characterized by skeletal dysplasia (Zhang et al., 2020). The most frequent manifestation of this disease during the neonatal period is a cleft palate (Hanspal et al., 2012). STL1 is the mildest type of collagen II disease (Barat-Houari et al., 2016; Zhang et al., 2020).
In this study, we present the case of a Chinese infant whose clinical manifestations aligned with those of patients with Stickler syndrome. Through whole exome sequencing, a rare and previously undescribed intron variant of COL2A1 (c.655-2A>G) was identified, broadening. The variant spectrum of COL2A1. Furthermore, we performed in silico analysis to investigate the possible molecular pathogenesis of Stickler syndrome in this patient.
2 MATERIALS AND METHODS
2.1 Participants
The proband and parents were enrolled at the First Affiliated Hospital of Wenzhou Medical University, where the proband was hospitalized because of a palatal deformity discovered during a post-birth physical examination. Relevant clinical records, including physical, routine blood, ultrasound, and oral computed tomography (CT) examination findings, were collected. Written consent was obtained from the parents of the newborn proband before commencing the study, which was approved by the Ethics Committee of the First Affiliated Hospital of Wenzhou Medical University.
2.2 Trio whole exome sequencing and sanger sequencing
Genomic DNA from blood samples (1–2 mL) of the proband and their family members was used in this assay. The DNA was first fragmented, and libraries were prepared; subsequently, the DNA in the all exons and the adjacent shear region were captured and enriched using the Roche KAPA HyperExome chip (KAPA Biosystems, Boston, MA, United States of America), and the MGISEQ-2000 sequencing platform (MGI Tech Co., Ltd., Shenzhen, Guangdong, China) was used for variant detection. The quality control index of the sequencing data was as follows: the average sequencing depth of the target region was ≥180X, and the percentage of loci with an average depth >20X in the target region was >95%. Sequenced fragments were mapped to the human reference genome (UCSC hg19) using BWA aligner (Burrows-Wheeler alignment tool, version 0.7.15) to remove duplicates. Base mass value correction for SNV, INDEL, and genotype detection was performed using GATK. ExomeDepth was used to detect copy number variation at the exon level. The main reference databases used in this study included population (ClinVar, ESP6500, and gnomAD) and clinical databases (Online Mendelian Inheritance in Man, Rare Disease Data Center [RDDC], GeneReviews, Orphanet, and Genetic Home Reference). According to the guidelines of the American College of Medical Genetics and Genomics, the pathogenicity of variants is divided into five categories. This is used to determine which category the variant is judged to be in, and further reference is provided for subsequent research. The suspected mutations were subsequently verified using Sanger sequencing (primer sequences: GTC​AGA​GTT​CCT​CCA​CAG​CTA​G and CCC​TCA​TTT​TCT​GTT​CCG​ATG​C) in the studied family. Sanger sequencing was performed using an ABI 3730xl DNA Analyzer (Applied Biosystems, Carlsbad, CA, United States of America).
2.3 In silico assay
The RDDC database (https://rddc.tsinghua-gd.org/) and varSEAK (https://varseak.bio/) were used to analyze the possible effects of the mutation. SpliceAI Lookup (https://spliceailookup.broadinstitute.org/#) was used for the mutation evaluation. The three-dimensional (3D) structure of the protein template after introducing mutations was predicted using PyMOL. The template protein structure (XP_016874318.1) was obtained from the National Center for Biotechnology Information protein database (https://www.ncbi.nlm.nih.gov/). The prediction method followed the standard procedures.
2.4 Minigene constructs and mutagenesis
An in vitro minigene assay was performed to examine the target gene regions covering COL2A1 exons 10–11, intron 9, and intron 10, which were amplified from the gDNA of the proband. The wild-type COL2A1 gene fragment was obtained by nested polymerase chain reaction (PCR) using genomic DNA as the template and COL2A1-7948-F/COL2A1-9565-R and COL2A1-8186-F/COL2A1-996-R (Table 1) as primers. Three pairs of primers (pcDNA3.1-COL2A1-KpnI-F/COL2A1-MUT-R, COL2A1-MUT-F/pcDNA3.1-COL2A1-EcoRI-R, and pcDNA3.1-COL2A1-KpnI-F/pcDNA3.1-COL2A1-EcoRI-R) were developed to amplify the heterozygous c.655-2A>G mutation site from the product of nested PCR via seamless cloning (Vazyme Biotech Co., Ltd., Nanjing, China). Subsequently, the amplified DNA products were recombined and cloned into two digestion sites (HIKpnI/EcoRI) of the pcDNA3.1 vector (Hitrobio Biotechnology Co., Ltd., Beijing, China). In addition, the recombinant plasmids pcDNA3.1-COL2A1-t (wild-type) and pcDNA3.1-COL2A1-mut (c.655-2A>G) were validated using Sanger sequencing.
TABLE 1 | Primer sequences used to analyze the variant of the COL2A1 gene and vector pcDNA3.1.
[image: Table listing primer names and their sequences. It includes primers like COL2A1-7948-F with sequence "tgcacattttaatgatgcgctg," pcDNA3.1-COL2A1-KpnI-F with sequence "GCTTGTGACATGGGCCCCATGGGACCTCGAGG," and others, showing both forward and reverse primers with corresponding sequences in the 5’ to 3’ direction.]To confirm the conclusions drawn in this study, the assay was repeated using the same experimental procedure with another pcMINI-N vector containing the universal Exon A-intron A-MCS sequence. The cells were transfected, and the ExonA-Exon10-Exon11 splicing pattern was observed to determine whether it was abnormal, as previously described.
2.5 Cell culture and transfection
Human embryonic kidney (HEK293T) and HeLa cell lines (Cell Resource Center of the Chinese Academy of Medical Science, Beijing, China) were maintained at 37°C in a humidified environment using 5% CO2 in Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. COL2A1-wt and variant cDNA were inserted into the pcDNA3.1 vector according to the manufacturer’s instructions, and HEK293T and HeLa cells were transfected using Lipo3000 transfection reagent (GlpBio Technology Inc., Montclair, CA, United States of America). The transfected cells were incubated for 48 h prior to RNA extraction.
2.6 RNA extraction, polymerase chain reaction, and sequencing
Total RNA from HEK293T and HeLa cells transfected with small gene plasmids was extracted using the GenElute Mammalian Total RNA Kit (Sigma-Aldrich) according to the manufacturer’s recommendations. DNA was degraded on the columns using DNA enzyme I (Qiagen, Valencia, CA, United States of America). The extracted total RNA was reversely transcribed to cDNA, and a primer was used for the retropolymerase chain reaction of pcDNA3.1-F/pcDNA3.1-R (Table 1). Next, the cDNA products were detected using 1% agarose gel electrophoresis and further validated via Sanger sequencing. The lengths of the wild-type cDNA products were 396 bp in the pcDNA3.1-COL2A1 vector and 537 bp in the pcMINI-N-COL2A1 vector.
3 RESULTS
3.1 Clinical data
The male proband, born to a non-consanguineous 43-year-old mother and a 56-year-old father, was the second child in the family. The mother’s pregnancy was complicated because of connective tissue disease and gestational diabetes mellitus. However, there was no reported family history of genetic diseases. Pregnancy care revealed no exposure to teratogenic or infectious agents. He was delivered at the 38th week of gestation via spontaneous vaginal delivery, weighing 2,800 g (10th–25th percentile) and measuring 50 cm in length (50th–75th percentile). His Apgar scores were 9 and 10 at 1 and 5 min, respectively. Physical examination at birth revealed a small jaw, back tongue root, cleft palate, and intact hard palatal mucosa. Shortly after birth, the proband was hospitalized because of dyspnea and feeding difficulties. CT findings and 3D reconstructions revealed mandibular retraction, glossoptosis, airway stenosis, and incomplete cleft palate (Figures 1A–D). Additionally, abdominal ultrasonography revealed right renal pelvic separation, and an echocardiogram indicated a patent foramen ovale. Additionally, the result of universal newborn hearing screening was positive for hearing loss. Blood biochemical test results for total protein, albumin, alanine aminotransferase, leukocytes, hemoglobin, red blood cells, and platelet counts were all within normal limits. His cleft palate was surgically repaired 8 days after birth. Up to the age of 18 months, he exhibited normal motor and language development without experiencing symptoms of retinal detachment.
[image: Panel A shows a tumor in a soft tissue MRI. Panel B displays a bony lesion in a skeletal image. Panel C denotes a skin abnormality on a leg. Panel D features a dental X-ray highlighting a jaw condition. Panel E is a pedigree chart indicating genetic inheritance, with circles and squares representing family members. Panel F shows a DNA sequencing graph with a mutation at position 655-2A>G in the proband, differing from the normal mother and father sequences.]FIGURE 1 | CT images and 3D reconstructions were conducted for this infant. (A) The arrow indicates back tongue root in the CT sagittal axial view. (B) The arrow indicates small jaw in the 3D reconstructions sagittal axial view. (C) The arrow indicates small jaw in the 3D reconstructed sagittal view. (D) The arrow indicates a cleft palate in the CT coronal view. (E) Pedigree of the family. □ represents the normal male; ○ represents the normal female; ■ represents the affected male. Arrow indicates the proband. (F) The sequencing result of the family. Sanger sequencing showing COL2A1 (C).655-2A>G variant. The arrow symbol indicates the mutation site.
3.2 Variant detection
A novel heterozygous point variant in the intron 9 (c.655-2A>G, NM_001844.4) splice donor site of COL2A1 (NC_000012.12) was identified in the proband (II-2, Figure 1E) using trio exome sequencing and confirmed by PCR-based Sanger sequencing (Figure 1F). DNA analyses of the parents (I-1 and I-2) and sister (II-1) were normal, indicating that the variant was de novo in the proband.
3.3 In silico assay
In the gnomAD database, the COL2A1 variant (c.655-2A>G) is not included and has not been reported previously, indicating that this is a novel variant (Table 2). Functional prediction of the COL2A1 variant was performed using the RDDC platform. The analysis indicated that this variant potentially had pathogenic effects, as suggested by the three different predicted patterns of RNA splicing (Figures 2A–C). For c.655-2A>G, the splice AI algorithm returned a high value (Δ Score = 1.00). This value, which was above the high precision threshold (Δ Score ≥0.8), was used to detect higher sensitivity of splice change variants (Table 3). These results were validated using varSEAK (Figure 2D). Mutations in the 3′acceptor splice site could lead to exon skipping (Table 4). Our analyses suggested that the detected COL2A1 variant (c.655-2A>G) is a novel variant that affects mRNA splicing.
TABLE 2 | Intronic variations of COL2A1 previously reported in gnomAD database.
[image: Table displaying genetic variants and their HGVS consequences. The left column lists Variant IDs, such as "12-48389627-G-I," while the right column shows corresponding HGVS consequences like "c.654 + 37C>A." There are ten entries in total.][image: Diagram illustrating gene mutations.   A: Shows deletion of 10 base pairs, leading to a new acceptor site, frameshift mutation, and premature termination.   B: Displays deletion of 54 base pairs, resulting in exon skipping.   C: Depicts insertion of 111 base pairs, causing intron retention and premature termination.   D: Illustrates a specific mutation c.655-2A>G, with reference and variant DNA sequences marked.]FIGURE 2 | Results of in silico assay. A-C. Three patterns of RNA splicing prediction. (A) Pattern one: Deleting 10 bp, new acceptor, frameshift mutation, premature termination. (B) Pattern two: Deleting 54 bp, exon skipping. (C) Inserting 111 bp, intron retention, premature termination. The minigene results showed that our variant of interest was consistent with pattern two. (D) Result of the prediction in varSEAK online consists of these in silico assays by Human Splicing Finder (HSF). E9: exon 9; E10: exon 10; E11: exon 11.
TABLE 3 | Splicing mutation evaluation by SpliceAI.
[image: Table with columns for Acceptor Loss, Donor Loss, Acceptor Gain, and Donor Gain. Acceptor Loss shows 1.00 at -2 base pairs. Donor Loss is 0.00 with no base pair change. Acceptor Gain is 0.69 at -12 base pairs. Donor Gain is 0.00 with no base pair change.]TABLE 4 | Assessing splicing impact with varSEAK.
[image: Table showing predictions for acceptor loss and splicing effect. First row: "Predictions 5' Donor Splice Site," "No splicing effect," class "1." Second row: "Predictions 3' Acceptor Splice Site," "Exon skipping," class "5."]3.4 Minigene assay
In vitro transcriptional assays were performed to analyze the effect of intron donor locus variation on COL2A1 mRNA splicing. The pcDNA3.1-COL2A1 small gene was 665 bp long and covered DNA regions, including exon 9 (45 bp), intron 9 (111 bp), exon 10 (54 bp), intron 10 (401 bp), and exon 11 (54 bp, Figures 3A, B). A full-length reverse transcription PCR product of 396 bp, consisting of a partial plasmid sequence of 243 bp and a target gene of 153 bp, was detected in HEK293T and HeLa cells transfected with the pcDNA3.1-COL2A1 minigene (Figure 3C). Sanger sequencing confirmed that the 396 bp band corresponded to normal COL2A1 mRNA, in which exons 9–10–11 were spliced and introns 9–10 were removed between them (Figure 3D). The pcDNA3.1-COL2A1-mut minigene containing the c.655-2A>G variant was transfected into the HeLa and HEK293T cell lines. In contrast, normal COL2A1 mRNA was not detected in the mutant (MUT) swim channel, except for a smaller band (342 bp, Figure 3C). In the MUT lanes, an aberrantly spliced transcript of COL2A1 was observed as a short band of 342 bp, which included only exons nine and 11, with exon 10 being completely skipped. A Sanger DNA chromatogram of the misspelled transcript of COL2A1 is shown in Figure 3D. The results from the assay conducted in the pcMINI-N vector were consistent with previous findings, showing the skipping of exon 10. Translational analysis of the full-length sequence of the misspliced transcript identified by small gene analysis showed that this variant induced complete skipping of exon 10, including 54 bp nucleotides (c.655_708del), resulting in a deletion of 18aa within the shorter protein (p.[Gln221_Pro238del]). These results were consistent with the predictions of in silico assays, and the RNA splicing pattern was consistent with the predictions of splicing pattern II (Figure 3E).
[image: Diagram illustrating genetic analysis and mutation effects on a minigene construct. Panel A shows the minigene design. Panel B presents a DNA sequencing chromatogram highlighting mutation c.655-24A>G. Panel C includes gel electrophoresis results comparing wild type and mutant samples in Hela and 293T cells. Panel D displays further sequencing chromatograms focusing on exon inclusion. Panel E depicts a schematic of exon skipping due to the mutation, showing exon nine exclusion.]FIGURE 3 | Functional analysis of the COL2A1 variant effect on mRNA splicing. (A) Construction strategy of pcDNA3.1 minigene vector, * representative of the variant site. (B) The sequencing of wildtype COL2A1gene vector and (C).655-2A>G COL2A1 variant gene vector. (C) Gel electrophoresis of reverse transcription polymerase chain reaction products displayed a single band a (estimated 396 bp) from the wild type (wt) and a smaller band b (estimated 342 bp) in the mutant type (mut). (D) Illustration of the sequencing of band a (wild type in HEK293T and Hela cells) and band b (variant c.655-2A>G in HEK293T and Hela cells) products lead to a shorter transcript with deletion of exon 10 including 54 bp. (E) Accurate result of the prediction in silico assay: Deleting 54 bp, exon skipping.
3.5 Three-dimensional structure of the protein
The 3D structure prediction of the variant protein was analyzed using the PyMOL software. Schematic diagrams of the primary and variant models of the COL2A1 protein are shown in Figures 4A–D. Compared with the wild-type sequence, the variant protein had an altered amino acid sequence, resulting in a shorter protein variant with a loss of 18 native amino acids (p.[Gln221_Pro238del]). The loss of 18 native amino acids are predicted to not affect any functional domains (Figure 4E).
[image: Diagram showing structural representations of a collagen protein. Panels A to D show green molecular structures with red circles highlighting specific areas. Panel E presents a linear diagram of the Collagen alpha-1(II) chain, with labeled sections including the signal peptide, N-terminal propeptide, and C-terminal propeptide. Specific markers for p.Gln221 and p.Pro238 are indicated along the chain.]FIGURE 4 | The domain and three-dimensional structures of the wildtype and variant COL2A1 proteins. (A) The 3D structure of wild-type COL2A1 protein. (B) The 3D structure of variant COL2A1 protein. (C) Localized amplification of the 18 amino acids (p.[Gln221_Pro238del]). (D) 3D structure of variant COL2A1 protein. The arrow indicates deletion of 18 amino acids. (E) Schematic representation of COL2A1 protein domains, regions and peptides. The arrow indicates deletion of 18 amino acids.
4 DISCUSSION
In this study, we described the case of a male infant with cleft palate, small lower jaw, glossoptosis, retrognathia, and abnormal hearing. The infant was found to have a novel heterozygous variant, c.655-2A>G in COL2A1, and this had not been previously reported. This splice junction variant led to aberrant COL2A1 mRNA splicing, resulting in the formation of an alternative transcript that produces a shorter COL2A1 protein. The male infant was diagnosed at birth with Pierre Robin sequence (small lower jaw, glossoptosis, cleft palate and airway problems) and did not pass the newborn hearing screening test. Based on the clinical manifestations and imaging results, the proband was diagnosed with STL1.
The COL2A1 gene is located on 12q13.11 and contains 54 exons. The gene’s helix region, encoded by codons 201–1,214, consists of a core repeat of three residues, all beginning with a glycine (Gly-X-Y), where “X” typically denotes proline and “Y” represents hydroxyproline residues (Barat-Houari et al., 2016). The coding sequence of this gene is highly conserved among different species. (Dale and Topczewski, 2011). The COL2A1 gene encodes the α-1 chain of type II procollagen. Type II collagen is a homotrimer of three α-1(II) procollagen chains (Terhal et al., 2012; Nenna et al., 2019). Type II collagen is the primary component of the extracellular matrix in transparent cartilage, intervertebral disc nucleus, inner ear structures, and vitreous body. It acts as an autocrine factor for proliferation and differentiation through various downstream effectors and inhibits chondrocyte apoptosis via the suppression of BMP-SMAD1 pathway activity (Lian et al., 2019), thereby playing a crucial role in cartilage formation and growth, especially in relation to bone development within the cartilage. Various pathogenic or potentially pathogenic mutations in the COL2A1 gene have been reported, including missense and loss-of-function mutations (Hoornaert et al., 2010). Most of these lead to the introduction of a premature stop codon and nonsense-mediated decay, resulting in the production of abnormal type II collagen fibers (Stickler et al., 2001; Hoornaert et al., 2010). This study focused on a novel splice-site receptor variant of COL2A1 in intron 10, emphasizing the pathogenicity of intronic variants. The two nucleotides directly adjacent to the intron–exon junction in the splicing region are highly conserved, with the bases at the 5'(donor site) and 3'(acceptor site) ends of the intron almost always being GT and AG, respectively, according to the GT-AG rule. In the mammalian genome, the probability of a splicing site conforming to the classical GT-AG combination is 98.71% (Mercuri et al., 2005). Consequently, a splice site receptor variant in this conserved region is likely to be pathogenic. Our analysis, using various algorithms and minigene assays, demonstrated that the novel variant disrupted splicing receptor function, causing complete skipping of exon 10 and resulting in the deletion of 18 amino acids within the shorter protein (Figures 4A–D). Therefore, we believe that this novel splice-site variant is pathogenic.
Pathogenic variants in the COL2A1 gene lead to a series of diseases collectively referred to as type II collagenopathies, which are characterized by skeletal dysplasia (Stickler et al., 2001; Barat-Houari et al., 2016). Variations in the COL2A1 gene can lead to abnormal phenotypes in the skeletal, craniofacial, auditory, and visual systems. Based on severity, the clinical phenotypes of COL2A1 gene variations can be classified into lethal, severe, and mild types. Stickler syndrome is classified as mild type (Zhang et al., 2020). STL1, also known as hereditary progressive osteo-ophthalmic disease, is a type II collagenopathy phenotype associated with retinal detachment, facial abnormalities, cleft palate, and mild abnormalities in the development of spinal bone growth centers (Čopíková et al., 2020). The phenotypes of STL1 are diverse. Physical examination of the proband revealed a small jaw, posterior lingual base, and cleft palate. He was hospitalized shortly after birth because of breathing and feeding difficulties. The patient was diagnosed at birth using the Pierre Robin sequence. Similar to the proband, characteristics of midfacial hypoplasia were evident in the infant. Infants with the Pierre Robin sequence experience difficulties in breathing and feeding during early infancy exclusively (Stickler et al., 2001). Variations affecting splicing can lead to nonsense-mediated decay or produce an in-frame protein with a small deletion (Bruni et al., 2021). It is generally believed that the production of an in-frame protein with a small deletion results in severe phenotypes. A recent study showed that variants with deletions of ≤18 amino acids were associated with less severe phenotypes (Bruni et al., 2021). In this case, the detected a splice site variant that results site variant resulted in an internal deletion of 18 amino acids but with a milder phenotype. This suggests that the STL1 phenotype may be related to the size of the in-frame deletion. It has been suggested that midfacial hypoplasia in neonates should be considered during STL1. Based on the clinical presentation of the patient and the results of trio whole exome sequencing and an in vitro minigene assay, we consider the patient to be diagnosed with Stickler syndrome type I.
In conclusion, we identified a de novo heterozygous intronic variant, c.655-2A>G, in COL2A1 and verified its pathogenicity using an in vitro in COL2A1 using whole exome sequencing and an in vitro minigene assay. Abnormalities in intronic splicing sites are essential for predicting splicing variants, and in this case, they lead to aberrant COL2A1 mRNA splicing, resulting in the complete skipping of exon 10 (c.655_708del) and deletion of 18 amino acids (p.[Gln221_Pro238del]). This suggests that the phenotypes of STL1 may be associated with the size of in-frame deletion. Furthermore, our findings expand the spectrum of COL2A1 variants. Therefore, genetic testing should be performed on any individual suspected of having STL1, as it plays a crucial role in guiding patient management (ACMG Board of Directors, 2015).
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Kabuki Syndrome (KS) encompasses a spectrum of clinical manifestations, primarily attributed to pathogenic variants in the KMT2D gene. This study aims to elucidate novel features in KS patients with missense variants, contrasting their presentation with both literature-reported cases of patients with missense pathogenic variants as well as other KS patients with truncating pathogenic variants. Employing a survey questionnaire and clinical evaluations, we examined ten KS patients with missense variants, focusing on their dysmorphism characteristics, behavior and psychomotor development. We identified unique features in missense variant patients, including foot hyperesthesia, musicality, and sensory integration disorders. Notably, despite similarities in developmental trajectories, distinct phenotypic traits emerged in missense variant cases, suggesting a potential genotype-phenotype correlation. These findings contribute to a deeper understanding of KS heterogeneity and underscore the importance of genotype-specific characterization for prognostic and therapeutic considerations. Further exploration of genotype-phenotype relationships promises to refine clinical management strategies and enhance patient outcomes in this complex syndrome.
Keywords: Kabuki syndrome, missense variant, genotype, phenotype, behavior, development

1 INTRODUCTION
Kabuki Syndrome (KS, MIM#147920, MIM#300867, Orpha 2322) was first described in the early 1980s and was named after the characteristic facial features of actors in the Kabuki theater in Tokyo, Japan (Kuroki et al., 1981). Patients present with distinct facial dysmorphism (long palpebral fissures, lower eyelid eversion and a short columella with a depressed nasal tip), joint hyperlaxity, developmental delay, growth retardation and a wide spectrum of other manifestations.
KMT2D gene pathogenic variants have been identified as the main cause of KS. KDM6A gene pathogenic variants account for a minority of cases (Ng et al., 2010). Most KDM6A variants were characterized as either point mutations or microdeletions. The KMT2D protein is a histone (H3) lysine methyltransferase enzyme responsible for cell-type specific gene expression during differentiation (Bjornsson et al., 2014). KDM6A however encodes for a Histone (H3) lysine-27 demethylase. The KDM6A protein plays a key role in chromatin remodeling through a shared pathway and through interaction with the KMT2D protein in a SET1-like complex. It has been suggested to have a unique significance during embryonic life. KMT2D most likely plays a role in central nervous system, craniofacial, circulatory and bone development. Most KMT2D variants are protein truncating (nonsense/frameshift), while up to 30% are predicted to be missense (Cocciadiferro et al., 2018).
Missense KMT2D variants cause reduced histone methylation due to impaired WRAD protein complex formation (Cocciadiferro et al., 2018). They were identified along the entire length of the KMT2D gene. Using functional studies, it was found that some missense variants reduce histone methylation activity, thus confirming their character as predicted loss-of-function (Cocciadiferro et al., 2018). Individuals present with a wide spectrum of phenotypes and some express milder symptoms than those who carry protein-truncating KMT2D pathogenic variants. A novel KS phenotype caused by specific exon 38 or 39 missense KMT2D pathogenic variants was suggested (Cuvertino et al., 2020). It was originally described as a multiple malformation disorder distinct from KS. These patients consistently showed head and neck dysmorphism: choanal atresia, ear malformations, lacrimal system deformities, branchial cleft abnormality, neck pits, athelia or nipple hypoplasia (Cuvertino et al., 2020). Based on the suggestions from the recent reports we aim to further delineate Kabuki-Missense subtypes: one caused by specific exon 38 or 39 KMT2D missense variants and a second caused by an array of other KMT2D missense variants located elsewhere, most likely associated with a spectrum of milder phenotypes and dysmorphisms.
The original description of a specific multiple-malformation disorder linked to missense variants in exons 38 was recently refined (Tharreau et al., 2022). Two families with a history of autosomal dominant choanal atresia or nasolacrimal duct anomalies, thyroid dysfunction, hearing anomalies and nipple hypoplasia were described. The authors suggest that missense variants in exon 38 of KMT2D could lead to milder phenotypes. Additionally they detail syndactyly and polydactyly in patients with KMT2D missense variants, a finding that is rarely associated with KS (Tharreau et al., 2022).
Herein we present a case series of ten Kabuki Syndrome patients with confirmed KMT2D-missense pathogenic variants. One patient was diagnosed with a missense variant located in exon 39 and nine patients had confirmed missense variants located elsewhere, i.e., outside of exons 38 or 39. Patients’ novel features that broaden the phenotype of Kabuki-Missense are unique behaviors (e.g., musicality, elements of autism spectrum behavior), foot hyperesthesia and ear dysmorphism such as over-folded helix and protruding antitragus. Patients tended to present with a significantly milder facial dysmorphism than that described in truncating KMT2D pathogenic variants. Brachydactyly was not observed. We sum up the current knowledge about clinical phenotype associated with missense KMT2D variants.
2 MATERIALS AND METHODS
Ethical approval for our study was obtained from the Bioethics Committee of the Medical University of Warsaw (code: KB/144/2021). Informed consent for our study was obtained from all participating families as was permission to publish patient photographs. Ascertainment was driven by genotype in patients in whom KMT2D missense variants were identified by genetic tests either directed at KMT2D variants or next-generation sequencing tests. Patients (including 30 other KS patients with truncating pathogenic variants) were recruited from the Kabuki Syndrome Polska Group as well as from respective databases in the Departments of Medical Genetics at the Medical Universities of Warsaw and Wroclaw. Variants were classified according to the American College of Medical Genetics and Genomics (ACMG) guidelines (Richards et al., 2015). Four variants were classified as Variants of Unknown Significance (VUS), the remaining six as either likely pathogenic or pathogenic. All affected individuals underwent clinical phenotyping. All patients underwent a physical examination and a neurological examination. Anthropometric measurements were recorded. Data for statistical analysis was collected from the group of 9 KS patients with missense pathogenic variants and from the 30 KS patients with truncating pathogenic variants.
3 CLINICAL REPORT
3.1 A patient with a KMT2D missense variant in exon 39
A male infant was born to young, healthy, and nonconsanguineous parents of two other healthy children. The pregnancy was complicated by intrauterine growth restriction. Increased nuchal translucency was confirmed upon ultrasonography. Karyotype from amniocytes was normal: 46, XY.
The patient was born spontaneously at the gestational age of 39 weeks with a birth weight of 2470g (<3rd WHO centile, -2SD (Ruault et al., 2020)), a birth length of 52 cm (50–85th WHO centile, -1SD (Ruault et al., 2020)) and a head circumference of 34 cm (15–50th WHO centile,-2SD (Ruault et al., 2020)), with APGAR scores of 7-2-0-5-6 respectively at 1, 3, 5, 10, and 20 min of life. After delivery the newborn underwent cardiopulmonary resuscitation. He was transferred to the Neonatal Intensive Care Unit under mechanical ventilation and was diagnosed with respiratory failure and acute respiratory distress syndrome. Abnormalities found upon chest imaging are described in Supplementary Figure S1.
Physical examination revealed a broad forehead, microphthalmia, hypertelorism, low-set ears with an auricular dysmorphism, an overfolded upper helix, a protruding antitragus and a large earlobe; choanal atresia with anteverted nares and a triangular nose, athelia, hypospadias, and anal atresia (Figure 1). Anal atresia was surgically corrected by colostomy insertion on the 5th day of life.
[image: A nine-panel image series shows the growth stages of a child from infancy to early childhood. Panels A, B, and C depict the child as a baby in a hospital setting with medical equipment. Panels D and E show the child smiling and in a side profile as a toddler. Panels F and G feature the child sitting, wearing a striped shirt. Panels H and I display the child standing shirtless and in a side profile, respectively.]FIGURE 1 | Images A, B, and C present dysmorphic features of the patient with a missense KMT2D variant in exon 39 c.10607G>C. (A) Broad forehead, hypertelorism, triangular nose with anteverted nares, athelia. (B) Overfolded upper helix, anteverted nares. (C) Outer ear dysmorphism: prominent antitragus and large earlobe. Images D to J show three patients with KMT2D missense variants outside of exons 38–39 presenting typical yet mild dysmorphic features. (D) and (E): Patient 8 with a variant in exon 43, (C) 13961A>G, presenting long palpebral fissures, sparse eyebrows, epicanthal folds, lower eyelid eversion and abnormal dentition. (F) and (G): Patient 7 with a variant in exon 49, (C) 15142C>T, presenting noticeable coloboma, lower eyelid eversion and prominent ears. (H) and (I): Patient 4 with a variant in exon 49, (C) 15544G>C presenting long palpebral fissures, lower eyelid eversion, sparse eyebrows, prominent ears and kyphoscoliosis.
Patent ductus arteriosus was diagnosed postnatally and closed spontaneously on the 4th day of life. Echocardiography confirmed its spontaneous reopening during the 5th week of life, and it was then reclosed surgically. Persistent pulmonary hypertension of the newborn was confirmed at birth and resolved upon inhalational nitric oxide therapy.
The child presented with several seizure episodes during the 11th day of life. Epileptic encephalopathy refractory to treatment was diagnosed. MRI T1-weighted imaging showed a hemorrhagic change in the internal capsule and cerebellum as well as lesions in areas of active myelinization. Bilateral defects of the inner ears, as defined by hypoplasia and dysplasia of the upper semicircular canals and aplasia of the posterior semicircular canals were confirmed. Neonatal Otoacoustic Emissions screening tests showed a bilateral lack of reaction. Upon neurological examination during the first weeks of life, evolution towards spastic tetraparesis was observed.
ArrayCGH results were normal. Due to an unclear clinical picture and a worsening general condition, Whole Exome Sequencing was performed. Cardiac arrest was confirmed during the 85th day of life. Bearing in mind the poor prognosis and severe brain damage traits upon imaging, as well as the exhaustion of diagnostic and therapeutic possibilities, resuscitation was not undertaken. The cause of death was severe cardiorespiratory failure due to severe bronchopulmonary dysplasia and other internal organ developmental abnormalities. Post-mortem Whole Exome Sequencing results showed the presence of a heterozygous de novo missense variant NM_003482.4, c.10607G>C (p. Arg3536Pro), chr12-49034200-C-G in exon 39 of the KMT2D gene, classified as VUS, PM2, PP2 according to ACMG criteria (Richards et al., 2015).
3.2 Patients with KMT2D missense variants outside of exons 38–39
We describe 9 patients - 2 females and 7 males. All patients’ genetic tests revealed de novo missense KMT2D pathogenic variants outside of exons 38–39, hypothesizing a separate phenotype. Detailed clinical characteristics and anthropometric measurements of all the nine individuals are shown in Supplementary Table S1. Below is the short summary of outstanding features.
All patients were born at term to nonconsanguineous healthy parents. Three patients experienced a childbirth complication: respiratory distress due to atypical pneumonia treated with antibiotic therapy and respiratory support. Cleft palate was observed in two individuals. A noticeable gross motor and fine motor delay was observed in all patients. Patients older than 3 years tended to express certain autism spectrum traits such as disproportionate emotionality (e.g., crying or screaming in a new environment) and a tendency to fixate their behaviors on one point (e.g., repetitive actions). Upon posture assessment, 4 patients exhibited prominent kyphoscoliosis. Upon neurological assessment, global hypotonia and a mild secondary balance disorder was evident in all patients.
Interestingly, all examined individuals showed foot hyperesthesia upon plantar reflex examination, a phenomenon which has not been described and associated with KS in the literature. Heightened sensitivity to sole touch stimulation in all of our patients was characterized by a jerk reaction, our patients retracted their feet bilaterally and refused to cooperate further with the examiner. Additionally patients 1, 3, 8, and 9 complained of foot pain upon touch stimulation, even uncontrollably crying as a response to this exam. A similar response was also observed upon any tactile plantar stimulation, as well as temperature stimulation and even while our patients were walking on a soft surface. That said, their gait did not seem to be affected by foot hyperesthesia while walking on a hard floor during examination.
All parents stated that their children had sensory integration disorder traits—sudden aggressive outbursts or tantrums especially as a disproportionate response to not receiving what they desire; discomfort with loud noises, experiencing soft touches as harsh and discomfort with rough food textures. Patients 4, 5, and 9 currently actively participate in sensory integration therapy. Table 1 presents a summary of each patient’s SI traits and how many patients experience each trait.
TABLE 1 | Each patient’s sensory integration disorder trait and how many patients exhibited each trait according to surveys filled by caregivers.
[image: Table detailing various parameters for nine patients, including age, sex, de novo pathogenic variants, and scores for behavioral and sensory sensitivities. Scores range across tantrum outbursts, discomfort with loud noises, disproportionate experience of touch, and discomfort with rough food textures. Data is arranged by patient, highlighting genetic variants and corresponding behavioral metrics. Summarized totals are given at the bottom for each sensory sensitivity category.]We noted the musical interest of three of our patients. They played a toy xylophone melodically, rhythmically tapped, and sang during the clinical visit. Patient 3 plays the piano and attends music therapy class, while patients 6 and 9 enjoy regularly listening to music and singing along. These patients tend to easily accurately recognize pitch.
All patients’ joint laxity was assessed subjectively upon physical examination and objectively according to the Beighton scale. In our group 6 out of 9 patients presented with a Beighton score indicative of joint hyperlaxity, and 3 out of 9 presented with a normal score. Assessment using the Beighton score is likely most reliable in children over the age of 6 years (Smits-Engelsman et al., 2011). Of the 4 patients older than 6 years in our group, two had a Beighton score indicative of joint hyperlaxity. All patients appeared to present with subjective joint hyperlaxity to varying degrees, especially while examining the joints of distal extremities.
Upon physical examination, patients presented with typical, yet mild, KS craniofacial features and dysmorphism. They all exhibited long palpebral fissures, sparse eyebrows, epicanthal folds, abnormal dentition, and high-arched palate (Figure 1). We observed astigmatism, cleft lip and palate, and heart and kidney disorders in our cohort, phenomena typical of Kabuki syndrome. Interestingly, patient 7 presented with coloboma (Figure 1).
Anthropometric measurements were analyzed using growth charts for patients with Kabuki Syndrome (Ruault et al., 2020) as well as World Health Organization (WHO) Growth Charts. Results are presented in Supplementary Table S1. According to the WHO Growth Charts, short stature can be observed in all patients in our cohort. Other anthropometric measurement results were deemed insignificant.
4 DISCUSSION
We present a case series of ten patients who satisfy the criteria for a definitive Kabuki Syndrome diagnosis, with confirmed KMT2D-missense pathogenic variants—one with a confirmed variant in exon 39 and nine with confirmed variants located elsewhere, all near the C-terminus (Adam et al., 2019).
Data comparing and contrasting our group with KMT2D missense variants and those described in literature can be found in Supplementary Table S2. While analyzing this data from patients described in literature it can be seen that 80% presented with short stature and had at least one dysmorphism characteristic pertaining to Kabuki Syndrome, a finding that is consistent with our patient group (Bruni et al., 2021; Lehman et al., 2017). One-quarter of patients from literature presented with abnormal dentition or high-arched palate (6 out of 10 of our patients) (Cuvertino et al., 2020; Tharreau et al., 2022; Bruni et al., 2021; Badalato et al., 2017; Baldridge et al., 2020; Shangguan et al., 2019). Interestingly, seven patients described in the literature presented with brachydactyly, a finding that we did not observe in any of our patients (Cuvertino et al., 2020; Tharreau et al., 2022; Bruni et al., 2021; Badalato et al., 2017; Baldridge et al., 2020). Nine patients in literature presented with athelia or nipple hypoplasia—a finding that we observed only in our severely affected patient. Athelia was observed in patients with missense KMT2D pathogenic variants in any exon (Cuvertino et al., 2020; Tharreau et al., 2022; Baldridge et al., 2020). Moreover, upon analysis using the phenotyping application Face2Gene all of our patients with missense KMT2D variants had a moderately high or very high facial gestalt similarity to the typical KS phenotype.
We aim to consolidate current knowledge regarding potential genotype-phenotype correlations linked to missense KMT2D variants. Figure 2 depicts a model of the KMT2D gene, illustrating both the missense variants identified in our patient group and those documented in existing literature. Variants are color-coded based on the severity of the associated clinical presentation, as determined by specific criteria: moderate or severe developmental delay, epilepsy refractory to treatment, moderate or severe vision or hearing impairment, certain heart defects, failure to thrive, premature death, and severe joint hyperlaxity (under 5 points according to the Beighton scale). Patients with a severe clinical picture met more than one criterion, those with a moderate clinical picture met one criterion and those with a mild clinical picture met none. Mild cases involved mild dysmorphism, minimal or no developmental delay and characteristics that do not significantly hinder daily function. The model suggests that missense variants located nearer to the N-terminus tend to be associated with a more severe clinical phenotype. Conversely, variants nearer to the C-terminus may manifest with a milder clinical phenotype. There are notable exceptions to this observation, indicating the necessity for cautious interpretation. Exons 38 to 39 show 7 out of 17 listed patient variants exhibiting a severe clinical picture. Building upon this, in order to better demonstrate which domains the listed variants may be influencing, Figure 3 depicts a model of the KMT2D protein structure. It links domains to the location of missense variants. It is noteworthy that LXXLL motifs 5 and 6 are essential for the association with the estrogen receptor alpha—the ESR1 nuclear receptor, and their mutation may crucially hinder the KMT2D protein function (Thul et al., 2017). No variant listed after LXXLL motifs 5 and 6 was associated with a severe clinical picture. Further research is imperative to validate and refine these findings.
[image: A karyotype chart displays various syndromes associated with specific chromosomal regions. Boxes over the chromosomes indicate the severity of clinical presentation, color-coded as green for mild, yellow for moderate, and red for severe. Chromosome numbers from one to SUVR are shown horizontally. A legend below explains the color codes.]FIGURE 2 | A KMT2D gene model showcasing missense variants identified in both our patients and in literature. The variants are color-coded to denote the severity of clinical presentations based on current clinical data. Severity is determined by specific criteria: moderate or severe developmental delay, drug-resistant seizures, moderate to severe vision or hearing impairment, certain heart defects, failure to thrive, premature death, and severe joint hyperlaxity. Patients with a severe clinical picture met more than one criterion, those with a moderate clinical picture met one criterion, and those with a mild clinical picture met none. Mild cases involved mild dysmorphism, minimal or no developmental delay, and characteristics that do not significantly hinder daily function.
[image: Genetic diagram showing a chromosome with various colored boxes representing domains and elements like zinc fingers, kinase, and other transferase regions. A legend beneath details color codes for each feature, including phosphotransferases and protein motifs.]FIGURE 3 | A KMT2D protein structure model showcasing different domains and the location of missense variants identified in both our patients and those described in literature. Clinical presentation severity is color-coded according to the legend in Figure 3. The abbreviation “aa” signifies “amino acids.” Domains are labeled according to the maps on deciphergenomics.org and genecards.org.
Of the KS patients with missense variants described in the literature, 15 had congenital heart defects and one had epilepsy (Bruni et al., 2021; Lehman et al., 2017). None of our patients were diagnosed with epilepsy, and it may be a rarer finding in KS patients with missense pathogenic variants. Upon neurological examination it is noteworthy that all our patients presented abnormal posture (resulting from prominent kyphosis). Additionally, all patients presented with some degree of a kinematic stiffness pattern, a finding that may be associated with global hypotonia and kyphosis. Supplementary Table S2 comparing and contrasting our patients with those described in literature can be found in the Supplementary Material.
Of particular interest is the statistical analysis of neurodevelopmental characteristics to better nuance and demonstrate potential differences between patients with a missense pathogenic variant from our cohort as well as from literature with the phenotype of patients with a truncating variant (Adam and Hudgins, 2005). We chose to compare 5 neurodevelopmental milestones: sitting unsupported, walking unsupported, speaking 8 words, following simple commands, daytime toilet training. We compared the average age of milestone achievement in missense and truncating groups, and used Fisher’s Exact Test to determine a potential significant difference between the delays in the groups. There was no significant difference between the groups in all of the developmental milestones. Building on this finding, we aimed to search for a significant difference between the prevalence of joint hyperlaxity in our missense cohort and our 30 patients with truncating pathogenic variants using Fisher’s Exact Test. There was no significant difference between the groups. A study conducted in 2019 found the prevalence of joint hyperlaxity to be 31% in boys and 14% in girls with Kabuki Syndrome, with a total prevalence of 22% using the Beighton score above 3/9 points (Schott et al., 2019). In total out of 21 KS patients in our cohort in whom the Beighton score was assessed, 62% (13/21) presented with joint hyperlaxity. More details on our patients neurodevelopmental milestones can be found in Supplementary Table S3.
All of our patients presented with foot hyperesthesia; a finding not drawn attention to in literature. Namely, upon physical examination of the plantar reflex they expressed a noxious sensation followed by discomfort, a more severe condition than tickling. The children in our cohort who are unable to communicate verbally cried during this examination, and those able to communicate verbally expressed their discomfort. One explanation for this unusual behavioral pattern is sensory integration disorders (Kasdon and Fox, 2012). Upon surveyal, all caregivers in our group stated that their children had sensory integration disorder traits, while 3 patients currently actively participate in sensory integration therapy. These neurobehavioral abnormalities have been reported in KS patients, however foot hyperesthesia has never been described in KS patients in this context (Adam et al., 2011). We surveyed caretakers and asked them if and how often each of the selected four sensory integration disorder traits occurred on an integer scale from 0 to 5 (0 meaning the trait does not occur at all, 5 meaning the trait occurs several times daily). We also collected data from findings upon physical examination. Results are presented in Table 1. Using the two-way ANOVA statistical test we analyzed the impact of each of the traits by comparing the means of the different samples. The results determined a significant impact of the traits. This suggests that each sensory integration trait is dependent, i.e., if patients experience any one trait, they will likely experience another. Notwithstanding the above, this analysis has potential limitations. Data was quantified based on a qualitative survey and is thus subject to bias. Secondly our analysis is limited to four sensory integration traits. Thirdly the sensory integration traits themselves are subjective, namely, the excessiveness of tantrum outbursts, the loudness of noises, the degree of touch and the texture of food is subject to bias.
A second explanation for this behavioral pattern lies in the issue of brain plasticity. One study found that KMT2D haploinsufficiency in Kabuki Syndrome disrupts neuronal function through transcriptional and chromatin rewiring regardless of methylation. KMT2D deficiency disrupts neurogenesis, leading to a cell cycle disruption and precocious neuronal differentiation and ultimately altered neuronal plasticity. A reaction to this central nervous system development disruption could be altered plasticity as expressed by excessive sensations (Carosso et al., 2019).
Musicality in KS patients is only briefly described in literature (Schott et al., 2017). We observed a notable affinity for music among 3 individuals in our group. This finding brings to light a hitherto unexplored aspect of KS and prompts further investigation into the potential connections between this genetic disorder and musicality. Three of the patients actively played musical instruments and even sang during our examination, while one individual engages in piano playing as a hobby. Three participants are currently attending musical therapy. This anecdotal evidence suggests an association between Kabuki Syndrome and musical engagement. The factors contributing to this musical aptitude are not definitively established, but we can speculate on possible influences. Abnormal central nervous system plasticity leading to excessive sensation may also explain the tendency for musical inclination in KS patients. Care aimed at hearing development has already been used in KS patients with good results (Adam and Hudgins, 2005). Considering a potential tendency for heightened musical sensations in KS patients, it is possible that therapy aimed at developing musical skills may in turn improve central nervous system development and positively impact quality of life. Genetic predisposition, cognitive development, or sensory perception may play a role in fostering musical talents or interests among these individuals. However, it is essential to underscore that these suggestions remain speculative, and further research is needed to unravel the complex mechanisms underlying this phenomenon. The implications of these findings are wide-ranging. Musical engagement has the potential to positively impact the lives of individuals with Kabuki Syndrome, promoting cognitive, emotional, and social development. This information could inform therapeutic approaches and support strategies tailored to the unique needs of this patient population, recognizing the therapeutic value of music in their lives. We suggest that our findings be considered preliminary. Future research with larger and more diverse cohorts is warranted to corroborate and extend our observations, perhaps further investigating the effect of music or its therapy on KS patients’ quality of life.
Upon endocrinological examination, none of our patients presented with significant abnormalities. Neither hypothyroidism nor active hyperinsulinemic hypoglycemia were observed. Growth Hormone deficiency was not confirmed in any of our patients. KS is associated with growth hormone deficiency, autoimmune thyroiditis and rarely other endocrinological abnormalities (Nord, 2023). Only one of our patients presented with hypoglycemia during the newborn period, and during the second year of life with bleeding from her birth canal. This was most likely associated with a temporary increase in gonadotropin concentration and was treated as a self-limiting condition. No premature puberty characteristics were observed in the patients. When compared to literature (Supplementary Table S2), it can be noticed that 12 patients presented with chronic endocrinological problems, one with hypoglycemia and eleven with hypothyroidism. Due to a small number of patients and a wide variability in the findings, it is currently impossible to reach a conclusion regarding endocrinological manifestations in patients with Kabuki syndrome with confirmed missense pathogenic variants.
Missense pathogenic variants in our cohort occurred in SET (methylation) domains, FYR N-terminal domain and Zinc-Finger Proteins—transcriptional activators or repressors that bind DNA. Genotype-phenotype correlations among the variants falling within these two domains cannot be currently observed due to limited data. However, the biogenetic mechanism of disease-causing missense variants can be theorized. Missense variants in these domains may cause a disturbance in the KMT2D secondary structure through increased alpha-helical coiling, thus leading to impaired WRAD protein complex formation (Cocciadiferro et al., 2018; Cuvertino et al., 2020). Characteristic clustering of KS-associated variants in three protein domains was suggested, these are 1) germline variants associated with a KS phenotype; 2) variants found in cancer spectrum, and 3) control population missense variants observed in the ExAC database, not necessarily associated with specific phenotypes (Faundes et al., 2019). Animal models have suggested that KMT2D loss-of-function variants inhibit neural crest development. It is probable that, in the case of our patients with pathogenic variants occurring closer to the C-terminus, the ultimate WRAD protein complex formation was impaired to a lesser extent than it would have been in the case of a truncating pathogenic variant, thus leading to partial protein function and milder facial characteristics, for example, as seen in images of patients 7 and 8. On the other hand, it seems that despite the potentially milder clinical characteristics, their degree of developmental delay is not significantly different from that of patients with truncating variants, as seen by our data analysis. Moreover, a recent study aimed to characterize the molecular impact of KMT2D variants on the epigenetic and transcriptional landscapes of Kabuki Syndrome. It found that KMT2D exons 39 and 48 are particularly prone to mutations (up to one-third of KS variants occur in these exons) and additionally emphasized that exon 39 encodes long polyglutamine tracts which are crucial for protein function. This suggests the etiology of the rather severe clinical picture of our patient with a missense variant in KMT2D exon 39 (Jung et al., 2023).
This distinction between the phenotypic presentation in patients with missense pathogenic variants versus truncating pathogenic variants is concomitantly seen in other genetic syndromes. When examining patients with NF1 missense variants, pulmonary artery stenosis and Noonan Syndrome clinical characteristics are commonly present as opposed to the neurofibromatosis clinical picture in patients with NF1 truncating variants (Ben-Shachar et al., 2013). A whole yet functionally impaired protein most likely leads to heart disease (Ben-Shachar et al., 2013). Patients with PTPN11 missense variants present clinically with Noonan Syndrome, whereas patients with PTPN11 truncating variants present with metachondromatosis—a different clinical picture (Tartaglia et al., 2002). Truncating KCNQ2 pathogenic variants frequently cause benign familial neonatal seizures, whereas missense pathogenic variants cause severe neonatal encephalopathy (Al Yazidi et al., 2017). These examples demonstrate that a different clinical picture can be seen in patients with missense variants as compared to those with truncating variants. Kabuki Syndrome patients with missense pathogenic variants close to the N-terminus often had confirmed functionally defective proteins and consequently presented with a phenotype like those patients with truncating pathogenic variants. In contrast, amino acid changes near the C-terminal domain of the protein tended to have minimal effects on H3K4 methylation, the KMT2D protein function (Cocciadiferro et al., 2018). This might explain the congenital malformation disorder phenotypic spectrum seen with KS patients with missense variants.
It is important to note that our relatively small patient cohort limits the degree with which conclusions may be reached. Much of our data collection required subjective and qualitative data analysis (as described in the sections above). While previous research on the topic can be found in literature, its relatively limited extent required a new research typology on our part. Therefore, further research aimed at analyzing exact locations of missense variants in KS patients and comparing them to the phenotype would help pinpoint personalized therapy, clinical targets for individual patients and contribute to the dissection of the once uniform phenotypic picture of chromatinopathies.
In conclusion our research refines the clinical and molecular picture of Kabuki Syndrome with a missense pathogenic variant etiology as compared to a truncating pathogenic variant etiology. KS patients with missense variants tend to have milder facial dysmorphism when compared to patients with truncating variants. They sometimes present with athelia, brachydactyly and different psychobehavioral disorders. The degree of their neurodevelopmental, psychosocial, and linguistic delay tends to be mild in certain cases, however not significantly different from thus far described KS patients with truncating pathogenic variants according to our data. These differences are suggested to stem from the nature and the location of the missense pathogenic variant (Cocciadiferro et al., 2018). Our research sheds light on similarities and differences in clinical picture between KS patients with missense pathogenic variants and those with truncating pathogenic variants.
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Aim: The aim of this study is to investigate if Preimplantation Genetic Testing (PGT) can effectively identify unreported variants according to American College of Medical Genetics and Genomics (ACMG)to prevent citrullinemia type 1 affection.Design: This study involves a detailed case analysis of a family with history of citrullinemia type 1, focusing on the use of PGT for monogenic diseases (PGT-M). The genetic variants were identified using ACMG guidelines, and PGT was employed to prevent the inheritance of these variants. The study included haplotype analysis and Sanger sequencing to confirm the results.Results: The study identified previously unreported variations in the ASS1 gene causing citrullinemia type 1. PGT successfully prevented the transmission of these variants, resulting in the birth of a healthy fetus. However, challenges such as allele dropout (ADO) and gene recombination were encountered during haplotype analysis, which could potentially defeat the diagnosis. The study demonstrated that combining haplotype analysis with Sanger sequencing can enhance the accuracy of PGT.Conclusion: Preimplantation Genetic Testing (PGT) targeting likely pathogenic and pathogenic variants in the ASS1 gene, as rated by ACMG, allows the birth of healthy infants free from citrullinemia type 1. Additionally, the establishment of single haplotypes and Sanger sequencing can reduce the misdiagnosis rate caused by allele dropout (ADO) and genetic recombination.Keywords: preimplantation genetic test, citrullinemia type 1, ASS1, allelic dropout, haplotype
INTRODUCTION
Inherited metabolic diseases are rare in the general population but can cause significant harm to affected families and society due to their often untreatable nature (Ferreira and van Karnebeek, 2019). Citrullinemia type 1, with an incidence rate of about 1/22,000, is characterized primarily by high blood ammonia levels (Posset et al., 2020). Symptoms range from mild to severe and can include increased intracranial pressure, heightened neuromuscular tension, spasticity, seizures, loss of consciousness, and even death due to elevated blood ammonia and other toxic substances (Kölker et al., 2015). Citrullinemia type 1 can lead to intellectual disability or death despite the availability of effective therapies (Häberle et al., 2019). Preimplantation genetic testing (PGT) offers hope for affected families by preventing intergenerational inheritance (Cho et al., 2014). High-risk families can use PGT to prevent genetic diseases in offspring, making gene diagnosis crucial throughout the process.
Since the American College of Medical Genetics and Genomics (ACMG) issued standards for classifying unreported gene variants in 2015, a unified standard has been established (Richards et al., 2015). However, the efficacy of these standards in successfully blocking the transmission of inherited metabolic diseases requires further clinical support (Chen, 2023). Mutations in ASS1 can cause citrullinemia type 1 (Xiong and Chen, 2022), and functional tests showed that mutation in ASS1 affects its expression (Liu et al., 2023). In this research, we present a family case of citrullinemia type 1 involving previously unreported mutation sites in ASS1, classified as pathogenic or likely pathogenic according to ACMG guidelines. Preimplantation genetic testing for monogenic disease (PGT-M) was performed, followed by monitoring related conditions until birth.
MATERIALS AND METHODS
Ethical approval
This study involving human participants was reviewed and approved by Union Hospital, Wuhan, China. The patients/participants all provided written informed consent to participate in this study. Written informed consent was obtained from the authors and participating patients for the publication of any potentially identifiable images or data included in this article.
Clinical data
The female partner was 32 years old, with a height of 158 cm, body mass index (BMI) of 19.6, and Anti-müllerian hormone (AMH) level of 2.6 ng/mL. Both partners denied having a consanguineous marriage and reported no family history of congenital diseases. The couple had two natural births, with both the first and second child diagnosed with citrullinemia type 1. Probands in this family were dead because of the citrullinemia type 1, making pedigree analysis impossible for them.
Genetic diagnosis of the proband
Whole exome sequencing was done for the second child of the family who was affected of citrullinemia type 1. The results revealed mutations ASS1:c.847G>A (originating from the male partner), rated as P (pathogenic): Evidence: [PM3_Very strong + PM1+PM2_Supporting + PP3]; and c.1127 + 1G>T (originating from the female partner), rated as LP (likely pathogenic) with Evidence: PVS1+PM2_Supporting. This variation was not reported in citrullinemia type 1 patients according to American College of Medical Genetics and Genomics (ACMG).
Pre-testing and pedigree analysis
A total of 5 mL of peripheral blood was collected from both male and female partners and their respective parents (six individuals in total) for genomic DNA (gDNA) extraction. Oral mucosal cells were also collected from these six individuals for single-cell whole genome sequencing using multiple annealing and looping-based amplification cycles (MALBAC). Sanger sequencing was conducted to verify the ASS1 gene mutation sites c.1127 + 1G>T and c.847G>A. It confirmed that the male partner carried the c.847G>A, p. E283K missense mutation, inherited from his father, and the female partner carried c.1127 + 1G>T, an RNA splicing mutation inherited from her father. Additionally, single nucleotide polymorphism (SNP) genotyping was conducted on the gDNA samples from the family within a 2-Mb range upstream and downstream of the ASS1 gene using the Illumina iScan Reader and the Infinium Asian Screening Array-24 v1.0 BeadChip to identify haplotypes associated with the disease-causing mutations and to establish a foundation for subsequent embryonic SNP linkage analysis.
PGT-M treatment
PGT-M treatment was initiated after successful pre-testing using the PPOS protocol to ovarian stimulation, 7 oocytes were retrieved, Intracytoplasmic sperm injection (ICSI) was utilized for fertilization,2 blastocyst were biopsied and vitrified, the second cycle was initiated with GnRH antagonist protocol because of there is no embryos can be used from the PGT results. A total of 16 oocytes were retrieved, which included 13 MII oocytes. (ICSI) was utilized for fertilization, and the embryos were cultured up to day 5. Trophectoderm biopsy and genetic testing were performed on six morphologically useable blastocysts, which were then vitrified.
Single-cell whole genome amplification and sequencing
Trophectoderm biopsies were carried out, and whole genome amplification (WGA) was performed using a universal sample processing kit, ChromSwiftTM (XK-028, Yikon Genomics) for gene sequencing according to the manufacturer’s instructions. WGA products were fragmented for library construction and sequenced on the Illumina Nextseq 550 platform to analyze the ploidy of each embryo. SNP haplotype analysis of the WGA products and first-generation sequencing of mutation loci were also conducted to determine the genotype of the embryos. Finally, based on the results of SNP linkage analysis of the mutated gene of the embryo, verifications of the point mutations, and the aneuploidy testing results, embryos that did not carry disease-causing mutations and had normal ploidy were selected for clinical transplantation.
Analysis of copy number variations (CNVs)
After the removal of duplicates from the original reads, they were mapped to the genome in 1 Mb units (bins) across the entire genome and standardized by the GC content (the proportion of guanine and cytosine) and a reference data set. When the copy number of each bin increased from 2 to 3, the number of reads increased by 50%, and when it decreased from 2 to 1, the number of reads decreased by 50%. The circular binary segmentation algorithm (CBS) was used to report embryonic CNVs of ≥4 Mb, and the R program was used to visualize the CNVs of each bin of the 24 chromosomes.
For SNP site analysis, data from high-throughput sequencing were mapped to the human reference genome (hg19). Further analysis of the family members was conducted, along with the detection of whole genome SNP sites in the test samples. SNP sites within 1–2 Mb upstream and downstream of the pathogenic gene were selected. Finally, a report was presented based on thorough evaluation of the SNP linkage analysis results of the mutated gene in the embryos, confirmation of the point mutations, and the aneuploidy testing results.
Embryo transfer and follow-ups
On the second day of the menstrual cycle of the female partner, preparations for thawing and transfer were made following an artificial cycle protocol. Endometrial preparation was performed using progesterone injections, and embryo transfer was conducted on the fifth day of progesterone administration. Routine luteal support was maintained through 12 weeks of gestation, followed by amniocentesis at 18 weeks to verify the fetal genotype.
RESULTS
Results of PGT-M and follow-ups
Owing to the unavailability of a proband sample and DNA, verification of the genotypes of the family and haplotype establishment were performed using samples from the parents of both partners. Figures 1–3 show the Sanger sequencing results and haplotype results by SNP in the family.
[image: Genetic sequencing electropherograms show seven DNA sequences labeled: NCBI RefSeq, Grandfather gDNA, Grandmother gDNA, Father gDNA, Mother gDNA, Maternal Grandfather gDNA, and Maternal Grandmother gDNA. Each sequence displays colored peaks indicating nucleotide bases, with a specific mutation site highlighted.]FIGURE 1 | Validation of ASS1: c.847G>A mutation in the family.
[image: DNA sequencing chromatograms showing genetic data for several family members, labeled as NCBI RefSeq, grandfather gDNA, grandmother gDNA, father gDNA, mother gDNA, maternal grandfather gDNA, and maternal grandmother gDNA. The sequence ASS1 c.1127+1G>T is highlighted, indicating a potential genetic variant.]FIGURE 2 | Validation of ASS1: c.1127 + 1G>T mutation in the family.
[image: Pedigree chart showing genetic variant information for grandfather, grandmother, maternal grandfather, and maternal grandmother, along with father and mother. Each column lists numerous genetic markers identified by codes such as rs10198196, followed by numerical values and nucleotides, illustrating genetic inheritance patterns. Key columns at the top and bottom sections indicate the inheritance pathway from grandparents to parents.]FIGURE 3 | Haplotypes by SNP linkage of the two mutations in this Family.
Embryo testing results
After the successful establishment of the haplotypes, the couple’s first in vitro retrieval yielded two blastocysts, both with chromosome aneuploidies, and thus no blastocyst was suitable for transfer. Later, six blastocysts were obtained through another round of in vitro fertilization. Among these, one blastocyst, free of mutations from either partner and with a euploid chromosomal constitution, was thawed and transferred, leading to a successful pregnancy. Figures 4–9 shows the embryos test results of the two cycles of PGT including CNV, mutation test and haplotype analysis.
[image: Graphs and sequences displaying genetic analysis for two embryos. The top two charts show copy number variations for embryos 1 and 2. Below, DNA sequences highlight two mutations: ASS1:c.847G>A and ASS1:c.1127+1G>T, with reference sequences and differences in the genetic code for each embryo.]FIGURE 4 | The mutations test and CNV test results of the two embryos of the first cycle of PGT. Red arrows show the ADO from the haplotype analysis in Figure 5. All the two embryos are aneuploid.
[image: Diagram showing genetic inheritance across three generations. The top section lists four grandparents with sequences of nucleotide base pairs under each. Lines connect to the middle section representing parents with similar sequences. The bottom section shows connections to two embryos, labeled 1 and 2, each displaying inherited genetic sequences. The chart tracks allele transmission from grandparents to embryos.]FIGURE 5 | The haplotype of SNP analysis of the two embryos in the first cycle of PGT. Embryo 1 carried the two mutations and embryo 2 only carried the maternal mutation.
[image: Six similar line graphs titled "2nd embryo 1" to "2nd embryo 6" display chromosome number changes across samples. Red and blue lines represent data points fluctuating slightly around a central baseline, indicating chromosome stability.]FIGURE 6 | The CNV test of the 6 embryos of the second cycle of PGT, four embryos are euploid, two embryos are mosaic.
[image: Electropherogram illustrating DNA sequences from six panels labeled NCBI RefSeq, 2nd E1, 2nd E2, 2nd E3, 2nd E4, 2nd E5, and 2nd E6. Each panel displays colored peaks representing nucleotide bases (A, T, C, G), with the sequence ASS1:c.847G>​A highlighted.]FIGURE 7 | The ASS1:c.847G>A test results in the 6 embryos of the second cycle of PGT-M.
[image: Genetic sequence data with chromatograms for six exon regions labeled as 2nd E1 to 2nd E6. Each row displays colored peaks representing nucleotides (A, T, C, G), aligned with the NCBI reference sequence. The focus shows a mutation labeled as ASS1, c.1127+1G>T.]FIGURE 8 | The ASS1: c.1127 + 1G>T test results in the 6 embryos of the second cycle of PGT-M.
[image: Genetic inheritance diagram showing DNA sequences for paternal and maternal grandparents, parents, and five embryos. Each group's DNA is represented in columns with letters A, T, C, G. The sequences illustrate the inheritance patterns from grandparents to parents and then to embryos, highlighting the specific genetic combinations passed down through generations.]FIGURE 9 | The haplotype of SNP analysis of the six embryos in the second cycle of PGT. Red arrows show the recombination of the gene sequence. Haplotype of SNP analysis was defeated in embryo 6 because of the mosaic state of 9 chromosome, the ASS1 gene is locate on 9q34.11.
Follow-up results of amniocentesis
Amniocentesis was performed 18 weeks into the successful pregnancy. Verification of the point mutations and aneuploidy testing were repeated. After ruling out maternal genomic DNA contamination, the results confirmed that the fetus did not carry the genetic mutations of the parents. The child was born healthy and currently shows no related phenotypes. Figure 10 shows the haplotype and mutation test results.
[image: Genetic sequence analysis showing comparison between maternal, paternal, and fetal amniotic fluid samples. The upper section includes color-coded sequence alignments. Below, chromatograms display nucleotide variations in the ASS1 gene, specifically variants c.847G>A and c.1127+1G>T, comparing NCBI RefSeq and fetal amniotic fluid.]FIGURE 10 | The prenatal testing results of the fetal amniotic fluid by the sanger sequence and haplotype analysis of SNP.
DISCUSSION
Citrullinemia type 1 symptoms vary widely, and without early diagnosis and treatment, the prognosis for children with severe symptoms is very poor (Häberle et al., 2019). Therefore, PGT and prenatal diagnosis are critically important. Our data provide further clinical evidence for preventing citrullinemia type 1 in a family, including observing allele dropout (ADO) during testing and gene recombination during generational transmission.
Current guidelines and consensus recommendations primarily address medical interventions for variants classified as pathogenic or likely pathogenic. However, the potential for diagnostic errors in identifying such variants and the risk of misdiagnosis in PGT remain (Chen, 2023). In this case, the ASS1.847G>A variant, originating from the male partner, is a pathogenic missense mutation. Previous reports suggest that this mutation may affect the folding of specific protein domains, although no affected patients have been documented. The evidence for this variant is classified as PM3_Very strong + PM1+PM2_Supporting + PP3 according to ACMG guidelines (Gao et al., 2003).
The c.1127 + 1G>T variant, originating from the female partner, is classified as likely pathogenic. It is a previously unreported alternative splicing variant categorized as potentially causative. The evidence type for this variant is PVS1+PM2_Supporting according to ACMG guidelines (Engel, Höhne, and Häberle 209). This splicing variant occurs at the donor site with a SpliceAI score of 0.99. Given the ACMG rating of likely pathogenic and the clinical diagnosis of the related disease corresponding to this gene variant (PP3), this variant could be considered pathogenic. As the variant is classified as pathogenic, we did not further perform functional studies to assess protein expression abnormalities caused by this splicing site, such as exon skipping, intron inclusion, or cryptic splice site usage. However, these functional validations are crucial for understanding the disease’s pathogenesis.
Determining the embryonic genotype based on haplotypes is a commonly used technique in genetic diagnosis of embryos (Harton et al., 2011). Establishing haplotypes through family members clarifies the haplotype where the genetic variant is located, effectively reducing the risk associated with allele dropout during embryonic genetic testing. However, diagnostic errors due to genetic recombination remain possible, underscoring the importance of prenatal diagnosis (Wilton et al., 2009). This case includes a detailed description of citrullinemia type 1 occurrence, diagnosis, tracing, prevention, verification, and follow-up in a family. We observed ADO and recombination, which can complicate embryonic diagnosis, but haplotype analysis combined with Sanger sequencing can increase PGT success rates.
ADO is a phenomenon observed during PCR, potentially leading to genetic diagnostic errors (Blais et al., 2015), ADO occurrence may be related to high CG content (Wenzel et al., 2009), and the amount of PCR amplification template and analysis methods (Hedell et al., 2015), Despite mitigating high-risk factors, ADO cannot be completely avoided (Blais et al., 2015). This is more likely to occur in embryonic testing, where linkage analysis can reduce misdiagnosis rates caused by ADO (Rechitsky et al., 1998). However, genetic recombination during haplotype determination can affect diagnosis. In this study, we observed two recombination events in the tested region over three generations, possibly due to this region being a recombination hotspot. Our data support varying recombination regions across different embryos. The necessity of simultaneous CNV testing during PGT-M is debated (Yang et al., 2022), but our data indicate that concurrent CNV testing can effectively reduce embryo aneuploidy rates.
Amniocentesis verification confirmed the fetal genotype, underscoring the importance of prenatal diagnosis in accurately assessing fetal genetic risks. Unlike PCR, prenatal diagnosis does not carry ADO-related risks and involves cells from multiple embryonic layers, offering more accurate evaluations than trophoblast cell sampling during the embryonic stage (Kahraman et al., 2020; Greco et al., 2023).
Although our research suggests that clinical intervention through PGT methods could prevent the birth of children with citrullinemia type 1, our study has several limitations. Firstly, expanding the sample size of citrullinemia type 1 patients is necessary to further validate the effectiveness of PGT methods in preventing the transmission of ASS1 gene mutations. Establishing the relationship between genetic variants and phenotypic outcomes is crucial for PGT. While the ACMG guidelines offer valuable references, many variants lack clear causal relationships with phenotypes, emphasizing the necessity for further research and clinical data. Furthermore, our study did not include functional studies on the two variants identified, which are essential for understanding changes in protein function and the underlying pathogenic mechanisms. Additionally, there is a need for further research on the accuracy and detection methods of PGT. Based on the above problems, future research will involve conducting scientific experiments to verify our findings and enhance the understanding of PGT’s potential in managing citrullinemia type 1 Engel et al., 2009.
CONCLUSION
Preimplantation Genetic Testing (PGT) targeting likely pathogenic and pathogenic variants in the ASS1 gene, as rated by ACMG, allows the birth of healthy infants free from citrullinemia type 1. Additionally, the establishment of single haplotypes and Sanger sequencing can reduce the misdiagnosis rate caused by allele dropout (ADO) and genetic recombination.
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Case report: First diagnosis of Fabry disease in North Macedonia in a patient presenting with kidney failure on hemodialysis
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Introduction: Fabry disease is a rare X-linked lysosomal storage disorder caused by α-galactosidase A (α-Gal A) deficiency. Reduced or absent enzyme activity causes progressive lysosomal accumulation of globotriaosylceramide (Lyso-Gb3) in various cells throughout the body to trigger inflammation and fibrosis.Case description: We present the first familial case of Fabry Disease in North Macedonia identified based on clinical manifestations and confirmed through enzyme, biomarker, and genetic tests. The index case in the family was a 45-year-old male undergoing hemodialysis therapy. He has had chronic burning uncontrolled limb pain since childhood, intermittent abdominal cramps, anhidrosis, and hypertension. The constellation of clinical presentations accompanied by similar symptoms in close family members prompted the enzyme, biomarker, and genetic analyses for Fabry disease. Genetic testing identified a known pathogenic GLA missense variant c.443G>A or p.(Ser148Asn) in the hemizygous state. Subsequent family studies allowed identification of another hemizygous male and five heterozygous female carriers affected by this X-linked disorder.Conclusion: We report identification of the first familial case of Fabry disease in North Macedonia and describe the phenotype associated with the Ser148Asn GLA variant. Greater awareness of this rare disease linked to continuous medical education is crucial for timely diagnosis and treatment.Keywords: Fabry disease, chronic kidney disease, hemodialysis, α-galactosidase A, X-linked disorder
INTRODUCTION
Fabry–Anderson or Fabry disease (FD, OMIM#301500) is a rare X-linked lysosomal storage disorder resulting from the absence or impaired function of α-galactosidase A (GLA, OMIM*300644), an enzyme responsible for the catabolism of glycosphingolipids by hydrolysis of the terminal α-galactosyl moieties from glycolipids and glycoproteins. This leads to progressive lysosomal accumulation of globotriaosylceramide (Lyso-Gb3) in the cells throughout the human body and subsequent multiorgan failure (Michaud et al., 2020). This progressive and lifelong metabolic condition affects both genders (Michaud et al., 2020) and was first reported in 1897 before being later classified as sphingolipidosis (Anderson, 1898; Fabry, 1898). The biosynthesis of GLA is under the control of the GLA gene, which is located on chromosome Xq22.1 (Anderson, 1898); it contains seven exons with 1,290 coding nucleotides that encode a 49 kDa protein consisting of 429 amino acid residues, including a signal peptide of 31 residues (Duro et al., 2018).
The Human Gene Mutation Database and ClinVar database (Stenson et al., 2020; ClinVar, 2024) report about 500 pathogenic GLA variants, including point missense and non-sense substitutions, duplications, deletions, splice sites, and complex mutations (Desnick, 2020). Genotype–phenotype correlations are generally poorly understood in FD because most patients have private pathogenic genetic variants. More extensive clinical studies with unrelated patients having the same genotype are required to gain further understanding of these relationships. It is well-known that complete loss of enzyme function leads to the classical early-onset form and reduced enzyme activity is associated with the late-onset form of FD; most patients with cardiac and kidney presentations also have missense variants with residual enzyme activities (Valtola et al., 2020; Chimenz et al., 2022). FD is a multisystem disorder with a wide spectrum of clinical symptoms due to mitochondrial dysfunction, blood vessel wall thickening, and endothelial dysfunction with microvessel luminal occlusions or thrombosis, which lead to progressive cardiovascular, cerebrovascular, and kidney dysfunctions (Paim-Marques et al., 2022).
There are two major forms of FD, which are the classical and late-onset variants. The classical form is usually seen in hemizygous males with enzyme activities below 1% and very rarely in heterozygous females. The non-classical or late-onset form is characteristic of males with enzyme activities exceeding 1% and is the most common type manifesting in females, which is related to skewed X-chromosome inactivation (Stepien et al., 2023).
The characteristic symptoms and signs of the classical form among children and adults are peripheral neuropathy with chronic burning as well as uncontrolled and unrelenting pain in the limbs (acroparesthesis) accompanied by abdominal cramps (Chimenz et al., 2022). Moreover, hypohidrosis or anhidrosis with dry skin, hot and cold exercise intolerance, angiokeratoma, and cornea verticillata are observed during childhood (Chimenz et al., 2022). Cardiovascular disorders (arrhythmias, myocardial infarction, heart failure, and sudden death), kidney disorders (microalbuminuria, proteinuria, glomerular hyperfiltration, and kidney failure), and central and autonomic nervous systems damage associated with the dorsal root ganglia (early stroke and transitory ischemic attacks) are the most common causes of morbidity and mortality in patients with FD. The late-onset form may not present with any symptoms until a later age, but it may still progress to life-threatening complications (Stepien et al., 2023).
Recognizing the constellation of clinical symptoms and signs will lead to clinical suspicion, which can be assessed by confirmatory enzyme, biomarker, and genetic tests (Wanner et al., 2023); however, the rarity of the condition and late-onset forms with atypical presentations can make diagnosis very challenging and may often require lengthy diagnostic processes. Introducing guidelines for appropriate screening in high-risk populations would therefore be helpful for identifying patients and their relatives at early or presymptomatic stages of the disease (Wanner et al., 2023). In this article, we describe the first diagnosed case of FD in North Macedonia, including six additional symptomatic and presymptomatic relatives in this family who carry the identified pathogenic GLA variant.
CASE DESCRIPTION
A 45-year-old male was admitted to the University Hospital of Nephrology, Skopje, North Macedonia, with kidney failure (KF) requiring hemodialysis (HD). The patient presented with dysuria, anemia (Hgb 78 g/L, reference value: 120–180 g/L), proteinuria (2.2 g/24 h, reference value: < 0.2 g/24 h), high level of blood nitrogen urea (BUN 45 mmol/L, reference value: 2.7–7.8 mmol/L), elevated serum creatinine (1,193 μmol/L, reference value: 45–109 μmol/L), hyperkalemia (5.9 mmol/L, reference value: 3.8–5.5 mmol/L), hyperphosphatemia (2.14 mmol/L, reference value: 0.8–1.4 mmol/L), hypocalcemia (1.9 mmol/L, reference value: 2.1–2.6 mmol/L), and muscle pains. The patient began chronic HD therapy via a central femoral vein catheter and received transfusions with filtered red blood cells. He has had a 10-year medical history of high blood pressure that was treated with antihypertensive drugs and gradual increases in BUN and serum creatinine levels with subnephrotic range of proteinuria over the last 2 years; however, he had not consulted a nephrologist. From an early age, he presented with uncontrolled burning chronic pain in the limbs, intermittent abdominal pain, as well as cold and heat intolerance.
An ultrasound examination showed small-sized kidneys (right kidney 86 × 42 mm and left kidney 86 × 43 mm) with hyperechogenic parenchyma (12–13 mm), and the electrocardiogram showed sinus tachycardia (heart rate: 110/min) with inverse T wave in the precordial leads. The patient was discharged from the hospital with an initial diagnosis of KF requiring regular HD. Over the next 6 months, the patient underwent further examinations to prepare him for live-donor kidney transplantation from his sister. During this period, nephrologists who had recently completed a training course on FD in a specialized center in Bulgaria suggested additional testing for FD based on the early onset of KF and history of acroparesthesias, abdominal cramps, anhidrosis, and cornea verticillata. Cardiac magnetic resonance imaging (MRI) demonstrated concentric hypertrophic cardiomyopathy with end-diastolic thickness of the interventricular septum and posterior wall. A more detailed examination of the family history revealed similar symptoms in his daughter (acroparesthesias, abdominal cramps, and anhidrosis) and in a maternal cousin who was also a kidney transplant recipient with a history of acroparesthesias, abdominal cramps, and anhidrosis. The enzyme and biomarker tests showed almost undetectable GLA activity (0.1 μmol/L/h, normal: >2.8 μmol/L/h) and greatly elevated Lyso-Gb3 (73.3 ng/mL, normal: <3.5 ng/mL). The genetic testing identified a previously reported pathogenic GLA hemizygous variant NM_000169.3 (GLA): c.443G>A or p.(Ser148Asn) (Ashton-Prolla et al., 2000), ClinVar ID 496827, which was absent in the population databases. The enzyme, biomarker, and diagnostic genetic tests of the proband and subsequent cascade testing in the family were performed using dried blood spots in ARHIMEDlife®, a commercial diagnostic laboratory accredited according to the ISO 15189 standard. Subsequently, the patient underwent a successful kidney transplantation from his non-carrier sister.
FAMILIAL STUDY
A detailed family history identified 18 individuals across three generations in the patient’s pedigree (Figure 1). Personal histories, clinical findings, and subsequent enzyme, biomarker, and genetic analyses (Table 1) identified another six affected cases (positive for the GLA variant). The proband’s 14-year-old daughter (IV-2) presented specific clinical manifestations from an early age, including cornea verticillata, acroparesthesia, abdominal cramps, and anhidrosis. Her laboratory examinations demonstrated microalbuminuria (30 g/L), intermittent proteinuria, normal GLA activity, and mildly elevated level of Lyso-Gb3 (Table 1).
[image: Pedigree chart illustrating a genetic study across four generations. Squares represent males, circles represent females. Black shapes indicate affected individuals, half-black circles indicate carriers, and white shapes represent wild-type individuals. Specific genetic markers, such as Ser148Sam and WT, are noted alongside GAL activity levels measured in micromoles per hour for several individuals. An arrow points to a black square in the third generation, highlighting the affected individual with notably high GAL activity.]FIGURE 1 | Pedigree tree of the first Macedonian family identified with Fabry disease.
TABLE 1 | Presentation of the enzyme activities, Lyso-Gb3 levels, and clinical manifestations of all members of the family.
[image: A table displays genetic and clinical data for individuals with varying α-galactosidase activity and Lyso-Gb3 levels. It includes details on genotype, clinical manifestations like cardiomyopathy and acroparesthesias, and relationships to a proband, such as maternal cousin or daughter. Ages range from 9 to 81, with both male and female subjects, and conditions include dialysis, hypertension, and asymptomatic cases.]The proband’s cousin (III-3) received a kidney transplant 5 years before based on a finding of focal segmental glomerulosclerosis (FSGS) or IgA nephropathy from a kidney biopsy many years prior to KF; he also showed acroparesthesias, anhidrosis, and sinus tachycardia. His cardiac MRI demonstrated concentric hypertrophic cardiomyopathy with end-diastolic thickness of the interventricular septum and posterior wall, which is a typical finding in FD. He had undetectable GLA activity and greatly elevated Lyso-Gb3 (Table 1). The four other carrier females in this family had borderline (II-1 and II-2) or reduced levels (IV-4 and IV-5) of enzyme activities and slightly elevated Lyso-Gb3 levels (Table 1). The remaining four members of the family proved to be non-carries of the pathogenic GLA variant, with normal enzyme activities and normal Lyso-Gb3 levels.
DISCUSSION
Rare diseases affect more than 400 million people globally, and their timely diagnosis and treatment remain challenging, especially in countries with limited health resources (Verma et al., 2022). The affected individuals in under-resourced countries usually experience lengthy diagnostic odysseys, during which life-threatening complications may occur sometimes (Verma et al., 2022). On average, patients with FD are examined by 7–10 different specialists before an accurate diagnosis is made (Kudumija et al., 2007). Studies have shown that the diagnostic procedures can be very lengthy: 13 years for men and 17 years for women (Hoffmann and Mayatepek, 2009). The reasons for this are the rarity of the condition, heterogeneous and variable clinical course of FD, especially in women, and broad range of possible differential diagnoses (Hoffmann and Mayatepek, 2009). Newborn screening for FD is important because children who are diagnosed and treated early may have normal growth and development. However, healthcare systems in the United States, United Kingdom, Canada, several countries in Europe, Taiwan, and Japan have well-developed and implemented newborn screening programs (Gragnaniello et al., 2023). Thus far, FD is not part of the national newborn screening program in North Macedonia.
In this geographical region, the first cases of FD were identified much earlier than the current family, for example, in Bulgaria in 1963, in Slovenia in 1991, and in Serbia in 2009 (Kotnik et al., 2005; Paskalev et al., 2011; Ćelić et al., 2022). Previously, efforts to individually test for FD were performed in highly suspect patients in North Macedonia many years ago. One of these patients had a positive test, but further investigation and family screening for the disease were not pursued, and the case was not reported as well. High awareness and proper education are essential for early recognition, diagnosis, understanding, and management of FD. Therefore, close cooperation with centers with higher expertise in FD is crucial for early diagnoses and treatments of patients with FD in developing countries.
In our case, the index patient was identified through enzyme, biomarker, and genetic tests after preliminary findings of KF and cardiomyopathy, which were clinically highly suspect for FD, and the remaining cases were confirmed through family screening and pedigree analysis. The first cases of FD were similarly identified in Serbia and Bulgaria, where later screening among the high-risk patients on HD was also carried out (Paskalev et al., 2011; Ćelić et al., 2022). The prevalence of FD is estimated to be 1 in 17,000–117,000 newborns (Gragnaniello et al., 2023), and according to the population of North Macedonia (census 2021: 1,836,713 inhabitants), the estimated number of patients with FD would be 16 to 46 individuals; here, the lower end of the range would possibly indicate the number of patients with the classical form and the higher end of the spectrum could include the milder forms of FD.
We identified a Macedonian family with seven affected family members who carried the pathogenic GLA variant Ser148Asn. Both males in the family had the classical form of FD, with less than 1% enzyme activity and markedly elevated levels of Lyso-Gb3. They both developed end-stage kidney disease, requiring kidney replacement therapy in the fourth decade of their life. The same GLA genetic variant had previously been described in patients with the classical FD phenotype, including male individuals with cardiomyopathy and KF requiring dialysis as well as females with less-severe symptoms and longer life expectancies (Ashton-Prolla et al., 2000). The GLA variant identified in the present family has been previously reported in two brothers with classical FD and shown in the transfection study to reduce GLA enzyme activity to under 0.1% compared to the controls (Shimotori et al., 2008). Another study identified this GLA variant in a 43-year-old male patient with classical FD having serum creatinine level of 3 mg/dL (265 μmol/L), renal cortical cysts, increased renal echogenicity, and decreased corticomedullary differentiation (Ronald et al., 2004). Two studies reported two male patients with classical FD hemizygous for different missense substitutions affecting the same amino acid residue Ser148Arg; one of these patients had reduced GLA levels of 0.4 U/mL, while the other was a 37-year-old patient having a creatinine level of 4 mg/dL (353 μmol/L) with ultrasound/MRI findings of renal cortical cysts, parapelvic cysts, increased renal echogenicity, scarring, and decreased corticomedullary differentiation. Interestingly, the same study also reported a 36-year-old female with the same GLA variant (presumably a female relative) with borderline serum creatinine level of 1.2 mg/dL (106.1 μmol/L) and MRI findings of renal cortical cysts, renal atrophy, and decreased corticomedullary differentiation (Topaloglu et al., 1999).
Female FD patients can present with a wide range of clinical symptoms, and the severity of the manifestation depends on the degree to which the normal X-chromosome is inactivated in various tissues (MacDermot et al., 2001). It was found that up to 90% of heterozygous females may have mild clinical manifestations of FD, while up to 30% exhibited multiple and serious disease manifestations, including transient ischemic attacks, stroke, and KF (MacDermot et al., 2001).
Our study describes the clinical features of five female patients heterozygous for the Ser148Asn genetic variant. The most severe clinical presentation was in a 14-year-old girl, who presented with acroparesthesias, abdominal cramps, cornea verticillata, and microalbuminuria despite having normal enzyme activity. The symptoms began from an early age as inexplicable abdominal pains, burning chronic pain in the limbs with transient edema. This finding corresponded with data from the Fabry Outcome Survey on 358 female patients, which showed that enzyme activities in the peripheral blood leukocytes did not correlate with disease severity in females (Mehta et al., 2004). Two female patients had cardiomyopathy and cerebrovascular incidents later on in life (above 70 years), one had isolated microalbuminuria (30 g/L) at the age of 18, and only one out of the five female patients in our series was asymptomatic at 9 years of age.
Therapy for FD includes enzyme replacement and non-enzyme-based medications (Besekar et al., 2023). Enzyme replacement therapy (ERT) with recombinant human GLA enzyme (Agalsidase-α or Agalsidase-β) improves the clinical signs and symptoms of FD, such as kidney dysfunction, neuropathic pain, gastrointestinal disorders, and cardiac manifestations; the treatment reduces Lyso-Gb3 accumulation and delays organ damage (Biegstraaten et al., 2015). In 2015, the European Fabry Working Group published the recommendations for initiation and cessation of ERT in patients with FD (Biegstraaten et al., 2015); in 2020, the opinion-based PREDICT-FD modified Delphi consensus initiative considered the early indicators of disease progression in FD for disease-specific treatment initiation (Hughes et al., 2020). According to these recommendations and consensus initiatives, initiation of therapy is advised in all males with classical FD as soon as there are early clinical indicators of kidney, heart, or brain involvement, but should be considered in classical male patients ≥16 years of age even in the absence of clinical signs or symptoms of organ involvement. In classically affected females and males with non-classical FD, treatments should begin as soon as there is early clinical evidence of kidney, heart, or brain involvement, but may be considered in females with non-classical FD with early clinical signs that are considered to be due to FD (Biegstraaten et al., 2015; Hughes et al., 2020). However, there is a general agreement in literature indicating the benefits of early treatment in FD. As an alternative to intravenous ERT, the administration of migalastat, a first-in-class oral chaperone therapy, has shown favorable outcomes in FD patients with amenable mutations (Gjorgjievski et al., 2023). The Ser148Asn variant detected in our patients is not amenable to migalastat (McCafferty and Scott, 2019), and The National Commission for Rare Diseases approved the initiation of ERT for the two male patients (but not for the symptomatic female patient), according to the criteria proposed by the European Fabry Working Group. However, our aim is to provide comprehensive therapy for every affected member based on medical evidence.
In conclusion, the diagnosis of FD is a great challenge for clinicians and requires a high degree of knowledge of the disease as well as detailed family histories of highly suspicious cases (Wanner et al., 2023). This report provides a detailed description of the clinical symptoms, signs, age of onset, and evolution over time in multiple family members carrying the same pathogenic mutation associated with FD, which is a small contribution to the establishment of genotype–phenotype correlation (Table 2). Enzyme, biomarker, and genetic tests of dried blood spot samples facilitate wider applications of such testing procedures. In the future, it will be necessary to conduct a more comprehensive screening of the clinically suspected patients in our country, including patients with KF on kidney replacement therapy. We believe that the formation of a multispecialty team would contribute to the early diagnosis and timely initiation of therapies in patients with FD to prevent permanent organ damage.
TABLE 2 | Clinical manifestation of all members of the family based on affected organs.
[image: Table showing organ involvement across individuals identified by code, age, and gender. Columns: Kidney, Heart, Skin, GIT (gastrointestinal system), CNS (central nervous system) and nerve, Eye and ear. "+" indicates involvement, "-" indicates no involvement.   Rows:  1. III-2: 45/M, Kidney +, Heart +, Skin -, GIT +, CNS +, Eye -.  2. III-3: 44/M, Kidney +, Heart -, Skin +, GIT +, CNS +, Eye -.  3. IV-2: 14/F, Kidney +, Heart -, Skin -, GIT -, CNS +, Eye -.  4. II-1: 75/F, Kidney +, Heart +, Skin -, GIT -, CNS +, Eye -.  5. II-2: 70/F, Kidney +, Heart -, Skin -, GIT -, CNS -, Eye +.  6. IV-4: 18/F, Kidney +, Heart -, Skin -, GIT -, CNS -, Eye -.  7. IV-5: 9/F, Kidney -, Heart -, Skin -, GIT -, CNS -, Eye -.]DATA AVAILABILITY STATEMENT
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Background: Coenzyme Q10 (CoQ10) plays an important role in the electron transport chain within the human mitochondrial respiratory chain. The manifestations of this deficiency exhibit a diverse range. This study investigates the clinical manifestations of primary coenzyme Q10 deficiency in neonates with the COQ4 mutation to improve the diagnosis of the disease and the prognosis through targeted treatment.



Methods: We report 4 patients with primary coenzyme Q10 deficiency by COQ4 variants in neonates. A comprehensive literature search and review for original articles and case reports with COQ4 mutation published from January 1989 to November 2023 was performed through Pubmed. We review clinical manifestations, diagnostic approaches, and treatment monitoring in these and 20 previously reported patients.



Results: Within the cohort of four cases examined, three females and one male were identified from two distinct families. Specifically, case 1 and 2 consisted of monoamniotic twins. Cases 3 and 4 were siblings. A comprehensive review of 20 cases involving neonatal-onset COQ4 mutation was conducted. Half of the cases are Chinese. There was no statistically significant difference in the mortality between Chinese (9/12, 75%) and other regions (11/12, 91.7%) (P = 0.27). The survival time for the 24 cases was 60.0 ± 98.0 days (95% confidence interval CI: 0–252.0 days). The incidence of prenatal abnormalities in preterm infants was significantly higher than that in full-term infants (66.7% vs. 16.7%, P = 0.02). Hyperlactatemia was one of the most common manifestations, accounting for 75% of cases (18/24). Twenty of the 24 cases were diagnosed by whole exome sequencing. Only 9 patients received exogenous coenzyme Q10 treatment, and all the 4 surviving patients received coenzyme Q10 supplementation.



Conclusion: The prognosis of COQ4 mutation in the neonatal period indicates a low survival rate and an poor prognosis. This may be due to the incomplete understanding of the mechanism of how COQ4 gene defects lead to coenzyme Q10 deficiency and why CoQ10 supplementation does not respond well to treatment. To improve the diagnostic rate, in addition to genetic testing, mitochondrial functional verification should be prioritized in southern China, where the incidence is relatively high. It will facilitate more in-depth mechanistic studies.
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Introduction

Primary coenzyme Q10 deficiency is an autosomal recessive disorder that has been diagnosed in only about 300 patients worldwide to date (1). Primary CoQ10 deficiency affects multiple systems. As a result, the clinical presentation lacks specificity and is difficult to diagnose. Coenzyme Q (CoQ) is a class of endogenously synthesized redox-active lipids found in all intima, plasma membrane, and serum lipoproteins (2). The molecule is composed of a benzoquinone ring as the head group and a polyisoprene chain that inserts into the phospholipid bilayer (3); its length varies between species (4, 5). In humans and yeast, CoQ10 is composed of ten isoprene units and plays a vital role in the mitochondrial electron transport chain (mETC). It facilitates the transfer of electrons from Complexes I and II to Complex III, ultimately resulting in the development of an electrochemical gradient that propels ATP synthase towards the production of ATP. Moreover, it partakes in pyrimidine biosynthesis and apoptosis regulation, contributing significantly to eukaryotic cells (6–9). Mutations in PDSS1, PDSS2, COQ2, COQ4, COQ5, COQ6, COQ7, COQ8A, COQ8B, and COQ9 genes have been found to cause primary coenzyme Q10 deficiency in humans (10). HPDL mutations may impair mitochondrial CoQ10 synthesis (11).The primary CoQ10 deficiency caused by COQ4 variants was termed primary CoQ10 deficiency-7 (COQ10D7).

Due to the increasing popularity of second-generation gene sequencing, more cases are being diagnosed and researched, however, the high cost of genetic testing, along with the extended testing cycle and involving considerations of personal privacy (In some cases, parents may be reluctant to consent to testing due to concerns that abnormal results could lead to marital problems), means that numerous cases remain undiagnosed (12). Primary coenzyme Q10 deficiency is considered to be one of treatable mitochondrial disorder, and patients have been shown to benefit from coenzyme Q10 supplementation (13, 14). Therefore, early diagnosis and treatment for primary coenzyme Q10 deficiency are critical.

Our objectives in this case series and contemporary literature review were to enhance the understanding of neonatologists, geneticists and obstetricians regarding this disease in the early days, to investigate methods to improve the rate of diagnosis, and to advocate for further in-depth research on the mechanism involved.



Methods

Four cases of COQ4 gene mutation diagnosis from February 2020 to June 2022 at Guangzhou Women and Children's Medical Center were retrospectively summarized. Data collected included time of onset, sex, area, genotype, labor history, clinical presentation, biochemical examination, ancillary examination, and brain function assessment. The parents of case 2 consented to a local autopsy of the heart tissue, which was fixed with 4% neutral formalin, underwent routine dehydration, paraffin embedding, sectioning, Hematoxylin-eosin(HE) staining, and immunohistochemical light microscopy. Cases 2, 3, and 4 underwent a trio WES (whole exome sequence) test with the informed consent of the parents. The trio WES was conducted with an average coverage of 200X. The clinical context of these cases included decreased crying, decreased movement, cyanosis, and even severe hyperlactatemia, cardiogenic shock, and sudden, unexplained death. Genomic DNA was extracted from the peripheral blood and subsequently fragmented, spliced, amplified, and purified. The DNA library was then prepared by hybridization capture, and the exon and peripheral intron regions of 20,099 genes in the human whole exome were subsequently detected by high-throughput sequencing (20 bp). The sequencing data were then compared with the human genome hg19 (GRCh37) reference sequence, and the coverage of the target region and sequencing quality were evaluated. The pathogenicity of the variant was classifified according to standards and guidelines of the American College of Medical Genetics and Genomics. The variants suspected to be of clinical significance were confirmed by Sanger sequencing. The ratios of mosaic mutations in the peripheral blood were calculated using BioEdit software, which analyzed the Sanger sequencing results.

A comprehensive literature search and review for original articles and case reports with COQ4 mutation published from January 1989 (15) to November 2023 was performed through PubMed. The main objective was to identify information on the spectrum of clinical manifestations and diagnosis of COQ4 mutation. More specifically, data on sex, nationality, genotype, CoQ10 supplementation, and survival time were extracted when available. Two authors independently conducted the literature search using keywords COQ4, Primary coenzyme Q10 deficiency, and CoQ10. The abstracts of all selected articles were reviewed, and references from retrieved articles were used to identify other relevant sources. To focus on COQ4 mutation with neonatal-onset, only cases with neonatal-onset primary Coenzyme Q10 deficiency were included (Figure 1).


[image: Flowchart illustrating a PUBMED search process. Initially, 65 articles are identified. Of these, 50 articles are excluded for having no case with COQ4 mutation, leaving 15 articles that meet inclusion criteria for detailed review. Subsequently, 8 articles are excluded because the onset was in the non-neonatal period. Finally, 7 articles are included in the analysis.]
FIGURE 1
Flow chart showed identification and selection and cases having COQ4 mutation.



Statistical analyses

All data were analyzed using descriptive statistics, with values reported as the mean ± SD (standard deviation). Rates were compared using the chi-square test, with a P-value < 0.05 considered as statistically significant. Overall survival was calculated and presented as Kaplan–Meier curves. Statistical analyses were conducted using IBM SPSS statistics version 24.



Result


Case series of COQ4 mutation

The four cases originated from two families with ancestral ties to Chaoshan, Guangdong Province (Table 1). They were all non-consanguineous marriages. Among them, cases 1 and 2 were monoamniotic twins born late preterm and small for gestational age, while cases 3 and 4 were full-term infants appropriate for gestational age. All four cases had underwent regular prenatal examinations with no abnormal fetal development detected, and there was no history of birth asphyxia rescue. Newborn screening tests for neonatal genetic metabolic diseases by tandem mass spectrometry were normal for cases 3 and 4. However, due to the rapid changes in their birth conditions, screening was not conducted for cases 1 and 2. Initial symptoms reported in the four patients included reduced crying, decreased movement, feeding difficulties, gradual muscle tone decline, apnea, cyanosis. As the condition deteriorated, hyperlactatemia and cardiogenic shock manifested. Plasmatic amino acids and acylcarnitines did not show significant findings, but urine organic acid analysis revealed elevated levels of lactic acid, pyruvic acid, or 2-OH glutaric acid. Cases 1, 2, and 3 developed cardiogenic shock, while none of the patients experienced liver and kidney dysfunction. Cardiac tissue of case 2 was examined postmorterm(Figure 2). The myocardial tissue observed during the autopsy of the child exhibited a grayish-red color and soft texture. Histological examination using HE staining revealed vacuolar degeneration of cardiomyocytes, individual necrosis, myocardial interstitial porosity, edema, and scattered lymphocyte infiltration (Figures 2A–C). Immunohistochemical analysis under light microscopy indicated intermyocardial edema degeneration, primarily interstitial lymphatic invasion, CD68 (+), LAC (+), CMV (−) (Figures 2D,E). WES was performed to confirm the diagnosis in the cases 2, 3, 4. The COQ4 gene sequencing for cases 1 and 3 is in the Supplementary Files. Case 1 died suddenly due to rapid changes in her condition, so no blood samples were collected for WES. Case 1 was diagnosed based on her monozygotic twin (Case 2) gene reporter when Case 2 presented with similar symptoms. Among the cases, Case 4 received a coenzyme Q10 supplement during the neonatal period and survived, while the other three patients succumbed during the neonatal period.


TABLE 1 Clinical data of case series in the study.

[image: Table comparing clinical data for four cases across two families. Variables include paternal and maternal genotypes, sex, gestational age, birth weight, Apgar score, clinical manifestations, heart failure, seizure, lactate concentration, blood glucose, hepatic and renal status, urine GC-MS results, and blood amino acid analysis. Cases 1 and 2 (Family 1) show early gestational age, low birth weight, and similar health issues, while Cases 3 and 4 (Family 2) have higher gestational age and birth weight. Differences in biochemical results and specific amino acids detected are noted.]


[image: Histological images labeled A to F. A, B, and C show tissue with elongated, wavy fibers stained in pink and dark-stained nuclei. D, E, and F depict lower magnification views, with varying patterns of cellular density and distribution on a pale background.]
FIGURE 2
Pathological of myocardial tissue in case 2 after autopsy HE staining showed: (A) vacuole-like changes, interstitial porosity and edema, and punctate bleeding. (B) Myocardium vacuolated, interstitial loose edema, scattered lymphocyte infiltration; (C) cardiomyocytes were vacuolated and interstitial edema was observed. Immunohistochemistry: (D) CD68 (+), (E) LAC (+), (F) CMV (−). Microscope magnification 40*10 (A–C) and 40 (D–F).


Novel heterozygous variants were identified in case 1 and case 2 through whole-exome sequencing, specifically a pathogenic NM_016035.3:c.300-2A>G(p.?) variant in the COQ4 gene. This variant was classified as pathogenic based on the ACMG guidelines with an evidence class of PVS1 + PM2 + PM3. The mother carried the c.300-2A>G (p.?) mutation, which is located in the classical splice site region within intron 3. The father was found to have a heterozygous variation with c.370G>A (p. G124S) in the COQ4 gene. In case 3 and case 4, who are siblings, a homozygous c.370G>A (p.G124S) mutation was identified, which was confirmed to be inherited from the parental side through whole-exome sequencing. The diagnosis was established through whole-exome sequencing, as depicted in Figure 3.


[image: Pedigree chart showing genetic mutations in two families. Family 1 illustrates compound heterozygote mutations with one member having c.370>A,P.(Gly124Ser) and c.300-2A>G/P. mutations. Family 2 shows a homozygous mutation with both parents carrying c.370>A,P.(Gly124Ser), resulting in one affected child.]
FIGURE 3
Pedigrees plot of four cases of primary coenzyme Q10 deficiency with COQ4 mutation.


Case 4 was administered oral coenzyme Q10 treatment at four weeks of age, as detailed in Table 2. Throughout the treatment period, the patient underwent periodic brain MRI scans, EEG tests, and assessments of plasma coenzyme Q10 concentration. Initial brain imaging did not reveal any significant changes. However, after two months, Compared to boys his age, MRI scans indicated a more pronounced cerebellar dysplasia in the coronal T1-weighted and sagittal T2-weighted images, despite the coenzyme Q10 administration (Figure 4). The EEG showed epileptic wave ranging from localized to generalized. Phenobarbital has exhibited favorable results in treating neonatal seizures. During a stable phase, Case 4 contracted rotavirus, leading to a deterioration in the patient's condition, including respiratory failure, reduced myocardial contractility, and severe lactic acidosis (with normal lactic acid levels prior to the infection, but severe hyperlactacemia during the rotavirus episode). Interventions such as respiratory and circulatory support, along with an increased dosage of coenzyme Q10 (50 mg/kg), successfully reversed the fatal respiratory and circulatory failure, restoring lactic acid levels to normal. Plasma coenzyme Q10 concentrations were monitored throughout the treatment period, ranging from 1.52 to 4.91 umol/L (Reference value range is 0.46–1.85 umol/L). A decrease in concentration (1.65 umol/L) was noted during symptom exacerbation, followed by an increase (8.45 umol/L) after supplementation, leading to symptomatic improvement.


TABLE 2 Treatment and follow-up of case 4.

[image: Table showing the effects of CoQ10 therapy at various times after birth. It details CoQ10 doses, plasma levels, clinical manifestations, EEG results, and antiepileptic therapy. At 27 days: 10 mg/kg dose, plasma 1.52 µmol/L, cyanosis seizures, occipital region seizures, treated with Luminal. At 55 days: 20 mg/kg, plasma 4.91 µmol/L, inactivity, weak crying, dysthelasia, slight EEG delay, no therapy. At 65 days (rotavirus infection): 20 mg/kg, plasma 1.65 µmol/L, increased seizures, lactic acid elevation, low-amplitude spike waves in multiple regions, treated with Levetiracetam and Clonazepam. At 76 days: 40 mg/kg, plasma 8.45 µmol/L, improved seizures, normal EEG activity, treated with Clonazepam.]


[image: MRI scans of the brain in eight panels, labeled A through H. Panels A, C, E, and G show sagittal views highlighting the brainstem with arrows pointing to specific areas of interest. Panels B, D, F, and H show axial views with arrows indicating similar regions. The scans appear to focus on structural variations or abnormalities in the specified areas.]
FIGURE 4
Cranial MR images of case 4 brain MR Images of the 2-week-old showed cerebellar hypoplasia on (A) (T1WI) and (B) (T2WI) images. At 2 months, (C) (T1WI) and (D) (T2WI) images of the same level showed aggravated cerebellar dysplasia. (E–H) displayed a normal skull image of the same age and sex, with the arrows indicating the cerebellum.




Review of neonatal cases caused by COQ4 mutation

Out of 65 articles identified with keywords, 50 were excluded due to the lack of COQ4 mutation cases. Therefore, only 7 articles related to neonatal onset were eligible for in-depth review. There were 20 neonatal cases attributed to COQ4 allele variants in the case series and 4 from our case series, totaling 24 cases. The details of the sex, nation, genotype, and survival time are summarized (Table 3), the main clinical manifestations, diagnosis, and therapy are summarized (Table 4). The references in the Tables 3, 4 are from (16–22).


TABLE 3 Compiled data on sex, area, genotype and survival time in COQ4 mutation with neonatal-onset.

[image: A detailed table is presented, comparing clinical and genetic data for various subjects from multiple studies. It includes columns for reference, subject number, sex, nation or area, gestational age, prenatal test results, genotype and exon, genetic variation, and survival time. The data highlights variances in genetic mutations and associated outcomes, such as survival time expressed in days or marked as last follow-up time (LFT). The table provides insights into prenatal and genetic factors in different cohorts.]


TABLE 4 Compiled data on the main clinical manifestations, diagnosis, therapy, death age in COQ4 mutation with neonatal-onset.

[image: Table displaying clinical manifestations, diagnosis, therapy, and death age data for various studies. Columns include symptoms like hypotonia and cardiomyopathy, diagnostic methods, therapies, and death age. Symbols and abbreviations indicate data points. Key terms at the bottom explain abbreviations like DD (global development delay), WES (whole exome sequencing), mECT (mitochondrial electron transport chain), and LFT (last follow-up time).]



Clinical manifestations of primary CoQ10 deficiency

The main clinical manifestations of 24 cases were analyzed (Figure 5). Six cases were preterm infants, and 18 cases were full-term infants. Five cases (20.8%) had intrauterine growth restriction, two cases (8.3%) had cardiac hypertrophy, and two cases (8.3%) had cerebellar hypoplasia. Sixteen cases (66.6%) had normal prenatal examination. Four out of six preterm infants (4/6, 66.7%) and three out of 18 full-term infants (3/18, 16.7%) were found to have prenatal abnormalities. The incidence of prenatal abnormalities in preterm infants was significantly higher than that in full-term infants (66.7% vs. 16.7%, X2 = 5.4, P = 0.02 < 0.05). There was a statistically significant difference. Hypotonia was found in 18 out of 24 cases (75%), the remaining six cases were not mentioned in the case report, and all of them died in the early neonatal period (<4 days of age). Cardiomyopathy was present in 70.8% (17/24) of the patients, and 8/24(33.3%) had an arrhythmia. Among the other seven patients without cardiomyopathy, three survived beyond 3 years old, Almost all patients (23/24) had respiratory failure, which was not reported in the literature in case 20, who carried a homozygous c.370G>A mutation presented with generalized dystonia, feeding difficulties, and global developmental disability. In addition, hyperlactatemia was one of the most common manifestations, accounting for 75% (18/24), and all the neonates who died in the neonatal period had hyperlactatemia. All patients had normal liver and kidney functions. Standard newborn screening tests of cases 3, 4, 6, 7, 18, 19, 22, 24 were normal; the remaining cases were not done or provided. 70.8% (17/24) of the patients had epilepsy, and 50% (12/24) had feeding difficulties. 37.5% (8/24) of patients had global developmental disabilities, but their minimum survival time was 8 months.


[image: Bar chart showing percentages of various conditions. Respiratory failure is the highest at 95.83%, followed by renal and liver function at 100%. Hypotonia and lactic acidosis are at 75%, cardiomyopathy and seizure at 70.83%, apnoea at 54.17%, feeding difficulties at 50%, arrhythmia at 33.33%, and delayed visual development at 37.50%.]
FIGURE 5
Clinical features of primary coenzyme Q10 deficiency in the neonatal (N = 24).




Diagnosis and treatment of primary COQ deficiency

Twenty-one out of the 24 cases were diagnosed through WES. Three patients were diagnosed based on genetic findings from their siblings, along with similar clinical symptoms. Less than half of the patients underwent testing for mitochondrial complex enzyme activity (10/24, 41.6%) and coenzyme Q10 concentration (7/24, 29.2%). In 10 out of the 24 cases, the patient's family agreed to autopsy (Figure 6). Treatment mainly included cardiopulmonary support, antiepileptic drugs, and exogenous coenzyme Q10. The majority of the patients required respiratory support (22/24), while a few needed intravenous inotropic drugs (10/24). Seven out of the 24 patients received antiepileptic therapy, and 4 of them experienced global developmental delay, except for 3 who passed away before reaching 4 months of age. Only 9 patients were administered exogenous coenzyme Q10 treatment, and all the 4 surviving patients received coenzyme Q10 supplementation.


[image: Bar chart displaying the proportion of five diagnostic methods in percentages. Whole Exome Sequencing (WES) leads with 87.50%, followed by ECT activity and Autopsy each at 41.67%, COQ10 testing at 29.17%, and Clinical Definite at 16.67%.]
FIGURE 6
Diagnostic methods of primary coenzyme Q10 deficiency in the neonatal (N = 24).




Genotype and prognosis

A total of 24 neonatal-onset patients with COQ4 gene variants came from 18 families in 8 countries, of which 50% (12/24) were from China. There were 7 males and 17 females, with 10 compound heterozygous variants and 14 heterozygous variants. The rate of compound heterozygous variants in premature infants (6/6, 100%) was significantly higher than that in full-term infants (8/18, 44.4%) (100% vs. 44.4%, X2 = 5.7, P = 0.02 < 0.05), showing statistically significant difference. The mortality rate of complex heterozygous variants (13/14, 92.9%) was not significantly different from that of homozygous mutations (7/10, 70%) (92.9% vs. 70%, X2 = 2.2, P = 0.27 > 0.05). The mutation frequency was highest in exon 4 and lowest in exon 1 and 6. There was no statistically significant difference in mortality between Chinese patients (9/12, 75%) and those from other regions (11/12, 91.7%) (X2 = 1.2, P = 0.27 > 0.05). The types of mutations included missense mutations, nonsense mutations, deletion mutations, and splicing mutation, with missense mutation being the most common. The survival time for the twenty-four cases was 60.0 ± 98.0 days (95% confidence interval CI: 0–252.0 days). Eleven cases resulted in death during the neonatal period. Three cases (cases 19,23,24) survived beyond three years of age, with the mutation sites located in exons 4 and 5 (Figure 7).


[image: Bar chart showing the proportion of death age percentages: Neonatal at forty-five point eight three percent, Infancy at thirty-three point three three percent, older than three years at four point one seven percent, and Follow-up at sixteen point six seven percent.]
FIGURE 7
Age distribution at survival of primary coenzyme Q10 deficiency (N = 24).






Discussion

The primary coenzyme Q10 deficiency caused by COQ4 gene variation in the neonatal period has characteristic clinical manifestations: hyperlactatemia, cyanosis, apnea, convulsions, feeding difficulties, cardiogenic shock, but no distinctive physical features. Similar to other genetic disorders, the presence of comparable cases in families is highly suspected. In these 24 cases, we observed varying degrees of cardiac, respiratory, and brain dysfunction among different patients. Although active treatment cannot cure secondary epilepsy and improve neurological damage such as DD (global development delay), CoQ10 treatment could prolong life expectancy. Throughout the disease progression, liver and kidney function remained normal, unlike the genetic variants associated with that renal involvement (COQ8B, COQ2, COQ6, PDSS2) (10). Brain dysfunction is notably pronounced in patients with COQ4 gene mutation. In patients treated with CoQ10, respiratory and cardiac functions remained stable, but the advancement of brain dysfunction was not reversed. These findings are intriguing as they differ from other common genetic defects: (1) Patients did not have any dysmorphic features; (2) Neonatal disease screening results are normal; (3) Most individuals were born full-term, had normal birth and prenatal examinations; (4) Rapid changes and disease progression occurred after birth. Primary coenzyme Q10 deficiency is a clinically heterogeneous autosomal recessive disorder (23, 24). The phenotypic spectrum associated with mutations in the COQ gene is complex, leading to different phenotypes with mutations in the same gene (12, 25, 26). Gene mutation in neonatal-onset cases have been found to be COQ4 (20/38, 52.6%), COQ7 (2/3, 67%), and COQ9 (6/7, 86%), in addition to COQ2 (11/30, 37%), PDSS1 (1/3, 33%) and PDSS2 (3/7, 43%) (10, 12, 27). COQ4 gene mutation is the most common type in neonatal-onset patients. This study identified a total of 24 cases, with half originating from China. Mullin (17) verified that the missense mutation c.370G>A, p.(Gly124Ser) situated in exon 4 serves as a pathogenic founder mutation in the southern Chinese population. Consequently, it is clear that the prevalence of the mutation within exon 4 is high in the cohort.

The four cases newly reported in this paper all had complex heterozygous or homozygous variants of c.370G>A in COQ4, and they were all located in the Chaoshan region of Guangdong Province. Cases 1 and 2 are compound heterozygote mutations, Mutations in the COQ4[c.300-2A>G(p.?)] locus from the mother were previously unknown. Its impact on protein function is currently unknown, but it could potentially lead to protein truncation or activate the nonsense-mediated mRNA degradation process, which could affect the function of the protein product encoded by the gene. The frequency of this mutation in normal controls is extremely low: G = 0.000008 (2/250938, GnomAD), with pathogenic variants detected at the trans-position (27). Case 3 and 4 are homozygous mutations, Mutations in the COQ4[c.370G>A (p.G124S)], which is included in HGMD, have been observed in multiple patients with primary coenzyme Q10 deficiency and are more prevalent among patients from southern China (16–18). Functional studies revealed that the mutation significantly reduces the expression of the mitochondrial respiratory chain complex II and III (17). Therefore, this locus mutation in southern China is worthy of further study. Xie J et al. (28) discussed the prognosis of COQ4 mutation genotypes from an exon-dependent perspective and believed that different exon regions correspond to different severities. Patients with the East Asian-specific c.370G>A variant show moderate disease severity. In this study, among the 24 patients, 17 were girls, accounting for 70.8% of the total, indicating a higher prevalence rate of girls compared to boys, which highlights an imbalance in the proportion of sexes. Xie J et al. believe that sex is unlikely to be associated with disease severity. Currently, the pathogenesis of COQ4 gene mutation remains clear, and further research is needed to determine if it is related to sex. In comparison to other regions, China, dominated by the c.370G>A mutation, showed no significant difference in mortality rates. Out of the 24 cases, 11 died during the neonatal period, with only 4 surviving. The median survival time was 60 days, suggesting a poor prognosis for neonates with COQ4 gene variants. The depletion of CoQ10 in tissues or cells was first reported in 1989 (15). Typically, when skeletal muscle biopsies indicate a decrease in CoQ10 concentration or reduced constitutive enzyme activity of complexes I + III, and II + III (29), the COQ gene is sequenced. If skin-derived fibroblasts are available, gene rescue experiments or de novo CoQ biosynthesis rate measurements can also be conducted using radioactive precursor incorporation (30–32).

The gold standard for determining CoQ10 concentration in biochemical samples is high-performance liquid chromatography (HPLC) (33). CoQ levels in plasma samples obtained by minimally invasive techniques, along with other contents such as leukocytes (lymphoblastoid cell lines or lymphocytes), urine, or skin-derived fibroblasts, have been selected for the measurement (29, 34). The most conventional assay is the measurement of plasma CoQ10 concentration. Its disadvantages include numerous confounding factors and the absence of a normal reference range (35). Interestingly, we observed a significant decrease in plasma coenzyme Q10 concentration(from 4.91 μmol/L to 1.65 μmol/L) in case 4 when the disease worsened due to rotavirus infection. Adjusting the supplemental dose from 20 mg/kg to 50 mg/kg, along with respiratory and circulatory support, led to the successful survival of the child. The potential of using plasma CoQ as an indicator of tissue CoQ deficiency status in patients with mitochondrial disease remains uncertain. Some studies have suggested that monocytes and platelets could serve as alternative indicators. Monocytes are easily isolated from blood, and their CoQ content correlates with skeletal muscle content and is influenced by exogenous supplementation (36, 37). While plasma concentrations of CoQ10 are significantly influenced by dietary uptake (38), the authors (39) focused on blood cells which could be easily isolated from small blood volumes to investigate intracellular CoQ10 concentrations. While excessive environmental supplementation with CoQ10 was without influence on erythrocyte concentrations, a positive correlation exists between plasma content and concentrations in platelets as mitochondria containing cell lines. Compared to plasma, platelet CoQ10 may have important advantages during CoQ10 supplementation (40). The level of CoQ10 concentration in platelets is significantly reduced in mitochondrial disorders such as Parkinson's disease (41). In conclusion, Platelets can be used to assess endogenous CoQ content and to monitor the effects of exogenous CoQ supplementation. Additionally, platelet CoQ content serves as an indicator of mitochondrial electron transport chain function (42). Low-density lipoprotein is the primary carrier of CoQ10 in circulation (43), and plasma CoQ10 status is influenced by circulating lipid concentration. The ratio of CoQ10 to blood cholesterol may help to reflect the true plasma CoQ10 concentration. Measuring CoQ10 levels in cerebrospinal fluid (CSF) is considered one method to evaluate brain CoQ10 status. The preliminary reference range for CSF CoQ10 status is 5.7–9.0 μmol/L (44). Currently, determining blood coenzyme Q10 concentration is the most straighforward method; however, a significant limitation is the absence of a single age-specific reference value or standardized sample preparation and assay method. Moreover, most CoQ10 deficiencies are associated with neurological dysfunction. Therefore, monitoring cerebrospinal fluid and blood concentration during treatment is crucial, and further research is warranted.

Studies (5) have shown that the COQ4 protein palys a key role in CoQ synthesis. COQ4 may serve as a key structural element of the complex, acting as a nucleating factor or scaffolding element during CoQ synthesis. The degree of target organ dysfunction in COQ4 mution cases is different, and we speculate that the mechanism of influence of different exon sites of variation on COQ4 protein is different. On the other hand: it has to do with therapy. Oral CoQ10 supplementation is effective for most children with primary CoQ10 deficiency (13, 45–47). Regarding the treatment of COQ4 deficiency, oral CoQ10 supplements have shown limited benefit both in vitro and in vivo (26). For responsive patients, the symptoms of multisystem dysfunction, including those affecting the central nervous system (CNS), were improved (23, 33, 48, 49). Administered of CoQ10 at high doses or in specific formulations leads to increased CoQ10 levels in all tissues, such as the heart and brain (50–52). However, some patients with COQ10D7 did not benefit from CoQ10 therapy. Once central nervous system damage is established, recovery is not achievable (13). Apart from variations in formulation and dosage, and the lack of data on in vivo CoQ10 levels (28), it remains uncertain from these studies whether the degree of cerebral uptake of CoQ10 would be suffificient to replenish cellular levels of this quinone in a CoQ10 dificiency state (53). A plausible hypothesis suggests that CoQ10 is more effective in preventing further damage rather than reversing existing impairments. The efficacy of CoQ10 therapy appears to be closely linked to the specific COQ4 variants responsible for the condition and the severity of clinical symptoms, as indicated by the limited available data (28).

Factors influencing drug absorption include the formulation, dosage and dosing interval, as well as whether or not a person consumes food during administration. A study conducted by Molyneux (50) provides evidence that a twice-daily dose of 200 mg is more effective in increasing plasma levels compared to a single dose of 400 mg. In terms of absorption, ten 30 mg capsule forms were found to be superior to three 100 mg capsule forms. The dietary intake of CoQ10 was estimated to be very low at approximately 3–5 mg/day (33). Pravst and colleaguest demonstrated that the bioavailability of the water-soluble CoQ10 syrup formulation was 2.4 times higher than that of the ubiquinone capsule formulation (54). CoQ10 is lipophilic, and its absorption is enhanced in the presence of lipids (55, 56). Various strategies have been explored for developing pharmaceutical CoQ10 preparations, including multiple insoluble compounds such as nano-CoQ 10, CoQ10 oil gel, and water-soluble CoQ10 (57). In rodents supplemented with oral CoQ10, high concentrations were observed in several tissues such as liver, ovary, brown adipocytes, and spleen, however, the heart, kidney, muscle, and brain (tissues primarily affected in primary CoQ10 deficiency)did not exhibit significant accumulation (58, 59). Furthermore, a structural analog called β-m-phthalic acid (β-RA), which resembles 4-hydroxybenzoic acid (a precursor of CoQ10 biosynthesis), has shown promise for treating patients with primary CoQ deficiency based on studies conducted using yeast, mammalian cell culture, and mouse models (46). Wang (57) demonstrated that intravenous administration of coenzyme Q10 dissolved in caspofungin microbicide may lead to higher plasma concentrations and thus more effective coenzyme Q10 therapy. Additionally, researchers have proposed modified precursors of the quinone ring structure in CoQ10 as alternative therapeutic options for certain types (58, 60–64). Future therapeutic strategies aimed at augmenting endogenous CoQ10 levels may potentially yield improved clinical outcomes (61, 65, 66).

Wang Y et al. conducted a comprehensive analysis of all studies documenting patients with primary coenzyme Q10 deficiency up until May 2022 (1). No significant adverse effects were been reported. The administered doses varied from as high as 60 mg/day to 2,100 mg/day or as low as 5 mg/kg/day to 100 mg/kg/day, and the duration of treatment ranged from 1 month to 8 years. It has been postulated that CoQ10 treatment may not be able to reverse severe organ tissue damage occurring prior to initiation of therapy (20, 67). However, animal studies utilizing CoQ biosynthetic precursors have demonstrated complete rescue of most phenotypes associated with severe CoQ deficiency through partial CoQ supplementation (58, 61, 62). Partial functional recovery is feasible if the remaining cells and neurons can operate more efficiently by alleviating their deficient state in terms of CoQ10 levels. Furthermore, patients presenting symptoms at a later stage are anticipated to derive greater benefits. Overall, there exists a theoretical advantage even for severely ill patients if substantial amounts of absorbed CoQ10 can reach the affected tissues. In light of the aforementioned speculation, it can be posited that patients exhibiting symptoms suggestive of primary coenzyme Q10 deficiency may benefit from supplementation with coenzyme Q10.

We assume that children with infections, high oxidative stress processes, and hypermetabolic state, such as fever, have an increased demand for CoQ10. Insufficient CoQ10 supply in the body can lead to fatal respiratory and circulatory failure. In Case 4, the administration of a dose of coenzyme Q10 of 50 mg/kg in the acute phase proved to be an effective intervention in reversing the fatal respiratory and circulatory failure. One potential limitation is the relatively low number of confirmed cases. Due to the acute onset and rapid death of neonatal-onset patients and the imperfect detection of mitochondrial function, how gene variants affect the synthesis of CoQ10 still needs further study. Consequently, the statistical significance of the data is constrained by the limited number of cases. Further clinical case studies and data analyses are required. Despite the willingness of families to consent to autopsy, the rate of completion of measurements of mitochondrial complex enzyme activity and tissue coenzyme Q10 concentration remains low. Genetic testing is a crucial tool for diagnosing various conditions, despite the time-consuming nature of the process. A review of population data and case series suggests that COQ4-associated mitochondrial disease may be under-recognized, particularly in the southern Chinese population, where the common pathogenic variant c.370G>A is prevalent. Maria (68) is developing a blood spot test to screen for CoQ10 status during the neonatal period, with the objective of administering CoQ10 treatment at an early stage, before irreversible organ dysfunction occurs (31, 69). Currently, there are a limited number of diagnosed cases globally, and this disease has not yet received sufficient attention. It is recommended that neonatologists, obstetricians, and genetic disease experts in South China enhance their awareness of this disease, which has regional characteristics. It is proposed that the development of a blood spot assay to assay CoQ10 may facilitate the diagnosis of CoQ10 deficiencies during newborn screening and enable treatment in the first few weeks of life. The correlation between blood CoQ10 concentration and the effectiveness of symptom relief remains unknown. Further investigation is required to elucidate the key factors affecting the tissue or cellular uptake of coenzyme Q10. A lack of uniformity was observed with regard to the standardization of CoQ10 dosage, including aspects such as dose, formulation, frequency of administration, timing of initial therapy, duration of therapy, and concomitant medications. It is imperative that more rigorous empirical and clinical documentation be undertaken to fully document the effects of coenzyme Q10 therapy. In conclusion, the pathogenesis of COQ4 gene variation is a challenging area of study.

The majority of previous reports have been individual case studies. This case series report represents an expansion of the number of cases of COQ10D7. A limitation of this study is that many of the cases summarized lack mitochondrial function testing, including the measurement of ETC activities and CoQ10 levels. Despite the initial diagnosis of the COQ4 gene variant in 1989, the challenge of early diagnosis persists. Nevertheless, a synthesis of the cases of COQ4 mutation in the neonatal period revealed striking similarities in the clinical manifestations reported by these patients. It is therefore our contention that this disease is still underrated.



Conclusion

The primary coenzyme Q10 deficiency is regarded as a clinically heterogeneous disorder and challenging to diagnose condition. It is possible that this disease is underestimated. The prognosis of COQ4 mutation in the neonatal period indicates a low survival rate and an overall poor prognosis. This may be due to the incomplete understanding of the mechanism of how COQ4 gene defects lead to coenzyme Q10 deficiency and why CoQ10 supplementation does not respond well to treatment. The clinical manifestations of neonatal disease are unique, prompt diagnosis and treatment could prolong life expectancy. To improve the diagnostic rate, in addition to genetic testing, mitochondrial functional verification should be prioritized in southern China, where the incidence is relatively high. It will facilitate more in-depth mechanistic studies.
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Background: Short stature is a complex disorder with phenotypic and genetic heterogeneity. This study aimed to investigate clinical phenotypes and molecular basis of a cohort of patients with short stature.Methods: Trio whole-exome sequencing (Trio-WES) was performed to explore the genetic aetiology and obtain a molecular diagnosis in twenty Chinese probands with syndromic and isolated short stature.Results: Of the twenty probands, six (6/20, 30%) patients with syndromic short stature obtained a molecular diagnosis. One novel COMP pathogenic variant c.1359delC, p.N453fs*62 and one LZTR1 likely pathogenic variant c.509G>A, p.R170Q were identified in a patient with short stature and skeletal dysplasia. One novel de novo NAA15 pathogenic variant c.63T>G, p.Y21X and one novel de novo KMT2A pathogenic variant c.3516T>A, p.N1172K was identified in two probands with short stature, intellectual disability and abnormal behaviours, respectively. One patient with short stature, cataract, and muscle weakness had a de novo POLG pathogenic variant c.2863 T>C, p.Y955H. One PHEX pathogenic variant c.1104G>A, p.W368X was identified in a patient with short stature and rickets. Maternal uniparental disomy 7 (mUPD7) was pathogenic in a patient with pre and postnatal growth retardation, wide forehead, triangular face, micrognathia and clinodactyly. Thirteen patients with isolated short stature had negative results.Conclusion: Trio-WES is an important strategy for identifying genetic variants and UPD in patients with syndromic short stature, in which dual genetic variants are existent in some individuals. It is important to differentiate between syndromic and isolated short stature. Genetic testing has a high yield for syndromic patients but low for isolated patients.Keywords: short stature, molecular diagnosis, trio whole-exome sequencing, variant, uniparental disomy
INTRODUCTION
Short stature is a common disorder for referral to paediatric endocrinologists (Collett-Solberg et al., 2019a). The clinical diagnosis of short stature is challenging based mainly on birth weight, growth pattern, clinical manifestations, family history, and laboratory tests. It is important to differentiate between isolated short stature and syndromic short stature, which is concurrent with facial dysmorphism, skeletal dysplasia and other malformations (Jee et al., 2018). Nevertheless, some clinical manifestations are unspecific and mild, especially in young children. With the rapid development of molecular technology, recent studies have demonstrated that the disorder is mainly caused by various genetic aberrations, including polygenic inheritance, chromosomal abnormalities, copy number variants (CNVs), uniparental disomy of chromosome (UPD), nuclear genetic variants, mitochondrial genetic variants, and methylation defects (Wit et al., 2016; Grunauer and Jorge, 2018; Homma et al., 2018). Treatment with recombinant human growth hormone (rhGH) is an effective approach for improving heights of children with short stature; however, not all of these patients can be treated with rhGH, and neither the patient’s response to rhGH nor the adverse effects in the context of some genetic disorders are well understood (Murray et al., 2018; Collett-Solberg et al., 2019a).
A definitive molecular diagnosis provides important information about specific associated features, prognostic predictions, individualized therapeutic options and genetic counselling (Jee et al., 2018). Recent studies have demonstrated that isolated and syndromic short stature could be caused by monogenic defects in the growth hormone insulin-like growth factor 1 (GH-IGF-1) axis, cartilage growth plate, fundamental cellular processes and signalling pathway (Hu et al., 2016; Andrade et al., 2017; Homma et al., 2019; Stavber et al., 2022). Trio whole-exome sequencing (Trio-WES) is a diagnostic approach for identifying genetic variations in patients with syndromic short stature with unknown aetiology (Sun et al., 2021). Despite tremendous advances in the molecular genetics of growth disorders, the underlying molecular mechanisms remain unknown in a significant proportion of individuals with short stature (Zahnleiter et al., 2013). In this study, Trio-WES was performed to explore genetic causes in patients with isolated short stature and syndromic short stature (Miller et al., 2010; Wang et al., 2020). We describe detailed clinical manifestations and molecular analysis in these patients to guide individualized therapy.
METHODS
Patients
This study was approved by Ethics Committee of Beijing Jishuitan Hospital, Capital Medical University (202104-07 and 202201-20-01). Patients were referred to the paediatric department of Beijing Jishuitan Hospital, Capital Medical University from January 2021 to December 2022. The diagnostic criteria of short stature were as follows (Siklar and Berberoglu, 2014; Grunauer and Jorge, 2018; Collett-Solberg et al., 2019b): height or predicted adult height (PAH) measuring 1.88 standard deviations (SD) below the mean for individuals of the same age and sex among healthy Chinese children aged 1–15 years. The exclusion criteria were chronic systematic diseases and comorbidities that could affect growth, such as malnutrition, psychological disturbances, hypothyroidism, and known syndromes. Patients were classified into two groups: isolated short stature and syndromic short stature, which was concurrent with multiple malformations including facial dysmorphism, intellectual disability, skeletal dysplasia and other abnormalities (Collett-Solberg et al., 2019b). Twenty Chinese trios of probands with short stature were recruited in the study. Written informed consent was obtained from their legal guardians and parents.
Trio-WES
Genomic DNA was extracted from peripheral blood lymphocytes of the probands and their available family members using the Blood Genome Column Medium Extraction Kit (Kangweishiji, China). Trio-WES was performed in the entire cohort by Beijing Chigene Translational Medical Research Center. Exome capture was carried out using xGen Exome Research Panel v2.0 (IDT, Iowa, United States), which consists of 429,826 individually synthesized and quality-controlled probes, targeting a 39 Mb protein-coding region (19,396 genes) of the human genome and covering 51 Mb of end to-end tiled probe space. High-throughput sequencing (100×) was performed by MGI DNBSEQ-T7 sequencing instruments (PE150) and the average coverage of target sequence was above 99%.The online system independently developed by Chigene (www.chigene.org) was used to annotate database-based minor allele frequencies (MAFs) and American college of medical genetics (ACMG) practice guideline-based pathogenicity of genetic variants. Bioinformatics software tools, including VarCards (http://varcards.biols.ac.cn/) and InterVar (https://wintervar.wglab.org/), were both applied for clinical interpretation of each genetic variant according to the ACMG and the Association for Molecular Pathology (ACMG/AMP) 2015 guidelines (Richards et al., 2015). Genotype-phenotype correlations were analysed by crossreferencing with Online Mendelian Inheritance in Man (OMIM, https://www.omim.org/), ClinVar databases and the relevant references. The identified genetic variants were classified as “benign”, “likely benign”, “variants of uncertain significance (VUS)”, “likely pathogenic” or “pathogenic”. Sanger sequencing was further used to confirm the candidate variants.
RESULTS
Clinical features and Trio-WES results of twenty probands are summarized in Table 1. In this cohort, thirteen patients (13/20, 65%) were diagnosed as isolated short stature including twelve patients with idiopathic short stature (ISS) and one patient born small for gestational age (SGA). Seven probands (7/20, 35%) including one with SGA were diagnosed with syndromic short stature. These abnormal features included skeletal dysplasia (n = 6, P4, P6, P8, P9, P14, and P19), facial dysmorphism (n = 4, P4, P8, P9, and P19), intellectual disability (n = 2, P8, and P9), and visual impairment (n = 2, P9, and P13).
TABLE 1 | Clinical phenotypes and genetic analysis in patients with short stature.
[image: A table detailing patient information across various categories: patient number, age, sex, height, IGF-1 levels, bone age (BA), intellectual disability presence, facial dysmorphism, other clinical features, sequencing results, and diagnosis. Specific entries highlight conditions such as macrocephaly, pectus deformity, and specific gene mutations. Diagnoses include idiopathic short stature (ISS) and syndromic short stature.]Of the twenty probands, six (6/20, 30%) patients with syndromic short stature obtained molecular diagnosis. Thirteen patients with isolated short stature had negative results. One novel COMP pathogenic variant c.1359delC, p.N453fs*62 and one LZTR1 likely pathogenic variant c.509G>A, p.R170Q were identified in a patient with short stature and skeletal dysplasia. One novel de novo NAA15 pathogenic variant c.63T>G, p.Y21X and one novel de novo KMT2A pathogenic variant c.3516T>A, p.N1172K was identified in two probands with short stature, intellectual disability and abnormal behaviours, respectively. One patient with short stature, cataract, and muscle weakness had a de novo POLG pathogenic variant c.2863 T>C, p.Y955H. One PHEX pathogenic variant c.1104G>A, p.W368X was identified in a patient with short stature and rickets. The primers used by Sanger sequencing to confirm these variants are shown in the Supplementary Table. Maternal uniparental disomy 7 (mUPD7) was pathogenic in a patient with pre and postnatal growth retardation, wide forehead, triangular face, micrognathia and clinodactyly. Clinical manifestations of these patients are described in detail sequentially below.
COMP variant and LZTR1 variant
The fourth proband was a boy aged 7 years and 5 months. He showed signs of short stature after 2 years of age. The patient was born at full term by caesarean section. His birth weight was 3,600 g, and his birth length was 50 cm. He had no history of perinatal asphyxia. His height was 116.5 cm (−2.01 SD), weight 21.2 kg (−1.24 SD), and BMI 15.62 kg/m2 (−0.08 SD) at visit. He had normal intelligence. His head circumference was 54 cm. The upper segment was 62.5 cm, and lower segment was 54.0 cm. The upper/lower segment ratio was 1.16 (−0.82 SD). His arm span was 114 cm. The proband had macrocephaly, wide forehead, epicanthal folds, pectus deformity, wrinkled skin on the hands and feet, flat foot and café-au-lait skin pigmentation (Figures 1A–C). He had no short neck or webbed neck. Growth hormone stimulation tests showed peak concentrations of 8.14 ng/mL after combined treatment with levodopa and arginine. The proband had normal liver and kidney function, myocardial enzyme levels and thyroid function. The echocardiography and urological ultrasound findings were all normal. His bone age (BA) was 5.5 years, 2 years below his chronological age (CA). His father’s height, weight and BMI were 164.4 cm (−1.36 SD), 52.4 kg, and 19.39 kg/m2, respectively. He had facial dysmorphism, including a triangular face and prominent nasolabial folds. He had pectus deformity (Figure 1D), movement limitation of the lumber spine, and flatfoot. He had multiple lentigines on the face and trunk (Figure 1E), and wrinkled skin on the hands and feet. He had complained of ankle pain after long-distance walking beginning at the age of 30 years. The height, weight and BMI of the proband’s mother were 154.7 cm, 58.8 kg, and 24.57 kg/m2, respectively. She had no complaints. A COMP pathogenic variant c.1359delC p.N453fs*62 in exon 13 was identified in the proband and his father. There were five other members segregating with this variant including I-2 (153 cm, −1.41 SD), II-4 (154 cm, −1.22 SD), II-6 (155 cm, −1.04 SD), III-5 (123 cm, 0.04 SD), and III-7 (120 cm, −1.27 SD) confirmed by sanger sequencing. The pedigree tree is shown in Figure 1F. All adult members carrying the COMP variation had short stature or low–normal height and joint pain, including in the knees, wrist, ankle, and lumber vertebra. There was no complaint of joint pain among the young affected members (III-5, III-7 and III-9). A LZTR1 heterozygous variant c.509G>A p.R170Q (MAF 0.000014/2, GnomAD) in exon five was identified in the proband and his father. There were four other affected members with this variant, including II-2 (152 cm, −1.59 SD), III-3 (152 cm, −0.63 SD), II-4 (154 cm, −1.22 SD), and III-5 (123 cm, 0.04 SD). In silico analysis predicted that it was a likely pathogenic variant (InterVar, PM1, PM2, PP3 and PP5) according to clinical interpretation of genetic variants by ACMG/AMP 2015 guideline. Blood sample of the members I-1, II-1, II-5, III-1, III-2, III-6, and III-8 were unavailable, preventing molecular testing.
[image: A series of images depict a medical examination and a genetic pedigree. Image A shows hands spread over a white surface. Images B and C display feet from different angles. Image D shows a back with blue stickers on either side. Image E provides a close-up of the back. Image F is a genetic pedigree chart illustrating family relationships and inheritance patterns.]FIGURE 1 | Clinical features of the fourth proband (A–C) and his father (D, E). (A) and (B) Wrinkled skin of the hands and feet. (C) Flatfoot. (D) Pectus deformity. (E) Multiple lentigines of the trunk. (F) Pedigree tree of the fourth proband. The black arrow represents the proband. The shaded symbols represent the affected individuals. The members I-2, II-6 and III-7 had the COMP variant (Right diagonal). The members II-2 and III-3 had the LZTR1 variant (Left diagonal). The members II-4, II-7, III-5 and III-9 had both the COMP variant and LZTR1 variant (Solid). The members II-3, II-8 and III-4 were normal. Blood sample of other members were unavailable.
NAA15
The eighth proband was a boy aged 9 years and 11 months. He showed signs of short stature. The patient was born at full term by vaginal delivery. His birth weight was 2,690 g, and his birth length was 49 cm. He had no history of perinatal asphyxia. His height, weight and BMI were 118.4 cm (−3.59 SD), 18.55 kg (−3.35 SD), and 13.23 kg/m2 (−2.14 SD), respectively. He had intellectual disability and language delay. He was diagnosed with autism spectrum disorder (ASD) at 5 years old. The proband had prominent eyebrows, epicanthus inversus, anteverted nares, multiple dental caries and low-set and posteriorly rotated ears. He had partial syndactyly between the third and fourth fingers in both hands since birth and had completed surgical management (Figure 2A). His growth hormone stimulation tests showed peak concentrations of 14.20 ng/mL after combination treatment with levodopa and arginine. His BA was 7 years, which was 3 years below CA (Figure 2B). His pituitary MRI showed a partial empty sella (Figure 2C). One novel de novo NAA15 variant c.63T>G, p.Y21X was identified in the proband.
[image: Three-panel image: Panel A shows two hands with fingers spread. Panel B features an X-ray of a hand with visible bones. Panel C displays a brain MRI in a profile view, highlighting the skull and brain structure.]FIGURE 2 | Clinical features of the eighth proband with the NAA15 variant. (A) Surgical scar of partial syndactyly in both hands. (B) Bone age radiograph. CA: 9/11/12 years; BA: 7 years (C) Partial empty sella of the pituitary gland.
KMT2A
The ninth proband was a boy aged 3 years and 7 months. He showed signs of short stature. The patient was born at full term by vaginal delivery. His birth weight was 3,850 g, and his birth length was 47 cm. He had no history of perinatal asphyxia. His height, weight and BMI were 93.2 cm (−2.18 SD), 12.1 kg (−2.51 SD), and 13.93 kg/m2 (−1.41 SD), respectively. His head circumference was 47 cm (−2.40 SD). He had intellectual disability, language delay, and abnormal hyperactivity behaviours. The proband had an abnormal facial appearance: flat face, thick eyebrows, epicanthus, ptosis, long eyelashes, downslanting and vertically narrow palpebral fissures, strabismus, wide nasal bridge, broad nasal tip and thin upper vermillion border. He had slim build, muscular hypotonia, pectus deformity, hypertrichosis on the upper arms and back, puffy hands and feet (Figure 3). He had chronic constipation and poor sleep since birth. His echocardiography and urological ultrasound were normal. His BA was 3.5 years. His father’s height was 176 cm, and his mother’s height was 160 cm, and their phenotypes were normal. Trio-WES identified a KMT2A de novo variant c.3516T>A, p.N1172K in the proband.
[image: A series of images depicting the body of a child. Panel A shows the left side of the chest with visible ribcage and no nipple. Panel B shows the underside of the left foot. Panel C displays the right side of the chest. Panel D focuses on the hands resting on a blue surface. Panel E features the soles of the feet on a blue surface.]FIGURE 3 | Clinical features of the nineth proband with KMT2A variant. (A) Pectus deformity. (B) and (C) Hypertrichosis on the upper arms and back. (D, E) Puffy hands and feet.
POLG
The thirteenth proband was a male patient aged 3 years. The child was born by breech delivery at term. His birth weight was 2,950 g. After birth, he had hypoxia asphyxia. At visit, his height, weight and BMI were 87.4 cm (−2.67 SD), 10.7 kg (−3.01 SD), and BMI 14.01 kg/m2 (−1.54SD), respectively. The proband had normal thyroid function, liver and kidney function, myocardial enzymes and blood electrolytes. His BA was equivalent to 3 years. Then he was diagnosed as isolated short stature. At the follow-up of 4 years and 1 month, he was diagnosed with bilateral cataracts in ophthalmic department. Then his height, weight and BMI were 91.9 cm (−3.29 SD), 11.95 kg (−3.14 SD), and BMI 14.15 kg/m2 (−1.06SD), respectively. His upper segment was 48.9 cm and his lower segment was 43.0 cm. The upper/lower segment ratio was 1.13 (−3.61 SD). His head circumference was 50 cm (−0.27 SD). Muscle weakness and exercise intolerance were apparent. His BA was about 4 years. He had elevated liver and muscle enzymes including AST 50.8 (14–44) U/L, GGT 19.4 (5–19) U/L, CG 4.48 (0–2.70) mg/L, ADA 26.3 (0–25) U/L, LDH 331 (110–295) U/L, and HBDH 283 (80–220) U/L. He had high TBA 13.48 (0–10) μmol/L, high TG 3.86 (0.4–1.7) mmol/L and low HDL 0.9 (1–1.55) mmol/L levels. A de novo POLG pathogenic variant c.2863T>C, p.Y955H was identified in the proband.
PHEX
The fourteenth proband was a male patient aged 10 years and 10 months. He showed signs of rickets. He manifested with severe lower extremity bowing, impaired mobility, and genu valgus. His height, weight and BMI were 116.3 cm (−4.39 SD), 24.3 kg (−2.23 SD), and 17.97 kg/m2 (0.20 SD), respectively. His upper segment was 67.0 cm (−2.70 SD), and his lower segment was 49.3 cm. The upper/lower segment ratio was 1.36 (4.04 SD). His pubertal stage was Tanner II. The child was born by caesarean section at 34 weeks’ gestational age. His birth weight was 2,800 g. The proband had normal liver and kidney function, myocardial enzymes and blood electrolytes. The findings for the indicators of bone metabolism were as follows: Ca 2.26 (2.25–2.67) mmol/L, P 0.67 (1.45–2.10) mmol/L, and ALP 673 (50–400) IU/L. His intact parathyroid hormone (iPTH) level was 63.9 (15–65) pg/mL. He had a low level of 25-(OH)-VD3 17.77 (30–100) ng/mL. His BA was equivalent to 9 years. He had normal thyroid function. His radiographic features were widened, frayed, and cupped metaphyses, pseudofractures, and osteoporosis in the femurs (Figure 4A). The younger brother of the proband was 7 years and 3 months old. His manifestations and radiographic features (Figure 4B) were similar to the proband. His height, weight and BMI were 105.1 cm (−4.16 SD), 18.9 kg (−1.95 SD), and 17.11 kg/m2 (0.77 SD), respectively. His upper segment was 63.5 cm (−1.95 SD), and his lower segment was 41.6 cm. The upper/lower segment ratio was 1.53 (5.48 SD). Bilateral cryptorchidism was present at birth. The findings for the indicators of bone metabolism were as follows: Ca 2.21 (2.25–2.67) mmol/L, P 0.58 (1.45–2.10) mmol/L, and ALP 870 (50–400) IU/L. His iPTH was 93.9 (15–65) pg/mL. He had a low level of 25-(OH)-VD3 18.16 (30–100) ng/mL. His BA was equivalent to 6 years. His father had a normal phenotype with a height of 170 cm. His mother had short stature and rickets. She had received surgical management. Her height was 141.4 cm (−3.55 SD). A PHEX pathogenic variant c.1104G>A, p.W368X in exon 10 was identified in the proband, his younger brother, and their mother.
[image: X-ray images labeled A and B show a child's legs with visible differences in bone structure. Image C displays a young child with a blue bar over the eyes for anonymity. Image D is a genomic chart examining family genetic traits. Images E and F depict genetic diagrams with chromosomes.]FIGURE 4 | Radiographic features of the fourteenth proband (A) and his younger brother (B): frayed and cupped metaphyses, pseudofractures, and osteoporosis in the femurs. (C) The facial feature of the nineteenth proband. (D) SNPs analysis based on Trio-WES revealed a mixture of maternal isodisomy and heterodisomy of chromosome 7. The possible mechanism of the mixture pattern of uniparental disomy (UPD) is based on recombination of maternal homologs and maternal nondisjunction at Meiosis I (E) or Meiosis II (F). The double-headed arrows show crossing over of genetic material between homologous chromosomes during meiosis. The blue arrows show a mixture of maternal isodisomy and heterodisomy of chromosome 7.
UPD 7
The nineteenth proband was a boy aged 3 years and 9 months. The patient was born at full term by caesarean section. His birth weight was 2,100 g, and his birth length was 46 cm. He was diagnosed as SGA. He had feeding difficulties after birth. At visit his height was 82.8 cm (−5.24 SD), weight 8.8 kg (−5.24 SD), and BMI 12.84 kg/m2 (−2.62 SD). His head circumference was 46.2 cm (−2.90 SD). His upper segment was 44.8 cm, and his lower segment was 38.0 cm. The upper/lower segment ratio was 1.18 (−3.11SD). His arm span was 83.0 cm. The proband had slim build, wide forehead, triangular face, micrognathia and fifth-finger clinodactyly (Figure 4C). Growth hormone stimulation tests by levodopa showed peak concentrations of 13.03 ng/mL. The proband had normal liver and kidney function, myocardial enzyme levels and thyroid function. The echocardiography and urological ultrasound findings were normal. His BA was 2.5 years. His father’s and mother’s height was175 cm and 153 cm, respectively. Single nucleotide polymorphisms (SNPs) analysis based on Trio-WES revealed mUPD 7, maternal isodisomy at chr7:1-12727826 and chr7:63505837-75513216 and maternal heterodisomy at chr7:12727826-63505837 and chr7: 75513216-159138663 as shown in Figure 4D. The possible mechanism is based on recombination of maternal homologs and maternal nondisjunction at Meiosis I (Figure 4E) or Meiosis II (Figure 4F).
DISCUSSION
We performed Trio-WES in a cohort of Chinese children with syndromic and isolated short stature. The diagnostic yield in the entire cohort was 30% (6/20), which was consistent with previous studies (Huang et al., 2018; Murray et al., 2018). Six pathogenic/likely pathogenic genetic variants were identified in five patients with syndromic short stature, including four monogenic pathogenic variants and one patient with dual pathogenic and likely pathogenic variants. Importantly, mUPD7 was identified in a patient with SGA and dysmorphic features.
Cartilage oligomeric matrix protein encoded by COMP (MIM *600310) is an extracellular matrix (ECM) glycoprotein and plays an important role in the structural integrity of cartilage and chondrocyte growth plate development (Posey et al., 2018; Caron et al., 2020). It has been demonstrated that COMP variants are associated with multiple epiphyseal dysplasia (MED, MIM#132400) and pseudoachondroplasia (PSACH, MIM #177170) with autosomal dominant inheritance (El-Lababidi et al., 2020). COMP variants could result in endoplasmic reticulum retention of COMP in chondrocytes and negative regulation of cartilage growth (Posey et al., 2018). MED is a genetic skeletal dysplasia characterized by delayed and irregular ossification of the epiphyses and early-onset osteoarthritis (Shao et al., 2020). The COMP pathogenic variant p.N453fs*62 segregated with short stature or low-normal height and early-onset osteoarthritis in the three-generation pedigree. The proband had short stature and delayed BA maturation. His father had low–normal height, movement limitation of the lumbar spine, and joint pain. All adult members carrying the COMP variation had a short height and various degrees of joint pain. This suggests that patients with short stature, delayed BA and a family history of early arthritis may have a COMP variant. Additionally, a LZTR1 likely pathogenic variant p.R170Q was identified in the proband. LZTR1 encoding leucine-zipper-like transcription regulator 1, which belongs to the BTB-POZ protein superfamily, is a tumour suppressor gene (Jacquinet et al., 2020). The variant p.R170Q localized in the KELCH 2 domain has been predicted to enhance RAS and MAPK signalling and identified in patients with Noonan syndrome and schwannomatosis (Piotrowski et al., 2014; Yamamoto et al., 2015; Johnston et al., 2018; Motta et al., 2019). Noonan syndrome (MIM #616564) called RASopathy syndrome is characterized by craniofacial malformations, cardiac abnormalities, short stature, cryptorchidism, and cognitive impairment (Roberts, 1993; Roberts et al., 2013; Noonan and Kappelgaard, 2015). The proband harbouring LZRT1 variant was characterized by short stature, facial abnormalities, and pectus deformity. His father had typical facial features, pectus deformity, and multiple lentigines. In a patient with Noonan syndrome carrying the LZTR1 variant c.850C>T, p.Arg284Cys, there were possible associations between rhGH treatment and late-onset oligoastrocytoma and ganglioblastoma (Jacquinet et al., 2020). We used rhGH in the proband with caution due to risks of nervous system disorders associated with LZTR1 variants (Piotrowski et al., 2014; Jacquinet et al., 2020). Genotype-phenotype analysis suggested that clinical manifestations of the proband and his father had features of dual disorders of MED and Noonan syndrome. The findings allowed us to identify a novel COMP pathogenic variant and a LZTR1 likely pathogenic variant segregating in the pedigree.
NAA15, located at 4q31.1, encodes for N-alpha-acetyltransferase 15, which is the auxiliary subunit of the N-terminal acetyltransferase (NatA) complex that is crucial for posttranslational modification of proteins (Stessman et al., 2017). NAA15 plays an important role in the generation and differentiation of neurons in development of the nervous system (Cheng et al., 2018; Zhao et al., 2018). This deleterious variant p.Y21X identified in our study is predicted to induce nonsense-mediated decay (NMD) and haploinsufficiency, affecting either NatA co-translational activity or complex stability (Cheng et al., 2018; Cheng et al., 2019; Lyon et al., 2023). NAA15 (OMIM *608000) variants have been identified in patients with intellectual disability, speech delay, ASD, facial dysmorphology and cardiac anomalies (MIM # 617787) (Stessman et al., 2017; Cheng et al., 2018). Clinical manifestations of the proband included short stature, intellectual disability, speech delay, ASD, facial abnormalities, and syndactyly. He had a partial empty sella but no growth hormone deficiency. In contrast to previous studies, we highlight the vital role of NAA15 in growth development based on short stature in the proband and the mechanism requires further functional study (Cheng et al., 2018; Zhao et al., 2018). The proband had a good response to rhGH during the follow-up period. Other pituitary hormones should be monitored (Ucciferro and Anastasopoulou, 2022).
KMT2A (OMIM *159555) encodes a DNA-binding histone methyltransferase that regulates chromatin-mediated transcription through histone H3K4 methylation and positively regulates expression of target genes (Milne et al., 2002). It has been identified as the pathogenic gene of Weidemann-Steiner syndrome (WSS, MIM #605130) (Jones et al., 2012). We identified a novel de novo KMT2A likely pathogenic variant p. N1172K in the proband with short stature, intellectual disability, facial malformations, ocular abnormalities, hypertrichosis and pectus deformity. His characteristics were consistent with a diagnosis of WSS, which is a disorder of phenotype heterogeneity. KMT2A is widely expressed in the central nervous system (CNS) including the retina and plays crucial role in CNS development (Brightman et al., 2018). The variant p.N1172K in the cysteine-rich CXXC domain (amino acids 1147-1204) is functionally conserved and crucial for binding nonmethylated CpG-containing DNA, contributing to severe symptoms of multisystem involvements (Xu et al., 2018; Luo et al., 2021). The mechanisms of histone modification for growth failure remains to be determined.
The patient with short stature, cataract, and muscle weakness had a de novo heterozygous POLG pathogenic variant p.Y955H. A previous study had identified another patient with the same variant had a severe early-onset multisystemic involvement with bilateral sensorineural hearing loss, cataract, myopathy, and liver failure (Siibak et al., 2017). This study has demonstrated that the variant p.Y955H in the critical polymerase catalytic domain caused severe mitochondrial DNA (mtDNA) polymerase dysfunction, affecting mtDNA replication with dominant negative effect on DNA synthesis (Bekheirnia et al., 2012; Siibak et al., 2017). Both the patients had similar clinical phenotypes, especially cataracts, suggesting an important role for POLG during lens development. The POLG-related disorders comprise a continuum of overlapping phenotypes based on biallelic POLG pathogenic variants except autosomal dominant progressive external ophthalmoplegia (adPEO,MIM #157640) (Cohen et al., 1993). The disorder is characterized by generalized myopathy, variable degrees of sensorineural hearing loss, axonal neuropathy, ataxia, depression, parkinsonism, hypogonadism and cataracts (Rahman and Copeland, 2019). The patient in our study had some, but not all, of the features of adPEO. Given his young age, his clinical phenotype requires long-term follow-up. Our findings expand the clinical spectrum associated with POLG-associated disorders (Bekheirnia et al., 2012). Because of milder phenotypic presentation in early childhood, it’s difficult to recognize and diagnose POLG-related disorders in some patients with short stature.
X-linked hypophosphatemic rickets (XLH, MIM #307800) is due to abnormalities of a phosphate-regulating gene homologous to endopeptidase on the X chromosome (PHEX) (Bitzan and Goodyer, 2019). PHEX, highly expressed in osteoblasts, osteocytes, and odontoblasts, is a local negative regulator of fibroblast growth factor 23 (FGF23). The PHEX variant p.W368X might cause PHEX inactivation leading to upregulation of FGF23. FGF23 excess increases inorganic phosphate (Pi) excretion and lowers serum Pi levels by downregulating the renal expression of type IIa and IIc sodium/Pi (Na+/Pi) cotransporters (NaPi-IIa and NaPi-IIc) (Yamazaki and Michigami, 2022). In addition, FGF23 reduces the production of 1,25(OH)2D, which can increase intestinal Pi absorption by upregulating the expression of the type IIb Na+/Pi cotransporter NaPi-IIb, leading to hypophosphatemia (Yamazaki and Michigami, 2022). Hypophosphatemia impairs skeletal mineralization and results in skeletal manifestations of rickets. The proband and his brother were characterized by disproportionate short stature with leg length significantly lower than the sitting height, osteoporosis, severe bone malformations and genu valgus. They had typical chemical findings of XLH: low serum phosphate concentration and elevated alkaline phosphatase. Based on the pathogenesis, XLH is a disorder of FGF23-related hypophosphatemic rickets.
WES has been routinely used for identifying pathogenic variants in genetic disorders and presents a higher diagnostic yield than short stature panels (Li et al., 2022). Recent studies have demonstrated that Trio-WES was an important approach to investigate UPD through analysis of SNP origin from trio sequencing data (Del Gaudio et al., 2020; Chen et al., 2021). Silver-Russell syndrome (SRS, MIM #180860) is a genetically heterogeneous disorder characterized by intrauterine growth retardation, postnatal growth failure, relative macrocephaly at birth, prominent forehead usually with frontal bossing, micrognathia with narrow chin, body asymmetry, clinodactyly, and feeding difficulties (Saal et al., 1993). The proband with SGA (P19) had pre and postnatal growth retardation, wide forehead, triangular face, micrognathia, clinodactyly and low BMI, however, characteristic body asymmetry was obscure. According to the Netchine-Harbison Clinical Scoring System (NH-CSS) clinical criteria, his score was four (Wakeling et al., 2017). Clinical diagnosis of SRS was confirmed by trio-WES, in which mUPD7 was identified as the pathogenic cause. Growth anomalies in mUPD7 were caused by two maternally overexpression of growth suppressor genes and lack of paternally expressed growth promoter genes (Butler, 2020; Zhang et al., 2020). Diagnosis of SRS was challenging as patients with mUPD7 are more likely to have less typical phenotypes than those with loss of methylation on chromosome 11p15 (Bernard et al., 1999; Wakeling, 2011; Wakeling, 2021). UPD evaluation was recommended in Trio-WES analysis for patients who manifested with short stature, especially SGA.
This study suggests that it is important to separate and differentiate between syndromic and isolated short stature patients. Genetic testing has high yield for syndromic patients but low for isolated patients. In this cohort, 70% (14/20) of these patients had negative Trio-WES results. The main reason was that 65% (13/20) patients had isolated short stature, which might be normal variants of growth caused by combination of hundreds of common variants associated with linear growth and environment effects (Wit et al., 2016; Collett-Solberg et al., 2019a; Homma et al., 2019). Comprehensive genetic analysis, such as whole-genome sequencing (WGS) and genome-wide methylation assays, is recommended to explore potential causal variants in deep introns and genetic methylation defects in patients with negative Trio-WES findings (Collett-Solberg et al., 2019a).
Our study highlights the importance of Trio-WES to identify genetic variants and UPD in the molecular diagnosis of syndromic short stature. Except for monogenic causes of short stature, our study identified dual genetic variants in a patient with short stature expanding our knowledge about complex aetiology of growth failure. These molecular defects cause abnormal functions of the cartilage extracellular matrix (COMP), paracrine signalling factors (PHEX, FGFR3-related rickets), transcriptional regulation (LZTR1), histone methylation (KMT2A), posttranslational modification (NAA15), and mtDNA replication and repair (POLG) (Andrade et al., 2017). The precise aetiology and signalling pathways of mUPD7 need to be elucidated in further studies. Molecular diagnosis of short stature provides new insights into personalized treatment of growth disorders beyond growth hormone replacement in these individuals.
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+51-61)
1679 + 5A>G (1811 + 5A>G) 15397508264 Tunisian Fredj et al. (2009)
' 3889dup (4016insT) (p.Ser1297fs) 15121908808 Tunisian Fredj et al. (2009)
4268 + 2T>G 151562928998 Tunisian Fredj et al. (2009)
€3607A>G (plle1203Val) 175647395 Tunisian Fredj et al. (2009)
€3472C>T (p.Argl158Ter) 179850223 Tunisian Fredj et al. (2009)
€2353C>T (p.Arg785Ter) 15374946172 Tunisian Fredj et al. (2009)
€254G>A (p.Gly85Glu) 175961395 Tunisian Boussetta et al. (2018); Hamouda et al. (2020)
1392 + 6_1392+7insA (1524 + Tunisian Hamouda et al. (2020)
5 InsC)
€2290C>T (p.Arg764Ter) 15121908810 Tunisian Hamouda et al. (2020)
1545_1546delTA (1677delTA) 15121908776 Tunisian Hamouda et al. (2020)
(pTyr515Ter)
del ex1-2 NC_000016.10 Tunisian Hamouda et al. (2020)
€3196C>T (p.Argl066Cys) 1578194216 Tunisian Hamouda et al. (2020)
€3598_3599delinsG (p.Lys1200fs) 151584830149 Tunisian Hamouda et al. (2020)
2766del8 (p.Leus78PhefsX15) Tunisian Messaoud et al. (1996)
C1680-1G>A (1812-1G>A) 15121908794 Algerian Loumi et al. (1999); Loumi et al. (2008)
€.1670delC (p.Ser557fs) $397508257 Libyan Hadj Fredj et al. (2011)
<1477_1478del (1609delCA) 15121908775 Algerian Loumi et al. (2008)
(pGInd93fs)
CFTRdel2,3 (21 KB) VCV000066105.9 Algerian, Egyptian Loumi et al. (2008), Shahin et al. (2016)
(p.Ser18ArgfsX16)
cA43T>C (p.llel48Thr) 1535516286 Egyptian Shahin et al. (2016)
c464G>A (p.Glyl55Asp) NM_001048174.2 Egyptian Shahin et al. (2016)
€3067_3072del (3199del6) 15121908767 Egyptian Shahin et al. (2016)
(p.lle1023_Val1024del)
€1040G>C (p.Arg347Pro) 177932196 Egyptian Shahin et al. (2016)
€3484C>T (p.Argl162Ter) 174767530 Egyptian Shahin et al. (2016)
C1631C>A (p.Ala544Glu) XP_016873571.1 Egyptian Shahin et al. (2016)
€3752G>A (pSer]251Asn) 174503330 Egyptian Fathy et al. (2016)
€57G>A (p.Trpl9Ter) 15397508762 Tunisian De et al. (2013); Mohamed, (2020)
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Patient ID Typical clinical features Causative MD subtype

genes

P1 Fasting hyperglycemia, overweight, and hypertriglyceridemia ABCC8 and MODY_ 12 (ABCCS)
KANK1

P2 Diabetes, abdominal pain, and vomiting RFX6 REX6_MODY

P3 Ketoacidosis and obesity UCP2 and EN3K Idiopathic type 1 diabetes

P4 Diabetes only BBS12 and TTCS Bardet-Biedl syndrome

P5 Diabetes KANK1 Monogenic diabetes

6 Dumbness and deafness, mental retardation, delay in weight status, neurological TTC8 Bardet-Bied! syndrome 8

problems, facial dysmorphia, and brachydactyly

P7 No ketoacidosis, nervous character, learning difficulties, and overweight GCKR MODY_2 (GCK_MODY)

P8 Hearing loss, retinitis pigmentosa, and neurological problem ALMSI Alstrom syndrome

Py Diabetes and neurological problems WESI Isolated diabetes with low penetrance for

Wolfram syndrome features
P10 Overweight, kidney agenesis, low HDL, and hypertension INSR Insulin resistance type A
P11 Nephropathy, development delay, and overweight ALMSI and PDX1 MODY_4 (PDX1_MODY)

R I
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Patients Gene Exon  Refseq Genetic  Genotype Consequence  dbSNP  gnomAD  Pathogenicity  ClinVar  References
variant frequency score D

n ABCCS | 2| NMLODO2G | G250G>A Het pValsatle - 1989605 s s54707 | Clinvar vUs Pathogenic
KANKL 7 NM_ eMGA Hom pGlu2ssLys 2 7571605 n 1353906 | Clinvar vUs Likey to be
012568762 Pathogenic
P PPIRA 4 NMORTI 26T Het pPro7Sileu | rsISISN0A 00009 n W02 | Clinar Likely benign | Likely benign
REXS 16 NMLIZISE | cI7RGSC Het PARSTSPr0 | rsHGIISI0S | 00023 0 36331 ClinVar vus Likéy to be
pathogenic
” U2 5 NMLOOBSs | c3GeA Het PARIZSTRE | 74701085 | 8071e06 2 : The present | Likely benign Benign
BNK 1 NMLORISS | cl0IASG Het PApMGly | 667 00002 9 - study Likely benign Benign
“The present
study
P BBSIZ 2 NMLISWIS | c3SSGA Hom PG9S | TS 00016 5 2550 LovD Benign lkely Likely to be
TICS 3 NMMS6 | cI9iAG Het PAPOSGly | nILSTAIZ 00009 n w2515 Lovp benign pathogenic
Likely to be
pathogenic
KANKI 3| NMLOISISS | cl6SGeA Het POSSITyr | r70250575 | 0000125 2 426868 | The present Benign Likey to be
study pathogenic
v TIGS 3 NMLSs | clAG Het PAPSSGly | mILSTAZ 00009 10 w515 LoD Likely benign Likey to be
pathogenic
” GCKR | 4 NMLODSS | c3I6G>A Het POlIOGARg | rsAS00816 | 3978c:06 0 - The present | VUS lkely Likey to be
PPPIRSA | 4| NMLOOIL | c267C5T Hom pPro7Sileu | rsISISI0SA 00009 n 93402 sudy LOVD benign pathogenic
Benign
s ALMSI B ONMLOISIO | cliSGSC Het POWiS3Al | rlie2013512 00000121 1 1903933 The present | Likely benign Likey to be
Asi | u <9617CT Het pTho2sle | 1201620771 00003 8 9932 study Likely benign pathogenic
“The present Likey to be
study pathogenic
» KLFI 4| NMLOOS7 | cI3S2A Het PABISIGIn 199770757 00005 0 2167203 Lovp Benign Benign
WESL 8 NMLOOISSSS | c2206G>A Het POTISSer | r7Isnsel | 3254605 B 152869 LOVD pathogenic Pathogenic
o INSR 8 NMLOGONS | cl6i9GT Het pAIsSSOVal N ~ 9 - “The present vus Likely to be
study pathogenic
i ALMSI 1| NMLOISIO | cl4mGGA | Het PEldding BE | rs53859738 _ N - “The present Benign Benign
PDXI 1| NMOOONS | c226G>A Het PASTAM | ISR 00032 5 8859 study Benign Likely 1o be.
LovD/ pathogenic
Uniprot

Het, hetrozygous sate; Hom, homozygous state VUS, varant with uncertain signfcance.
SRR R i
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VarCoPP score

Pl ABCC8:11:1749647. 086 Disease-causing with 99% confidence True digenic

P2 059 Low pathogenicity Monogenic + modifier

P3 EN3K: 17:80693613:AG 052 Low pathogenicity Dual molecular diagnosis

UCP2: 11:73688018:C:T

P4 TICS : 1489305845:A.G. 093 Disease-causing with 99.9% confidence True digenic
BBSI2: 4:123663402:G:A

7 GCKR: 2:27721152G:A 053 Disease-causing True digenic
PPIR3A7:113518880:G:A

Pl No variant combination - -
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Individual Genotype a-galactosidase Lyso-Gb3 Clinical Relationship to
activity (reference: (reference: anifestation proband
>2.8 pmol/L/h) <3.5 ng/mL)

-2 45/M pSerl48Asn 0.1 pmol/L/h 733, ng/mL Dialysis

hemizygote Acroparesthesias
Anhidrosis
Cardiomyopathy
-3 44M pSerl48Asn 0.0 pmol/L/h 88.4 ng/mL Dialysis Maternal cousin
hemizygote Acroparesthesias
Anhidrosis
Cardiomyopathy
V-2 14/F p. Serl48Asn 44 pmol/L/h 53. ng/mL Acroparesthesias Daughter
heterozygote Abdominal cramp
Cornea verticillata
Intermittent proteinuria
Microalbuminuria

111 75/F p- Serl48Asn 27 pmol/L/h 7.3 ng/mL Cardiomyopathy Mother

heterozygote cvi

12 70F p. Serl48Asn 27 pmol/L/h 54 ng/mL Cardiomyopathy Maternal aunt

heterozygote cvi

V-4 18/F p. Serl48Asn 12 pmol/Lh 83 ng/mL Microalbuminuria Niece of maternal

heterozygote cousin

V-5 9IE p. Serl48Asn 1.6 pmol/L/h 59 ng/mL Asymptomatic Niece of Maternal

heterozygote cousin

113 SUF wild type 82 pmol/L/h 35 ng/mL Cardiomyopathy Maternal aunt

cvi

-4 60/F wild type 8.3 umol/L/h 17 ng/mL Hypertension Maternal cousin

-1 S52/F wild type 6.6 umol/L/h 21 ng/mL Hypertension Sister

-1 32/M wild type 5.5 umol/L/h 18 ng/mL Asymptomatic Nephew
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Selective screening

Age in days, years (median, range)
Weight in grams, kilograms (median, range)
Gender

Male, n

Female, n
Geographic distribution

Aktobe province

Atyrau province

West Kazakhstan province

Mangystau province

Urban population

Rural population
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Main criteria (symptoms) Sudden deterioration in the clinical condition of the child after a period of normal development (days, weeks, months): Acute metabolic
encephalopathy lethargy (coma) seizures resistant to antiepileptic therapy

Hepatomegaly (hepatosplenomegaly)
Metabolic acidosis with increased anion gap
Muliple fractures
Child mortality in the family from diseases with similar symptoms
Additional criteria (symptoms) | Treatment-resistant seizures
Abnormal muscle tone: dystonia, hyperkinesis, hypotension
Speech retardation
Mental retardation of unknown cause
Cardiomyopathy
Tachypnea
Frequent spitting up (vomiting)
Osteoarticular anomalies (joint stiffness, chest deformity, rickets-like changes)
Hernias (umbilical, inguinal-scrotal)
Persistent or recurrent hypoglycemia
Metabolic alkalosis
An increase in ketone bodies in the blood and (or) urine
Hyperammonemia
An increase in the level of liver enzymes (ALAT, AST) more than 1.5 times
Increase in the level of creatine phosphokinase (CPK) by more than 2 times
Decrease in the level of alkaline phosphatase (AP) below the age norm
Imaging or electrophysiological examinations indicating a metabolic disorder
Leukopenia
“Thrombocytopenia
Abnormal odor of urine, body, earwax, any unusual odor
Hair growth disorders, alopecia
Ophthalmic anomalies
Unusual appearance, dysmorphic features
History of death of a previous sibling of unknown cause
Parents’ consanguinity

Positive family history with metabolic disorders
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Patient 1 Patient 2 Patient 3 Patient 4
Gender Female Female Male Female Female
Gene GEM2 NDUFAF5 FASTKD2 FOXREDI FH
RefSeq NM_032380.5 NM_024120.5  NM_0011361932 NM_017547.4 NM_000143.4
DNA change €569G>A <827G>C c496_497del €1261G>A C1358T>C
Protein change PAIgI90Gin pArg276Pro  pLeul66GlufsTer2 p.Val421Met p.Leuds3Pro
Genotype ‘Homozygous Homozygous Homozygous Homozygous Homozygous
dbSNP ID 15761283105 - 151304003703 15199542988 -
GnomAD exome frequency v2.1 165 - 6572e-6' 125 -
ACMG classification Uncertain significance | Uncertain Likely pathogenic | Uncertain significance | Likely pathogenic
significance
Prediction tools/ SIFT/<0.05 Damaging (0.001) Damaging (0.001) Deleterious® Damaging (0.003) Damaging (0)
threshold score
PolyPhen-2 HDIV/ Deleterious (1) Deleterious (1) NA® Deleterious (0.987) Deleterious (1)
>0.453
FATHMM/<0 Tolerated (-0.54) | Deleterious (~2.06) NA© Deleterious (~2.26) Deleterious
(-6.34)
Metal R/>0.5 Deleterious (0.66) Deleterious (0.79) NA® Deleterious (0.7551) Deleterious
(098)
MetaSVM/>0 Deleterious (0.5661) Deleterious NA© Deleterious (0.6457) Deleterious
(0.7425) (1.042)
DANN/>08 Deleterious (0.9996) Deleterious NA® Deleterious (0.9989) Deleterious
(0.9969) (0.9993)
VEST3/>0.75 Deleterious (0.428) | Deleterious (0.945) NA® Deleterious (0.222) Deleterious
(0.987)
CADD/>20 Deleterious (35) Deleterious (34) NA® Deleterious (27.9) Deleterious (32)
PROVEAN/<-2.5 Deleterious (-348) | Deleterious (-6.7) NA® Neutral (-2.27) Deleterious
(-65)
Mutation assessor/>1.9 Medium (2.84) Medium (2.895) NA® Medium (2.595) Medium (2.255)
UMD predictor/>75 Probably Deleterious (99) NA© Probably Deleterious (84)
polymorphism (57) polymorphism (63)
M-CAP/> 0025 Deleterious (0.0504) Deleterious NA© Deleterious (0.2961) Deleterious
(0.1844) (0.8812)
LRT/D, N, and U Deleterious Deleterious NA® Deleterious Deleterious
Mutation taster/A, D, N, Deleterious Deleterious Deleterious Deleterious Deleterious
and P
Deleteriousness predictions 11/14 14/14 22 11/14 14/14

'In gnomAD, genome.
"SIFT, indel.
WA: it spobcible i s Bama

variant.
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JHMG

3MCCD

3MGA

AAs

ACs

Arg
ARG
ASA

BTD

C3DC

C4DC
C40H

C5 OH

Cs:1

CsDC

C6DC
C60H
Cs8

C8:1
C8DC
C10
C10:1
C 10:2
C10DC
C12
C12:1
C12DC
Cl4
Cl140H
Cl4:1
Cl4:2
C16
C160H
C16:1
C16:10H
C18
C180H
C18:1
C18:10H
C18:2
C18:20H
CACT
CIT I
Cit

CPS
CPT I
CPT II
CUD
DBS
DE RED
ENBS
FAOD
GA 1
GC-MS
Gln
Glu

Gy
HCU

IBDD

lle
IMD
IVA

LCHAD

LC-MS/MS
Leu
MA

MADD
(GA )

MATD

MCAD
MCAT
MCD
Met
MHBDD
MMA
MSUD
NAGSD
NBS
NKHG
OA

Orn
OTCD
PA

Phe
PKU
Pro
Pro-OH

SBCAD

SCAD
Suc (SUAC
TYR I

TYR I

Tyr

ucD

val

VLCAD

3 hydroxy methylglutaryl-CoA lyase deficiency, 3-hydroxy 3-methyl
glutaric aciduria

3-methylcrotonyl-CoA carboxylase deficiency

3-methylglutaconyl-CoA hydratase deficiency, 3-methylglutaconic
acid/aciduria

amino acid disorders
amino acids

acylcanitines

alanine

arginine

argininemia, arginase deficiency
Argininosuccinic aciduria

biotinidase deficiency

free carnitine

acetylcarnitine

propionylcarnitine

‘malonylcarnitine

iso-/butyrylcarnitine
methylmalonylcarnitine
3-hydroxyiso-/butyrylcarnitine
hydroxyisovalerylcarnitine
isovaleryl-/2-methylbutyrylcarnitine
tiglylcarnitine

glutarylcarnitine

hexanoylcarnitine
3-methylglutarylcanitine
3-hydroxyhexanoylcarnitine
octanoylcarnitine

octenoylearnitine

octanedioylcarnitine

decanoylcarnitine

decenoylcamnitine

decadienoylcarnitine

sebacylcarnitine

dodecanoylcarnitine

dodecenoylcarnitine
dodecanedioylcarnitine
tetradecanoylcarnitine
3-hydroxytetradecanoylcarnitine
tetradecenoylcarnitine
tetradecadienoylcarnitine
hexadecanoylcarnitine
3-hydroxyhexadecenoylcarnitine
hexadecenoylcarnitine
3-hydroxyhexadecenoylcarnitine
octadecanoylcarnitine
3-hydroxyoctadecanoylcarnitine
octadecenoylcarnitine
hydroxyoleoylcaitine

linoleylcarnitine
3-hydroxyoctadecadienoylcarnitine
carnitine/acylcarnitine translocase deficiency
citrullinemia T

citrulline

carbamoyl phosphate synthetase deficiency
carnitine palmitoyl transferase deficiency type I
carnitine palmitoyl transferase deficiency type II
carnitine uptake defect

dry blood spot

2,4 dienoyl-CoA reductase deficiency
expanded newborn screening

fatty acid oxidation defects

glutaric aciduria type 1, glutaryl-CoA dehydrogenase deficiency
gas chromatography-mass spectrometry
glutamine

glutamic acid

gycine

homocystinuria

isobutyryl-CoA dehydrogenase deficiency
inborn errors of metabolism

isoleucine

inherited metabolic discases

isovaleric academia, isovaleryl-CoA dehydrogenase deficiency

long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency,
trifunctional protein deficiency

liquid chromatography-tandem mass spectrometry
leucine
malonic acidemia, malonyl-CoA decarboxylase deficiency

multiple-CoA dehydrogenase deficiency, glutaric acidemia type I,
glutaryl-CoA dehydrogenase type II deficiency

mitochondrial acetoacetyl-CoA thiolase (T2) deficiency/
“beta-ketothiolase”

medium-chain acyl-coenzyme A dehydrogenase deficiency
medium-chain ketoacyl-CoA thiolase deficiency

multiple carboxylase deficiency

‘methionine

2-methyl-3-hydroxybutyryl-CoA dehydrogenase deficiency
‘methylmalonic academia, methylmalonyl-CoA mutase deficiency
maple syrup urine disease

N-acetylglutamate synthase deficiency

newborn screening

nonketotic hyperglycinemia

organic acidemias

ornithine

ornithine transcarbamylase deficiency

propionic acidemia, propionyl-CoA carboxylase deficiency
phenylalanine

phenylketonuria

proline

hydroxyproline

short/branched chain acyl-CoA dehydrogenase deficiency,
2-methylbutyryl-CoA dehydrogenase deficiency

short-chain hydroxyacyl-CoA dehydrogenase deficiency
succinylacetone

tyrosinemia type I

tyrosinemia type I

Tyrosine

urea cycle disorders

valine

very long chain acyl-CoA dehydrogenase deficiency
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Hospital  Referring
clinician

type

Ancestry  Indicat

for testing

NEWL | RMMCH
NEI | RMMCH | Neomstlogist | M | Other- | Newromuscular
Pacdiatriian Pakisiani
NEZ2 | NMCH | Getias | F | Afin Sicen!
NEZ6 | RMMCH | Neomswlogsy | M | Affcn | Declopmental
Pacdiatriian
NER9 | RMMCH | Geetien | M | Mied Mliple
congenital
anomalics
NEDSS | RMMCH | Geniist | F | Aficn Rensl
NEGH | RMMCH | Neowswlogi/ | F | Africin Skeewl

Pacdiatrican

Abbreviations: RMMCH, Rahima Mooss Mother and Child Hospital NMCH, Nelson Mandela Children's Hospital: M, Male; F, female; NICU/African, Neonatal- and early childhood onset and African Founder Variant.

Phenotypic
features

Myopatic facis,
eneralised
bypotonia,reduced
tendon reflees, ow
e, posterorly
rotated can, high
arched palste,
eryplorchidisn,
wide
ntermammilary
disance, gena
recurvatum, rocker
bottom foot, single
transverse palmar

retrognathia,narrow
chest,hypaplastc
coyplorchidism

Mild shizomelc
Shortening,
resiced ebow
extension and hip
abducton, truncal
hypotonia, short
strnal prominence,
pectus carnatum,
short and naerow
ches, Harrison's
sulus, fared i,
protuberant
abdomen with
palpable soft liver
and spleen,
exsggerted humbar
ordosi,rltve
macrocephaly, it
nasal brdge,
prominent forchad,
epianthal olds,
infraobial creses,
arey scer, malar
hypoplasia,short
ek

Neonaal sizures,
hypocskacmi,
filure 10 theve,
alopecia. sparse
exebrows, frontal
bossing
scaphocephaly.
mala fatening, fat
nasal brdge,
rezomicrognatha,
mild abdomen
ditension, serotal
dyplasi, mild
hypotonia with
somal powe, dry
sk, fecing
diffclties due t0
fagi tecth and
blcding gums.

Cataracts, bocked

ear ducts, bilateral

eye opaciy,bilsteral
nystagmus,

trognathia, open
anteior fontandle

without cranitabes,
rdundant skin
shoulder jonts,
brachydacyly.
apered fngers,
hyperlaiy of fingee
oo, short satre,

bl bypotonia
it educed

eflexes and power,
hesd b,
osteomalacia on
ray, protinuria,
stagnating weight

Congerital
ephraticsyndrome,
let venticul
hypertrophy.
efuson of right
ventsice, peripheral
pulmonary stenoss,
amsrc,
proteinuri,
dectolyte
abnormliies,
bypothymidism

Metaphysel
widenin left femur
and midshatt
fncure of right
femur, hypophastic
ef i, rstrited
elbow extension,
proximlly inserted
thumb, tpered
fngers biltraly,
fixed bip lexion
bilaeral hip and
Knee extension,
iteraltlpes
cquinovarus,
hypoplastic ails
both fet, prominent
occiput, Mongolian
blue spot over
buttocks and sacral,
dimple ver medial
mallel,reduced
plntar creaes

Variant
HGVS;
gene OMIM
number

STACHESSIG >
C (pTepasaser)
15521

MIMLcOIC >
T(pAm22Te)
300015

cowar:

399G > A

(PGiy11975er)
100

sHoC2G4A >
G (pser2Gly)
orrs

ocRLcIgC>
T(pArgSiITe)
300535

Neist:
13965A
(pAmg160GIn)
16

TRPV 305G >
Alparg2eoti)
stz

Variant
type

Missense

Stop gain

Missnse

Missnse

Stop gain

Missnse

Missnse

Filtering
strategy

Nicur
Africn
Panel

Nicu/
Aftcan
Panel

Nicu/
African
Panel

Clnvr
Filer

Nicur
Afican
Pandd

Nicu/
Afcan
Panel

Clnvar
Filer

ACMG/AMP
classification
and codes

Pathogenic—PM3_strong.
PS3, PP3, PPS_supporing.

Pathogenic —PVSI,
PM2_supporting
PPS_supporting

Likely Pathogenic—PMS,
PML, P2 supporing.
PP, PP2, PPS_supporting

sthogenic -—PS2._very
strong, P31, PS3_moderate,
PM2_supporting, PP2,
PPS_supporing.

Pathogenic - PVSI_strong,
PM2_supporting.
PPS_supporting

Likely Pathogenic
PM3_strong, PMI,
PPS_supportng.

Pathogenic—PSt, 3,
PMS, PM1, PPS_supporting

ClinVar
accession
1D and
dlassification

VCVO00uss744.3)
2 st Pathogenic

VevonoIssss1s
2 s Pathogenic

vevouoor7sstan

2 star Pahogenic!
Likely Pathogenic

Vevo0000es2L 64
3 st Pathogenic

Vevons210939
2 st Pathogenic

Vevouooseiss.17
2 st Pathogenic

Vevo0000s0m 37
2 st Pathogenic

Variant

inheritance,

variant
coverage

Autosomal

recessive, 121X

Xlinked
reesive, 47X

Autosomal
dominant, 85X

Autosomal
dominant, 30X

Xlinked
recesive, 16X

Autosomal
recessve 89X

Autosomal
dominant, 73X

Diagnosed
condition

STAC (Bailey-
Bloch) myopathy

Xelnked
myotububr
myopathy

COL2AI colgen
disorder

Noonan-ike
syndrome with
loose ansgen hair

Lowe syndrome

Congenital

ncphiotic

syndrome

Spondylo-
metaphysesl
dyplasia
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Characteristic Number of Percentage of Number of positive Percentage of positive

individuals cohort (%) diagnoses diagnoses (%)
“Total number of participants 32 - 7 219
Hospital recruitment RMMCH 17 531 6 353
site
NMCH 15 469 1 67
Sex Female 16 500 3 188
Male 16 500 4 250
Referring clinician Neonatologist/ 2 719 4 174
Pacdiatrician
Geneticist 9 281 3 333
Ancestry African 2% 813 5 192
European 1 31 - =
Mixed 1 31 1 1000
Other 4 125 1 250
Consanguinity Consanguineous 2 63 = 00
parents
Non-consanguineous 30 938 7 233
parents
Indication for genetic Neuromuscular 3 94 2 667
eting | | I
Skeletal 2 63 2 1000
Cardiac 6 188 — -
Renal 2 63 1 50.0
Multiple congenital 9 28.1 1 1.1
anomalies
Hepatic H 63 - —
Developmental 2 63 1 50.0
Abnormal growth 1 31 - -
Dysmorphic 3 94 — =
Neurological 1 31 - -
Gastrointestinal 1 31 - -

Abbreviations: RMMCH, Rahima Moosa Mother and Child Hospital; NMCH, Nelson Mandela Children’s Hospital.
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Patient
ID

FPG
(mmol/
L)

HbA1C
(%)

Total
cholesterol
(mmol/L)

Triglycerides
(mmol/L)

HDL
(mmol/

LDL
(mmol/

L)

Creatinine
(umol/L)

CRP
(mg/

L)

C-peptide
(ng/mL)

Pancreatic
antibodies

P1 892 10.10 529 227 103 125 66 58 NA ‘Three negative
P2 NA 1105 576 367 077 336 3058 517 NA Two negative
P3 20.35 845 532 081 16 336 4252 4.06 0.187 ‘Three negative
P4 19.30 1299 NA NA NA NA NA NA NA ‘Three negative
P5 484 519 331 0.66 139 155 5551 0 146 ‘Three negative
P6 193 1538 395 128 17 155 37 027 13.89 ‘Three negative
P7 114 92 505 055 178 17 386 437 NA Three negative
23 153 833 362 0.64 1.08 225 719 533 0.164 ‘Three negative
P9 10.6 79 396 036 204 176 57 077 0.068 Two negative
P10 824 65 464 132 0.8 12 60 2 NA ‘Three negative
P11 9.62 1079 561 081 122 168 45 <5 04 Three negative

TC, total cholesterol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; CRP, C-reactive protein; NA, not available.
C-peptide: The connecting peptide is a short 31-amino-acid polypeptide that connects insulin’s A-chain to its B-chain in the proinsulin molecule.

Phroe s tive: ieliiliin Reoative postii fof D thved paticeiats antsoe
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aa Amino acid

ACMG American College of Medical Genetics
ADA American Diabetes Association

BBS Bardet-Biedl syndrome

CRP C-reactive protein

FPG Fasting plasma glucose

GAD Glutamic acid decarboxylase
GnomAD Genome Aggregation Database
HbAlc Glycated hemoglobin

HDL High-density lipoprotein

A2 Islet antigen 2

ICA Islet cell antibodies

IDF International Diabetes Federation
LDL Low-density lipoprotein

MAF Minor allele frequency

MD Monogenic diabetes

MDS Monogenic diabetes syndrome
MENA Middle East and North Africa

MIDD Maternally inherited diabetes and deafness
MODY Maturity-onset diabetes of the young
MRS Mitchell-Riley syndrome

NGS Next-generation sequencing

NMR Nuclear magnetic resonance

NNDM Neonatal diabetes mellitus

OAD Oral anti-diabetic

ORVAL Oligogenic Resource for Variant AnaLysis
PCR Polymerase chain reaction

TID Type 1 diabetes

2D Type 2 diabetes

vUs Variant with uncertain significance
WES Whole-exome sequencing

WS Wolfram syndrome
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Patient ~ Gender  Circumstance of Other clinical features

D diabetes

Treatment Family
members
with diabetes

Age at Age at

diagnosis of  survey
diabetes

discovery

Pl M SPUPD 27 31 OAD treatment for Overweight and high TG
FPG = 19.08 mmol/L 4 years and then switch
to insulin
P2 F SPUPD 14 17 OAD treatment and Overweight, high TG, low
FPG = 22 mmol/L then switch to insulin + HDL, abdominal pain, and
sulfonylurea (Irys) vomiting
P3 F SPUPD 7 8 Insulin High acetone levels and
FPG = 27.8 mmol/L normal weight
P4 M SPUPD 5 6 Insulin Absence of other clinical signs
asthenia
FPG = 33.4 mmol/L
Ps M SPUPD 11 15 Insulin Frequent hypoglycemia due to
asthenia high insulin dose
FPG = 132 mmol/L
6 F SPUPD 13 14 Insulin Dumbness and deafness,
FPG = 12.8 mmol/L ‘mental retardation, delay in
weight status, facial
dysmorphia, and
brachydactyly
7 M SPUPD 8 13 Insulin No ketoacidosis, nervous
HbAIC = 10% character, learning difficulties,
and overweight
P M SPUPD 21 24 Insulin + OAD and Hearing loss, retinitis
FPG = 167 mmol/L then remain on insulin pigmentosa, and irritability
only
P9 F SPUPD weight loss 24 25 Insulin Frequent hypoglycemic and
FPG = 22.2 mmol/L neurological problem
P10 M FPG = 1052 mmol/L. 15 17 0AD Overweight, low HDL,
HBAIc = 7.7% hypertension, and one kidney
(congenital renal agenesis)
P11 F SPUPD 25 28 Insulin Overweight, nephropathy, and
FPG = 9.62 mmol/L development delay
HbALc = 10.79%

SPUPD, polyuropolydipsic syndrome; FPG, fasting plasma glucose; HbALc, glycated hemoglobin; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein; OAD, oral
sists-diabetes drug Mk, not availibie:
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CANOES

CLAMMS

CoNIFER

ExomeDepth

XHMM

Cn.MOPS

GATK-gCNV

HMZDelFinder/HMZDelFinder _opt

EXCAVATOR2
CODEX

CN-Learn

CNVkit

PINDEL
PRISM
SVseq2

Gustaf

INDELible

BreakDancer

HYDRA

PEMer

Ulysses

Magnolya

DELLY

LUMPY

Manta

GenomeSTRiP

CNVer

“Whole-genome sequencing (WGS).
*Structural variation (SV).

Method
Read depth

Read depth

Read depth

Read depth

Read depth

Read depth

Read depth

Read depth

Read depth
Read depth

Read depth

Read depth

Split read
Split read
Split read

Split read

Split read

Paired-end

Paired-end

Paired-end

Paired-end

Assembly based

Ensemble approach

Ensemble approach

Ensemble approach

Ensemble approach

Ensemble approach

Adva

ges/Attributes
Rare CNVs from ES data

Large population ES studies and easy integration into
automated variant-calling pipeline

More insertions identified and low memory required. ES-
specific tool

Good control of technical variability between samples and
effective across a wider range of exome datasets. Small and
heterozygous deletions

Explores novel classes of CNVs from ES data

Larger CNVs identified from ES and WGS data. Fast average
running time

Detects rare CNVs and determines copy number biases and
CNVs from WGS and ES data

Rare, intragenic homozygous and hemizygous deletions
from ES data

Detects CNVs from ES data with genome-wide resolution
No matched normal controls required. Designed for ES data.

Small sample size needed, good precision, and high-
confidence CNVs from ES data

<100 kb CNVs from WGS and ES data and more effective
for deletions

Large deletions and medium-sized insertions from WGS
SVs and precise breakpoints from WGS
Indel from low coverage WGS data and exact breakpoints

Identifies size and location of dispersed duplications and
translocations from WGS data; 30-100 bp and >500 bp

Smaller SV (20500 bps) from ES data missed by
conventional methods

Various $Vs including indels, inversions, and translocations
from WGS

Diverse classes of SVs, including those involving repetitive
elements such as transposons and segmental duplications
from WGS
~3 kilobases or larger SVs from WGS

High specificity over a complete spectrum of variants

No mapping of reads to reference genome and de novo CNV
detection

Full spectrum of genomic rearrangements from WGS,
including complex events

Increased sensitivity of SV detection from WGS
Less computational time/space, intense large-scale SV,
‘medium-sized indels, and large insertions from WGS and ES
data

Whole-genome discovery and genotyping of deletions

Better mitigates the sequencing biases causing uneven local
coverage and accurately predicts CNVs

Reference
Backenroth et al. (2014)

Packer et al. (2016)

Krumm et al. (2012)

Plagnol et al. (2012)

Fromer et al. (2012)

Klambauer et al. (2012)

Babadi et al. (2022)

Gambin et al. (2017)

Diaurizio et al., 2016
Jiang et al. (2012)

Pounraja et al. (2019)

Talevich et al. (2016b)

Ye et al. (2018)
Jiang et al. (2012)
Zhang et al. (2012)

Trappe et al. (2014)

Gardner et al. (2021)

Chen et al. (2016)

Quinlan et al. (2010)

Korbel et al. (2009)

Gillet-Markowska et al. (2015)

Nijkamp et al. (2012)

Rausch et al. (2012)

Layer et al. (2014)

Chen et al. (2016)

Handsaker et al. (2011)

Medvedev et al. (2010)
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‘The proportion of diagnostic methods (%)
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9
c370> AR(Gly1248er) | [T ©.300-2A > G/P.2

¢.370 > A,P.(Gly124Ser)/c.300-2A > G/P.?
Compound heterozygote mutations

Family 1

¢.370 > A,P.(Gly124Ser) €370 > A,P.(Gly124Ser)

¢.370 > A,P.(Gly124Ser)
Homozygous mutation

Family 2
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PUBMED Search:

65 articles identified

Excluded:
50 articles: No case with COQ4 mutation

15 articles: Met inclusion criteria

They were reviewed in detail

Excluded:
8 articles: The onset was in the non-neonatal
period

7 articles included in the analysis
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27 days after birth

Dose of
CoQ10

CoQ10 in plasma
(0.46-1.85 umol/L)
1.52 pmol/L

Clinical
Manifestation

Cyanosis seizures

Electroencephalogram (EEG)

Electrical seizures in occipital region

Antiepileptic
threapy

Luminal

55 days after birth

491 umol/L.

Physical inactivity,
‘Weak crying Dysthelasia

Slight delay in maturity background activity

None

65 days after birth
(rotavirus infection)

165 pmol/L.

Increased seizures,
lactic acid elevation

Lots of low-amplitude spike waves in occipital,
parietal and temporal regions.

Levetiracetam
Clonazepam

76 days after birth

8.45 pmol/L

Seizure improved,
dysthelasia

Background activity normal. Numerous
amplitude spikes/spikes

Clonazepam
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Family 1 Family 2

Casel| Case2 | Case3  Case4
Paternal geno C370G>A/P.G124s C370G>A/P.G124s

Matemal geno C.300-245G/P.2 C370G>A/P.G124s
Sex Female Female Female Male
GA(W) 36! 36! 391 39
BW () 1700 | 1950(P3-P10) | 2850 | 3015(AGA)

(<P3) (AGA)
Apgar score 8910 889 10-10-10 | 10-10-10

Clinical manifestations | Dyspnea, cyanosis, hypotonia, feeding difficulties
Heart faiture Yes Yes Yes Yes
seizure No Yes Unkown Yes
LAC(<2 mmol/L) 15 15 167 14.9
BS(mmol/L) 249 278 51 Norm
Hepatic, renal NL NL NL NL

Urine GC-MS, Not done | Not done | Not done Lac,
pyruvatet
Blood amino acid Not done | Alanine, NL NL
analysis prolinef

GA, gestation age; BW, birth weight AGA, appropriate for gestational age; LAC, lactate;
BS, blood glucose; 1, elevate; NL, normal.
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Metabolic Metabolite detected Positive Concentration Cut-off References Province

disorder by LC- MS/MS cases, mean (range) limit range (umol/L) (oblast),
(Abnormal n (%) (pmol/L) (umol/L) positive
parameter) cases (n)
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Variables Number of patients (percent)
Developmental delay
Neurological abnormalities
Disturbed consciousness level
Vomiting/dehydration
Hyperammonemia
Metabolic acidosis

MRI brain abnormalities

Infections
Hypoglycemia
Mental retardation
Organomegaly
Micro/macrocephaly

Ophthalmic abnormalities

Cardiomyopathy
Seizures
Tachypnea
‘Thrombocytopenia
Abnormal smell
Hair growth disorders
Osteoarticular anomalies

Abnormal muscle tone

Mutism

Dysmorphia
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Disorder

Primary and repeated LC-MS/MS

screening

Confirmatory tests

MADD (GA 1)

1C4, Cs, C5-OH, C5-DC, C6, C8, C14, C16, C12

AMINO ACIDS & UREA CYCLE DISORDERS
PKU 1Phe, TPhe/Tyr ratio | Phe, Phe/Tyr ratio (Blood)
TPhenyl acetic acid (Urine)
Genetic sequencing of the PAH gene
MSUD 1Val, Tle, Leu 1Val, Tle, Leu (Blood)
1 Leu/lle | 1¥al, Leulle, LewPhe rato (Blood)
TLeu/Phe Ta-KG, 20H-IVA (Urine)
1Xle/Ala Genetic sequencing of the BCKDHA, BCKDHB genes
1Xle/Phe
1Val/Phe ratio
HCU TMet, Hey TMet, Hey (Blood)
TMet/phe ratio
CIT1 1Cit 1Cit (Blood)
TOA (Urine)
Genetic sequencing of the ASSI gene
Asa TArgininosuccinic acid 7 Argininosuccinic acid (Blood)
TArgininosuccinic acid (Urine)
Genetic sequencing of the ASL gene
oTCD 1Git 1Orn 1Git (Blood)
[ 1 Glu (Blood)
TOrotic acid (Urine)
| Genetic sequencing of the OTC gene
crs 1Git 1Organic acids (Urine)
Genetic sequencing of the CPSI gene
NAGSD 1Cit 1Cit (Blood)
Genetic sequencing of the NAGS gene
TYR I 1Tyr 1Tyr/Phe ratio [ 1 Cit (Blood)
1 SuAc (Urine)
1 OA (Urine)
Genetic sequencing of the FAH gene
TYR 1T Tyr Normal levels succinylacetone (Urine)
Genetic sequencing of the TAT gene
NKHG 1Gly 1Gly (Blood)
1Gly (CSF/P)
ARG High arginine TArg/Om High plasma arginine and high urinary orotic acid
'ORGANIC ACID DISORDERS
SBCAD 105 Genetic sequencing of the ACADSB gene
MMA 1C3 | 163, C/C2 ntio (Blood)
1C3/C2 ratio TMMA, 30H-PA, MCA, PG (Urine)
1C4DC, €3/C0
PA 1c3 1Gly (Blood)
1C3/C2 ratio 1C3, C3/C2 ratio (Blood)
1C3/C0 ratio | 130H-PA, MCA, PG (Urine)
Genetic sequencing of the PCCA, PCCB genes
IVA 1Cs [ 1C5 (Blood)
1C5/C2 ratio 1IVG isovalerylglycine, T 30H-IVA (Urine)
1 C3/C2 ratio | Genetic sequencing of the IVD gene
IBDD 1C4 1C4 (Blood)
| Genetc sequencing of the ACADS gene
GAT 1C5DC 1C5-DC (Blood))
1CSDC/CS ratio 1GA, 30H-GA (Urine)
|| Genetic sequencing of the GCDH gene
3MCCD 1C5-OH 1C5-OH (Blood)
T30H-IVA, 3MCG (Urine)
MCD, MCC 1C3, C5-OH 1C3, C5-OH (Blood)
1C3, C5-OH (Urine)
Genetic sequencing of the HLCS gene
BTD 1C50H |Biotinidase activity (Blood) Genetic sequencing of the BTD gene
MA 1¢3DC 1C3DC (Urine)
1C3DC/C4 ratio Genetic sequencing of the MLYCD gene
MATD 1C5:1, C5-OH 1 Cs:1, C5-OH (Blood)
T TGL (tiglylglycine), 2methyl-30H butyric (Urine)
Genetic sequencing of the ACATI gene
MHBDD 1C5 Genetic sequencing of the ACADSB gene
3HvG 1 C5-OH Genetic sequencing of the HMGCL gene
1C 50H/C3
1C6DC
3MGA 1C5-OH 1C5-OH (Blood)
1C6DC T30H-IVA, 3MGA (Urine)
Genetic sequencing of the AUH gene
FATTY ACID OXIDATION DISORDERS
MCAD 1€6, €8, C10 Tn-hexanoylglycine and 3-phenylpropionylglycine (Urine) Genetic sequencing of the
ACADM gene
1C8/C10 ratio
1C10:1 ratio
1 C8/C2 ratio
VLCAD 1C12, C14, C14:1, C16, C16:1, Cl8:1 Genetic sequencing of the ACADVL gene
1C14:1/C2 ratio
1C14:1/C12:1 ratio
1C14:1/C16 ratio
scap 13, C4, C6 1Ethylmalonic acid (EMA) (Urine) Genetic sequencing of the ACADS gene
14
1ca/c2
LCHAD 1C160H Genetic sequencing of the HADHA gene
1 C160H
1CI80H
1C18:10H |

1C4, €5, C5-OH, C5-DC, Cs, C8 (Blood)

TGA, EMA, C4-C8 AGs, isovalerylglycine (Urine)

Genetic sequencing of ETFA, ETFB, ETFDH genes

CUD 1co 1CO (Blood)
Llong-chain acylcarnitines 1C0 (Urine)
Genetic sequencing of the SLC22A5 gene
CPTI 1C0, 1C0/C16 + C18 ratio €0 (Blood))
1C16, C18, C18:1, C182 1C0/C16 + C18 (Blood)
Genetic sequencing of CPT1A, CPTIB, CPTIC genes
CPT Il 1Co Genetic sequencing of the CPT2 gene
1C14, C16, CI611, CI8, C18:1, C182
cact 1co Genetic sequencing of the SLC25A20 gene
1C16, C18, C18:1, C182
DE RED 1C102 Genetic sequencing of the DECRI gene
MCAT 1C6-OH
1c8

1C10:10H
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Intellectual
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Facial dysmorphism
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Other clinical features
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Clinodscyy V

Sequencing results

SMAD2, NMLOOS901, c68A5C, pERSA (VUS)

COMP, N _0000853, 1 3590C, pNUSIGE
LZTRI, NMLOOS767.4, <5055, pRITIQ

FOFRL NMLO9T, 137G,
POV (VUS)
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Clinical manifestations Diagnosis Therapy

Hypomyotonia | cardiomyopathy | Arrhythmia | Respiratory | Apnoeic | lactic | Renal | Liver |Seizure| Feeding |DD|WES| mECT | Clinical | CoQ10 |Autopsy|Ventilator| LV | Oral |Antiepileptic

failure acidosis | fuction | fuction difficulties activity | Definite | testing cardiac | CoQ10
This Study | 1! v v NL | NL v v v 10h
e v Vo [wo [N v v B
£l v v v Vo lw [ w v v v v 10 days
IS v v v v Vo a N v V]V v v v v 18 months
(LFT)
Chung etal. | 5 v v v v v NL NL AR v v v 4h
©0) 3 v v v v Vo[ VIV v v 1 days
i v Vo[ wo | Y v v v 3 days
& v NL | NL VIV v v 2 days
Brea-Calvo | 9 v v v vV NL NL v v V|V v v vV v 2 months
al (19)  [10% NN v v v 36h
1 v v v RV I T VIV v v 4 days
B v v NL ARY v 19 months
137 v v v NL NL v v 10 weeks
1 v v v v v O T v v v v 7 weeks
Sm:lh:im:r 15 Vv Vv v v v NL NL v AR Vv v v v 4 months
etal. 21)
Yuetal (16)| 16 v v v v v v N[ NL v Vv,V v vV v v v 8 months
17 vV v vV v NL NL v Vv v v v 25 days
18 v v Vo[ N v 9 months
19 v v v Vi a [V v v v v 4 years
(wFT)
2 v N[N [ v o [VIVY] VY v v 3 = s
Lingetal | 21 v v v N ONL v v v 28 days
a8)
Luetal (17) | 2 v Vv v NL NL v v 5 months
20 days
i v v NN [ VoV VY v 4 years
(WFT)
Hashemi | 24 v N | NL v v v v v 9 years
etal. (22) (wFT)
Toul 2 18 17 8 3 3 18 2 2% 7 2 s 2 10 4 7 10 2 10 9 7
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Refenrece .| Sex | Nation or area Prenatal Genotype, exon Variation |  Survival

test time
“This study 1" |F | Guangdong Of China | 36+1 | NL €370G>A/c.300-2A5G, 4/Intron3Het | Mis/Splice 0.42 days
weeks
oft [B 36+1 | NL 2.13 days
weeks
3% [F 39+1 | NL €370G>A/c.370G>A4Hom Mis 10 days
weeks
47 | M 39 weeks | NL 540 days(LFT)
Chung et al. (20) 5 |M |aly Tem | NL €433C>G/e433C>G, 5/5Hom Mis 0.17 days
6 F Japan 34 weeks | IUGR,HCM €.421C>T/c.718C>T, 5/7Het Non/Mis 1 day
7% | F | Austrian 32 weeks | CH C155T>Cle.521_523del, 2/5Het Mis/Dele 3 days
85 [ Austrian 34 weeks. 2 days
Brea-Calvoetal (19)| 9™ |F | Caucasian-Hispanic | 39 weeks | NL C245T>A/c473G>A, 3/5Het Mis 60 days
107 | F 40 weeks | NL 1.5 days
1 F | Jewish 37 weeks | IUGRHCM,CH | c718C>T/c718C>T, 7Hom Mis 4 days
12 |F | Caucasian Term | NL €.197_198delinsAA/c202G>C, 2/3Het | Mis 570 days
137 | F 38 weeks | NL 300 days
14 F | Jewish Term | NL C718C>T/c.718C>T, 7Hom Mis 210 days
Sondheimer et al. 15 M | Canada Term | NL €23-33dell1/c331G>T; ¢356C>T, 1/ | Dele/Mis 120 days
@1 4Het
Yuetal. (16) 16 | M | Hong Kong and 38 weeks | TUGR €370G>A/c.402+1G>C, Splice/Mis 240 days
17 |M | Taiwan Term | NL €370G>A/c.402+1G>C, 4/lntrondHet | Splice/Mis 25days
18 |F 37 weeks | NL €370G>A/c.370G>A, 4Hom Mis 270 days
19 F 38 weeks | TUGR €370G>A/c.402+1G>C, 4/lntrondHet | Splice/Mis | 1,460 days(LFT)
2 [F Tem | NL €370G>A/c.370G>A,4Hom Mis 365 days
Ling et al. (18) 21 M | Hongkong 3344w | IUGR €370G>A/c.533G>Ad4/6Het Mis 28 days
Luetal (17) 227 [M | Fujian of China 3w | NL €370G>Alc.370G>A,4Hom Mis 170 days
23" | F Term | NL 1,460 days(LFT)
Hashemietal (22) | 24 |F |Iran Term | NL 437T>Glc437T>G, 5Hom Mis 3,285 days(LFT)

F, female; M, male; ™, represents family code; GA, gestation age; IUGR, intrauterine growth delay; HCM, hypertrophic cardiomyopathy; CH, cerebellar hypoplasias NL, normale; Het,
sovpried hetaressin B Bimosapin: Sl minshse Nos, sonssse Dl ddetise: TRT. e il Bk
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Clinical feature Number (n/N) (%) p-value (Fisher's exact test)

Positive cohort®  Negative cohort®

Demographic information |~ Age range (months) 6-513 26-401
| Age median (months) 104 1885 ‘ |
Sex ratio (M:F) 9:6 6:4
V Ectodermal Café-au-lait macules 14/15 (93)° 10/10 (100)* | 1.00
Freckling® 1115 (73) 10710 (100) 012
Cutaneous neurofibromas 10/15 (67)° 8/10 (80)¢ 0.66
Ocular Lisch nodules 2/8 (25)" 1/1 (100)' Lo
Optic gliomas 0/8 (0)h 01 (0) 1.00 '
Tumours/malignancies Plexiform neurofibroma/s 5/15 (33) 4/10 (40) 1.00
| vpst 0/15 (0) Lono ) 1.00
Other 3/15 (20)j Lo (100)
I Neurological Developmental/intellectual disability | 6/15 (40)k 4/10 (40)' 1.00
Learning disability 8/15 (53) 5/10 (50) 1.00
Behavioural problems 115 (7)" 0/10 (0) 1.00
l FASI 417 (57 02 (0 T oua
Other 2115 (137 1710 (10)*
Musculoskeletal Bone dysplasia® 0/15 (0) 0/10 (0) 1.00
| Scoliosis 3/15 (20) o (20) 1.00
CVS/chest Hypertension 0/15 (0) 0/10 (0) 1.00
Growth centile
| Weight <3rd 213 (15) 1/10 (10) 1.00
3rd-97th 11/13 (72) 9/10 (90) )
>97th 013 (0) 0/10 (0) | 100
’Leng'h/height <3rd 3 @1 3o (30) Loe
<50th 11/14 (79) om0 (100) 024
3rd-97th 1014 (71" 7/10 (70) 1.00
>97th 114 (7) 0/10 (0) 1.00
Head circumference <3rd 015 (0) 1/10 (10) 0.40
3rd-97th 8/15 (53)' 5/10 (50) 1.00
>50th 14115 (93) 7/10 (70) 027
>97th 75 (47) 4/10 (40) 1.00
Craniofacial features Dysmorphism 715 (47) 4/10 (40) 1.00

Abbreviations: MPNST (malignant peripheral nerve sheath tumour), FASI (focal area of signal intensity), CVS (cardiovascular system).
“Disease-causing SNV/CNYV identified.

"No disease-causing SNV/CNV identified in NFI or SPREDI.

“13/15 (87%) had more than six café-au-lait macules meeting size criteria for NIH clinical diagnosis of NF1.

9/10 (90%) had more than six café-au-lait macules meeting size criteria for NIH clinical diagnosis of NF1.

“Axillary and/or inguinal.

'8/15 (53%) had more than two cutancous neurofibromas; 2/15 (13%) had neurofibromas, but the number was not documented.
£7/10 (70%) had more than two cutaneous neurofibromas.

7115 (47%) had no information available regarding formal ophthalmological assessments.

9/10 (90%) had no information available regarding formal ophthalmological assessments.

Including a cerebellar glioma, a neuroendocrine tumour of the Ampulla of Vater and a brainstem glioma.

“Of varying degrees from mild to moderate; the degree of developmental/intellectual disability was not documented for two patients.
'Of varying degrees from mild to severe.

"Attention deficit hyperactivity disorder.

"8/15 (53%) of the positive cohort and 8/10 (80%) of the negative cohort had no information available regarding brain imaging
*Including chronic hydrocephalus, and arachnoid cysts and hydrocephalus.

"West syndrome.

Long bone or sphenoid wing dysplasia

“Location and degree not specified.

'3/14 (21%) had relative short stature.

'5/15 (33%) had relative macrocephaly.

sStatistically significant if p-value < 0.05.
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c.notation  p.notation ACMG-AMP codes Classification

applied (Richards et al.,

2015)

1 C1658A>G pHiss53Arg Missense PP3,PP4,PP5,PM2PMS® (ClinVar- | Pathogenic 420076
1777378) and (ClinVar-1454369)

2 <6772C>T p-Arg2258Ter Nonsense PP5,PM2,PVST Pathogenic 230389

3 c496_497del  p.Vall66Leufs Frame-shift PP4,PP5,PM2,PVS1 Pathogenic 431562

4 €3721C5T p-Argl241Ter Nonsense PP4,PP5,PM2,PVSI Pathogenic 361

5 C569T>G pLeul90Ter Nonsense PP4,PP5,PM2,PVSL Pathogenic 431974

6 €5267_5268del | p.Lys1756Serfs Frame-shift PP4,PP5,PM2,PVSI Pathogenic 1072614

7 C27G>A p.Trp9Ter Nonsense PP4,PP5,PM2,PVS1 Pathogenic 1459748

8 1885G>C pGly629Arg Missense PP4,PM2, PSI (downgraded to vUs 1410579
‘moderate)

9 «€5991G>A p.Trpl997Ter Nonsense PP5,PM2,PVS1 Pathogenic 233869

10 €2540T>C pLeusd7Pro Missense PP3,PP4,PP5,PM2,PM" (Clinvar- Pathogenic 68323
573019),PS3° (PMID:16513807)

n cl1A>C p-Met1? Start-loss PM2,PP5, PVSI* (downgraded to Likely pathogenic | 694505
Strong)

2 €5609G>A p-Argl870Gln Missense (Splice PP3,PP4,PP5,PM2,PMs"(clinvar: Pathogenic 185354

region)® 1,070,186 and 1,748,220)
13 C616A>T p.Lys206Ter Nonsense PP4,PM2,PVST Pathogenic 2443302 -
own
submission

Heterozygous CNVs identified by MLPA analysis

Patient Variant Nomendlature Chromosomal Co-  Size Interpretation
ordinates
14 Type 3 deletion | rsa [GRCh37] chr17: ~1Mb Pathogenic
17q11.2(29413855_30348624)x1  29413855-30348624
15 Two exon rsa [GRCh37) chr17: ~276 bp (exon 19 and exon 20) Pathogenic
deletion 17q11.2(29554285_29554561)x1  29554285-29554561
16 Type 1 deletion | rsa [GRCh37] chr17: ~14 Mb Pathogenic

17q11.2(29058373_30348624)x1 ~ 29058373-30348624

*Patients 8 and 11 had clinical features of Noonan syndrome and NF1. Other RASopathy genes were screened in these patients but no Noonan syndrome variant was identified.

"PMS is applied when the variant is observed where another amino acid residue with different missense change was determined as pathogenic.

“PS3 is applied when there’s reliable reference showing that a functional study was done.

“PVS1 code downgraded to a strong code because although the variant s at the initiation codon/start-loss variant the consequence of this variant at a protein level could not be predicted or is
unknown (no functional study found).
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Chr
region

OMIM
Phenotype ID

OMIM Phenotype

ADSL 22q13 608222 103050 Adenylosuccinase deficiency
ALDHSAI | 6p223 610045 271980 Succinic semialdehyde dehydrogenase deficiency
ARX Xp213 300382 308350 Developmental and epileptic encephalopathy 1
300419 Intellectual developmental disorder, X-linked 29
ATRX Xq21.1 300032 309580 Intellectual disability-hypotonic facies syndrome, X-linked
CDKLS | Xp22.13 300203 300672 Developmental and epileptic encephalopathy 2
I CNTNAP2 | 7q35-q36.1 | 604569 610042 Pitt-Hopkins like syndrome 1
CINNBI | 3p22.1 116806 615075 Neurodevelopmental disorder with spastic diplegia and visual defects
DDX3X  Xplld 300160 300958 Intellectual developmental disorder, X-linked syndromic, Snijders Blok type
DYRKIA | 21q2213 600855 614104 Intellectual developmental disorder, autosomal dominant 7
EHMTI | 9q343 607001 610253 Kleefstra syndrome 1
FOLRI 11q13.4 136430 613068 Neurodegeneration due to cerebral folate transport deficiency
FOXG1 14q12 164874 613454 Rett syndrome, congenital variant
GRIA3 Xq25 305915 300699 Intellectual developmental disorder, X-linked syndromic, W type
GRIN2A | 16p132 138253 245570 Epilepsy, focal, with speech disorder and with or without impaired intellectual
development
616139 Developmental and epileptic encephalopathy 27
GRIN2B  12p13.1 138252 613970 Intellectual developmental disorder, autosomal dominant 6, with or without
seizures
HDACS  Xqi3.1 300269 300882 Cornelia de Lange syndrome 5
IQSEC2 | Xpl1.22 300522 309530 Intellectual developmental disorder, X-linked 1
MBDS 2q23.1 611472 156200 Intellectual developmental disorder, autosomal dominant 1
MECP2  Xq28 300005 312750 Rett syndrome
Rett syndrome, atypical
300055 Intellectual developmental disorder, X-linked syndromic 13
300260 Intellectual developmental disorder, X-linked syndromic, Lubs type
MEFEXC | 5q143 600662 613443 Neurodevelopmental disorder with hypotonia, stereotypic hand movements, and
impaired language
NGLYI | 3p242 610661 615273 Congenital disorder of deglycosylation 1
NRXNI | 2p163 600565 614325 Pitt-Hopkins-like syndrome 2
SATB2 29331 608148 612313 Glass syndrome
sonza 2q243 182390 613721 Developmental and epileptic encephalopathy 11
SCN8A 12q13.13 600702 614558 Developmental and epileptic encephalopathy 13
614306 Cognitive impairment with or without cerebellar ataxia
SLC6AI | 3p253 137165 616421 Myoclonic-atonic epilepsy
SLCOAG | Xq263 300231 300243 Intellectual developmental disorder, X-linked syndromic, Christianson type
SMCIA  Xpl1.22 300040 301044 Developmental and epileptic encephalopathy 85, with or without midline brain
defects
STXBPI  9q34.11 602926 612164 Developmental and epileptic encephalopathy 4
TBLIXRI | 3q26.32 608628 616944 Intellectual developmental disorder, autosomal dominant 41
TCF4 18q21.2 610954 610954 Pitt-Hopkins syndrome
UBE3A 15q11.2 601623 105830 Angelman syndrome
WDRS5 | Xpl123 300526 300894 Neurodegeneration with brain iron accumulation 5
zem2 2q223 605802 235730 Movat-Wilson syndrome

Genes and respective phenotypes marked in bold mark those with variants found in this study. Chr, chromosome.
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Characteristic

Total (n = 48)

<2
>2and<5
>5and < 18

Endogamy
Consanguinity

Tsonymy

Family history of hematological disorders

Male 29 (60)
Female 19 (40)
Mean age (years) 9.02 (£6.01)

22 (49)
9 (20)
14 (31)

11(23)
4(8)
3060
24)

T dillontee diemanion: s doan
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Clinical characteristics

First From birth: weak cry,
symptoms | muscular hypotonia
Family  Two brothers died at
history 14 years and 9 years
with the same
symptoms
Apgar score 7 (weak cry)
Respiratory No
distress
Musculature 3 months: slight
hypotonia in both legs
Facial No
Dysmorphy
Dysfunction No
of ANS
Creatine Elevated
kinase level
MRI NA

3 months: muscle
weakness, weak
movements

One sister died at
11 years with the
same symptoms

10
No
5 months:
Proximal muscle

‘weakness in lower
limbs

No

No

Elevated

NA

Patient 3

4 months: slight hypotonia
in both legs

10
No
5 months:
Proximal muscle weakness

in upper and lower limbs

No

No

Elevated

NA

From birth: weak cry

One sister with normal
phenotype

7 (weak cry)

No
4 months: Neck flexor

weakness

‘Typical elongated myopathic
face, with an open mouth and
tongue protrusion

No

Elevated

NA

1 months:
hypotonia

12 days: hypotonia

One alive brother
(Patient 5) with
similar muscle

One alive brother
(Patient 6) with
similar muscle

weakness weakness symptoms
symptoms

10 10

No No
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Challenges

1) Some countries do not have designated legislation establishing NBS programs and
early diagnosis strategies

2) Insufficient education and awareness among stakeholders including
policymakers, parents, and the general public on the importance of NBS programs
and early diagnosis strategies

3) Lack of training of the healthcare community (primary care professionals,
midwives, gynecologists, pediatricians, neonatologists, among others) in
fundamental knowledge about genetics, RDs and early diagnosis for RDs, including
NBS/ENBS, and its impact on health indicators

4) Shortage or absence of specialists in the RD field, including nurses, genetic
counselors, medical geneticists, and pediatric subspecialties. This shortage is

especially exacerbated in terms of genetic counselors and medical geneticists because
in most LATAM countries, only physicians can provide genetic counselling, there
are few training programs for this specialty, and few job opportunities in the region

Recommendations

Policy Changes and Development

@Five countries in LATAM without RD legislation must create a national policy
guaranteeing and regulating the care of patients with RDs

@Countries that already have dedicated RD legislation and policies must ensure NBS
and early diagnosis of RDs are prioritized and continuously expanded within the
legislature. Any screening is better than no screening, but at a minimum, CH and PKU
must be conducted with the maximum coverage possible

@Create a MoH advisory committee that includes decision-makers from the
government, payers, health institutions, public and private laboratories, academia,
bioethicists, medical and scientific associations, and POs to develop national screening
plans and advise the government on policy development based on the RD community’s
needs

@Carry out a consensus among LATAM experts in RDs to adopt a unified definition for
RDs to facilitate collaboration within the region. This effort must include perspectives
from medical societies, academia, and POs. Follow-up efforts must then be organized to
advocate for the adoption of this definition by all countries in the region

Advocacy and Awareness

@ Awareness campaigns targeting all stakeholders, including policymakers, the public,
private and public entities, and the healthcare community should advocate for:

“The need to develop, expand, improve, and provide equal access to NBS and early
diagnosis for RDs as well as to its life-changing impact for patients and their
families

The importance of equal opportunities, social justice, and protection, and
eliminating discrimination and stigma for people living with RDs and their families
to alleviate some of the challenges they face

@Expecting parents must be educated and informed of the benefits and limitations of
NBS, their right to access it, and options for expanded screening

@Parents or caretakers of children with RDs must be educated on care, management,
and the nature of the disease. Psychosocial support must be provided in the face of a
diagnosis

Training for the healthcare community

@AIl healthcare professionals with neonatal contact (including gynecologists, nurses,
midwives, genetic counselors, neonatologists, pediatricians, clinical geneficists, and
primary care physicians) should receive adequate training on:

VRDs according to their level of care. Specifically, because they are the first point of
contact with neonates, every pediatrician and neonatologist must receive training
on when to suspect a RD and appropriate referral situations to get an early
diagnosis and prompt treatment

~Handling communication with families before, during, and after NBS or RD
diagnosis, considering the benefits of testing, the uncertainties and limitations
surrounding NBS and other diagnostic methods, and the implications of a
diagnosis

@ Address the shortage of specialists in the RD field, including specialized nurses,
genetic counselors, medical geneticists, and pediatric subspecialists by developing
training programs in these fields with corresponding job opportunities and incentives

@Broadening regulations on which professionals can train to provide genetic
counselling could increase the number of these specialists
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standard therapy for an underlying
condition

Parents declined to participate
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Patients reported with variants in

RSPHA4A (total n = 18) n (%)

Medical history

» Recurrent 5(278)
pneumonia
Atelectasis 1(56)
Bronchiectasis 17 (94.4)
Rhinosinusitis | 15 (83.3)

r Otitis media 11 (61.1)
Hearing loss 1(56)
Chronic bronchitis = 4 (22.2)
Situs inversus 0
Infertility 9 (50.0)
Deformity 3(167)
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CHL® (total n = 8) n (%) HL® (total n (%)
Gender
Male 5(625) 0
Female 3(375) 1.(1000)

Age at diagnosis

<1 year old 0 0
1-10 years old 3(375) 0

5(625) 1 (100.0)

Age at onset of symptoms

<1 year old 5(625) 0

1-10 years old 2(25.0) 1 (100.0)
1(125) 0

Medical history

Recurrent pneumonia 2(250) 0

Bronchiectasis 8(100.0) 1 (100.0)

Rhinosinusitis 8 (100.0) 1(1000)

Otitis media 8 (100.0) 0

Vision loss 1(125) 1.(1000)

Pulmonary artery stenosis 0 1 (100.0)

Renal fibrosis 0 1(1000)

Patent ductus arteriosus 0 1(1000)

Chronic bronchitis 1(125) 1 (100.0)

Hypotrichosis 1(125) 0

Situs inversus 3(375) 0

Gastro-oesophageal refux 5(625) 0

*CHL: Conductive hearing loss.
bSNHL: Sensorineural hearing loss.
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Gene na Gender Hearing loss  Age at et of symptoms (y) Reference
CDH3¢DNAH5 | Female CHL* 9 11 Fan et al. (2019)
cepcie Female SNHL® 10 15 | Lietal 09)
ceno Female CHL <1 6 [ Henriques et al. (2021)
DNAH5 Female CHL 7 [ 1 [ Wang et al. (2021)
OFDI Male CHL 31 29 Yang et al. (2022)
orDI Male CHL <1 L1 Bukowy-Bieryllo et al. (2019)
o1 | Male CHL <1 16
OFDI ' Male CHL <1 )
OFDI Male CHL <1 6

"CHL: Conductive hearing loss.
bSNHL: Sensorineural hearing loss.
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RBC(T/ Total Direct Indirect Ret OF(g/L) OF(g/L)
(8] Bilirubin Bilirubin Bilirubin (Fraction (start- (start-
(umol/L) (umol/L) (umol/L) %) olysis) hemolysis)
Proband 27 024 82 71 58 652 1379 0.6 042 60"
Mother 427 033 95 NA NA NA 078 048 03 >290"
Father 443 043 120 NA NA NA 085 045 03 >290"
References | 35-50 | 0.37-047 110-115 | 513-2053 <513 171-17.10 042-045 0.27-0.30 >290"
for female
References | 4-5.5 | 0.42-049  120-160 | 5.13-2053 <5.13 171-17.10 05-15 042-045 0.27-0.30 >290"
for male
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Initial UMN Duration (years) Reference
symptom inv.
+ Japanese 496 (SD £ 109; LL 3(n=5) 1 13| 173(SD£1075n=4) | Aokiet al (1994)
n=10)
+ Japanese 480 (SD £ 95; LL 1(n=1) No 15| 168(SD£68n=9) | Aokietal (1994)
n=14)
+ North 432 (SD £ 11.7; na. na. na. 5 | 174(SD64n=5 | Junejaetal (1997)
American n=5s)
+ French na. LL 1(n=4) No 4 | 115(3-25yearsn=4) | Camu et al (1999)
+ Japanese 397 (SD 105 LL 3(n=9) 1 11| 181(SD£132n=9) | Ohietal (2002)
n=9)
+ Japanese 443 (SD £ 87; LL 1(n=17) 1 17| 121(SD+7.6n=17) | Arisato et al. (2003)
n=17)
+ Japanese | 429(SD£4.7;n=7) LL No (n=7) No 15| 172(SD+81n=7) | Ohietal (2004)
+ Pakistani 55 (n=1) LL 1(n=1) No 12| 17-20years (n=12) | Holmoyetal. (2007)
+ Japanese 503 (SD + 4.18; LL No (n=3) No 3| >38(m=D%5>12(i=1* | Yamashita et al.
n=3 (2009)
+ Chinese | 427(SD+6.81=4) LL 1(n=4) 1 4 >12 (n = 4)* Li et al. (2010)
+ Norwegian | 467 (SD+9.4n=3) LL No (n=3) No 3| >5(1=2)%~40-50 | Holmoyetal (2011)
(=1
+ Chinese 545 (SD 1115 LL no (n =4) 1 4 | 13(n=1)>3-12(1=3)* | Zhangetal. (2012)
n=4)
+ Norwegian 425 (SD £ 109; LL 3(n=12) 1 2| 29(sD#13. 9) | Ostem etal. (2012)
n=22)
+- Chinese | 514(SD+69n=5) LL 1(n=5) No 5 >7-11 (n = 5)* Zou et al. (2016)
- Chinese 508 (SD + 10.1; na. na. na. 8| >8(D42n=3+ | Tangetal (2019)
n=8) n=5%
- (de novo) Turkish 33 (mn=1) LL 1 No 1 >7 (n=1) Our study

Family history: + represents inherited disease; +/- represents the studies where both familial and apparently sporadic cases were reported; AO, age of discase onset, represented as the mean +
standard deviation; n, number of affected cases included in the data; initial symptom: LL, lower limb predominance; UMN, inv: number of cases showing upper motor neuron involvement in
addition to lower motor neuron findings; n, number of affected cases studied; bulbar signs, number of patients showing bulbar involvement; N, number of affected members in the study cohort;
duration, time between the symptom onset and death. Dataare presented as the mean * standard deviation or range of years. n, number of affected patients included in the data. *,stll alive at the
time of the study. n.a, information not available.
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Reference range Results Tre

CSE-TP 0-04 gL 194 t
hs-cTal 12.7-249 pg/ml 1376 1
Myohemoglobin 23-72 ng/ml 1185 T
LDH 67-394.1 U/L 970 T
K 165-2115 U/L 499 T
AST 0-40 UL 122 0
ALT 0-40 UL 80 1
Uric acid 119-327 umol/L 60 i
Fibrinogen 24gL 087 IE
Glutamic acid 45-200 umol/L. 276257 i
Glycine 90-350 umol/L 429.004 T
Onnithine 15-80 umol/L, 101846 T
Serine 20-100 umol/L 163.261 1
Arg/Om 005-0.7 umol/L 0.024 I
Om/Cit 0.8-4 umol/L 5133 i

CSF-TP, cerebrospinal fluid total protein; hs-cTrl, high-sensitivity cardiac troponir
I LDH, lactate dehydrogenase; CK, creatine kinase; AST, aspartic transaminase;
ALT ‘Sisnire srrifotinsaringis:
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Age (years) Geographical loc: Consanguinity Gene (A) Nucleotide change Ami id change
TUN_HS 08 2 Southern-Tunsi N sLes 1088GoA Jps——— HoM
TUN_HS 10 2 Southern Tunisia N sLeas CONCTIINGA p(ProRilenp(Agi6iGl) | COMP HTZ
Location  Variant identifierin Variant  Clinical significance in ~ Pathogenicity classification  Inheritance Sequencing References

dbSNP type ClinVar criteria according to ACMG  pattern method
Eon6 07066 Missense Pathogenic Likely pathogenic: P, PMIS, PPS, PP3 | AR Sunger Scquencing Molho-Pessach et . (2010)
Eon6 ORTOTRGITS0NI7 Misense Puthogenic/Likely pathogenic | Likely pathogenic: PM2, PN, PPS, PP | AR Sunger Sequencing Molho-Pessch et l. (2014) (Molho-
Likely pathogenic: P2, PP3, PPS Pessach et al. (2010)

R T ——
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Hearing impairment degree

Associated clinical features

TUN_HS_08

TUN_HS_10

21

32

Moderate conductive (right ear); mild
mixed (left ear)

Moderate congenital neurosensory
bilateral

Hyperpigmentation, hypertrichosis, chronic urticaria, dermis fibrosis, moderate interstitial
and perivascular inflammatory infiltrate extended to the hypodermis composed of
histiocytes, lymphocytes and plasma cells (CD68°), cardiac disease, hallux valgus, bilateral
camptodactyly of the toes, osteoarticular abnormalities: unilateral right sacroiliitis of
inflammatory origin, inflammatory arthralgias with arthritis of both wrists and left knee,
hyperthyroidism

Hyperpigmentation, hypertrichosis, dermis fibrosis, cardiac disease: concentrically enlarged
left ventricle, moderate pericardial effusion, hallux valgus, bilateral camptodactyly of the
toes, ankylosing spondylitis associated with an osteoarticular disorder, moderate
inflammatory syndrome, lympho-histiocytic infiltration (CD68") of soft tissues,
hepatosplenomegaly, diabetes mellitus, hypoplasia of right kidney, hypogonadism
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DEi1 D Southern-Tuniia N P plArg23Ten) Hz Exon 5

DE2s u Northern-Tunisia N SoM0 | easeGT PlArglISLew) Hz Exon 2

D2 1 Norther-Tunisia N PG G PArg270Gy) Hz Exon 5

o u Southern-Tunisia N SOXI0 | €3853964eCTinsGG pleui29Gly) Hz Exon 2

bR u Cental-Tunisia ¥ soxi0 | cosodel PAPr7GInf) Hz Exon 3

DEssi-1 s NorthernTunis N SOKID | c3d0_3a2del PCTp14de) iz Exon 2

DEss1-2 2 Norther-Tunisia ~ SOXI0 €30 342del PCTpHAGD Hiz Exon 2

DEs92-1 D Norther-Tunisia N soxI0 | 32054 PTpITe) Exon 2

DEs92.2 3 NorthernTunis x> soxi0 | eacoa PATp11sTen) Hz Exon 2

DE3s 9 Southern-Tunisa N P enGT PAGyisCys) Hz Exon 2

Variant identifier in  Variant  Clinical significance in ~ Pathogenicity classification criteria  Inheritance Sequencing Clinical sub- ~ References

dbSNP type ClinVar according to ACMG pattern method type

NR Splce sccspor | NR Pathogenic VS, PMZ, PP3 D 68 wsiv fe—

site (2008)

e Nonsense | Pathogenic Pathogenic PV, PM2, PP3, PPS a» T6s s Baldwin et ol
(1995

R Misseme N Likely pathogenic: PM2, PML, PP2 PP > as Wi Present study

NR Missense NR Likey pathogenic: PM1, PMS, PM2, PP2, PP3. AD TGS ws/in Niu et al. 2018)

NR Indel NR Pathogenic PM, PM2, PMS, PP2.PP3 ap Tas Wt Present study

R Delton N Pathogenic PV, PM2, PP3 > Tas wsav Present study

R Deleton N Likely pathogenic: PMZ, PML, P4, PP > Tas Wi Present study

R Delton N Likely pathogenic: PM2, PM1, PM4, PP > 05 Wi Present sty

NR Nonsense NR Pathogenic: PSI, PM2, PP3 AD Sange sequencing wsit Liu et al. (2020)

R Nomense | NR Pathogenic PV, PM2, PP3 a» Sanger sequencing Wi Liu et al. 2020)

11954555 Missene Puhogeniclikely Pahogenic | Pathogenic AL, PMZ, PMS, PP2, PP3, PPS AD Sanger sequencing | WS Bocinge tal.
Qo)

T e i i o i Sl & Rl il ol i VI et i el e e e ANt vk ST Rk i D ik danoh

W, wild type.
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leotide change

ino acid change

Mutation type

Patients

Families

References

1 889G>A V297TM Missense 5 2 Hara et al. (2009)

2 754G>A A252T Missense 2 1 Hara et al. (2009)

3 821G>A R274Q Missense 3 2 Nishimoto et al. (2011)

4 1091T>C L364P Missense 2 1 Wang et al. (2012)

5 126delG/961G>A Qu2As/A32IT Compounds heterozygous 1 1 Bianchi et al. (2014)

6 161_162insAG GS6fs Frameshift 1 1 Cai et al. (2015)

7 517A>G AI73T Missense 1 i Khaleeli et al. (2015)
s 1005+1G>T NA Splice site 1 1 Roeben et al. (2016)

9 616G>A G206R Missense 1 1 Ibrahimi et al. (2017)

10 739delG E247Rfs Frameshift 1 1 Preethish-Kumar et al. (2017)

uo 830_831delAG E227Vs Frameshift 1 1 Preethish-Kumar et al. (2017)

12 50245G K168X Nonsense 1 1 Preethish-Kumar et al. (2017)

13 958G>A/1021G>A D320N/G34IR Compounds heterozygous 1 1 Xie and Zhang (2018)

14 983C>A $328X Nonsense 1 1 Giindiiz et al. (2019)

15 805insG S270Lfs*69 Frameshift 3 1 Ziaei et al. (2019)

16 847G>T G283X Missense 1 1 Yu et al. (2020)

v 47242 T>C NA Splice site 1 1 Sun et al. (2022)

18 1156C>T R386X Nonsense 2 1 Shirah et al. (2023)
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Population Citation,
year

Icaeli Druze Mandel etal. 2001

Algerian Labarthe e al, 2005

Moroccan Labarthe e al. 2005;
Brahimi et al, 2009

Tunisan Brahimi et a, 2009

Saudi AlHussain et al, 2014

Egyptian AlMenabawy et al.
w2

Lebanese Mancuso et al, 2005;
this study

Total (frequency)

Family

KIFI8

K

B

Bl

"

B

B

B

B

B

E

Bl

B

B

[

P
15

P

P

P

P

P

R

P

P

P

R

P

P

P

P

P

”

b

”

P

1

5/
8
(01%)

onset/
death

<micly

<6 micly

<6 micly

<smicly

m

asm

23m

1507 m

15422 m

3miim
3mam

2m

3mism

Smilm

Tmsm

3mom

1ty

2mNR

6mNR

s m
2miam
2wty
2msm
iz

<6m/
<ty (98%)

AT

a8
n
(100%)

HMG

NR

NR

NR

NR

e
4.98%)

Hepatic
cytolysis

NR

.

e

47147 (100%)

Cholestasis

NR

NR

NR

NR
NR

42043 (98%)

Hypotonia
nystagmus

e

e

o+

e

e

a

4=

-

s

e

A

e

o+

-

e
e
-
e
A

46148 (96%) 38/
18 09%)

Lactic
acidosis

NR

NR

13145 (95%)

Variant

c255del (pAlGS6E)
2554 (pAISS6E)
2554l (pALGS6t)

€255del (pAIaS6E)

€763 c766dup
(pPhe2s6Ter)

€763 cr6sdup
(pPhe2s6Ter)

€763 c766dup
(pPhe2s6Ter)

€763 cr66dup
(pPhe2s6Ter)

<763 c766dup
(pPhe2s6Ter)

cdi-62CA
6204

€763 c766dup
(pPhe2s6Ter)

4162054

canT>A
(p. Trp75ATD)

<763 c766dup
(pPhe2s6Ter)

€763 c766dup
(pPhe2s6Ter)

@ 617G>A
(pArg206Lys)

c255delc255del
(pAIaSSE)

763766 dup
(pPhe2s6Ter)

BI9T>G
p. (Phe273Lew)

2T, (Gn9%)
C2CTp. (G79")
20T, (G79°)
C2CTp. (G79")
C2BCHTp. (Gn97)

7 varianis

Description/effect

nonsenselP

nonsenselP

nonsenselP

nonsenselP

nonsensel?

nonsenselP

nonsenselP

nonsenselP

nonsenselp

SNVIVUS
SNVIVUS
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SNVIVUS

missensel?

nonsensel?

nonsenselP

missense/P

nonsenselP

nonsenselP

missense/LP

nonsenselp
nonsenselp
nomsenselp*
nonsenselp
nonsensel?

nonsense: 43/45 (39%)
missense: 2148 (1%)
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Sex De novo Tantrum Discomfort Disproportionate Discomfort with

pathogenic outbursts with loud experience of touch rough food
variant noises textures

8 75 M | c13961A>G exon 43 (het) | 5 4 4 3
likely benign

3 55 M | cl14381A>G exon 46 (het) | O 4 4 3
likely pathogenic

7 L5 M | c15142C5T exon 49 (het) | 4 5 3 5
likely pathogenic

5 3 M | c15274T>C exon 49 (het) | 0 4 0 0
likely pathogenic

2 55 M| cl15397T>C 5 0 3 0
P.Cys5133Arg exon 49
(het) likely pathogenic

4 8 M | c15544G>C exon 49 (het) | 4 3 3 0
likely pathogenic

9 2 F 15641G>A exon 48 (het), | 3 5 2 0
pathogenic

1 12 F C16390A>C pT5434P 3 4 3 0
(het) exon 52 likely
pathogenic

6 3 M | c6362C>A exon 32 (het) | 3 5 3 2
no data

719 819 319 219
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Gender

Patient

Female

Age

9-year-old

Age of first admission

3-yearold

Creatine kinase (U/L) (Normal range:
24-229)

1,583

Head and Neck

Chewing difficulty

Skeletal system

‘The prominent scapula

Musculature

Myogenic damage

Motor delay

No pseudohypertrophy of tongue and calf
muscles

Independent walking at 3-6 years of age
‘Toe walking from 6 years of age

Growth development

Delay
Normal verbal cognition

Nervous system

No history of seizure

Respiratory system

Transient pneumonia at 6 years old

Digestive system

Normal
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Test (reference range)

Patient 1
2w)*

Patient 2
@m)*

Patient 3
Bw)*

Initial Liver function tests Glucose (76-110 mg/dl) 32 19 33
investigations
AST (0-50 IU/LY/ALT (0-85 IU/L) 102/72 180/98 84/60
GGT (10-50 IU) 579 68 461
Bilirubin total/direct (0-1.2/0~0.3 mg/dl) 128/1.2 10.8/7.7 1312
AFP (5-250 U/mL) 61,754 86,805 92476
INR (0.9-1.2) 24 38 36
Metabolic work-up  Basic tests Ammonia (< 50 umol/L) 24 44 54
Lactate (0.55-2.20 mmol/L) 446 59 732
Plasma amino acids Tyrosine (55-147 ymol/l) at < 1 m 948 1810 394
chromatography
(22-108 umol/l) at 1 m-2y
| Phenylalanine (38-137 wmol/) at < 1 m 96 29 65
(31-75 umol/l) at 1 m-2y
Newborn screening (TMS) Tyrosine (20-450 ymol/l) 1104 1632 621
Succinylacetone (<1.16 ng/ml) 025 037 041
GALT assay (3.5-100 U/g Hb) 95 75 5.1
Urine organic acids 4-hydroxyphenyllactic acid (<2 mmol/mol 1399 Increased 1047
chromatography creatinine)
4-hydroxyphenylpyruvic acid (<2 mmol/mol 236 Increased 166
creatinine)
N-acetyltyrosine (<2 mmol/mol creatinine) 54 Increased 42
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CDNA change Phys. Location (exon) AA Frequency ClinVar ID. Literature

change

Deletion Exon 3 Bon 3 - - n CGrairen2 - ~ Pathogenc (PVSL PSS, | Reported
P2, DM, PP, PPA)

et ChGABIBEBITCT (Exon 9) pROST | 660-1/ | ro7sasize | 23505 Pahogenic | Pathogenic ™ 57 athogenic (PVSLBSI, | Reported
3850 het sz P PAS, P,
b5, phi)

CISEISA | cGINGISOSTOA (ntron 24-25) | pVISSTICH | U2SKS0-5/ | ro7sza0s  ssssi9Likdy | Pathogenic ™ 25 Likly puthogenic (M2, | Reported
251405, het pathogenic csisias PG, PP, PP, PPS)

caouCoA 196N (Bxon 3) | OIS - - . - ™ 5 Pathogeic (PVSL, P2, | Reported
P, PM, PP, PPA)

CTITSGA | rITIS0TGHA (intron 32-35) - VIR e 1028253 VUS - ™ 25 Likdly pathogenic (M2, | Reportd
261650, het PN, PR3, )

aise- chr125786285_ 125786291 dlinsT e - RISSH0IS 477505 Pathogenic B ™ ~ Puogemic(BVSLPVR, | Not
5_7157delinsT (Intron 50-51+Exon 51) PM3, PMd, PP3, PP4)

COTILISISTGAT | Chi SISO pE9st - - - ™ < PuogenicVSL PR, Not
(exon 63 PALS, P, PP, PPA)

At B Hosaasn Tl ekt VAPE Uit o Haceciie Do, TR0 H e Ghut Skl S VAT ouliaaui i MEoa Bl dec TS heniiis i Mt Lt
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c
LAMAZ wild type: LAMA2:¢.9212-6T>G :

2000bp

1000bp
750bp

500bp, E
LAMA2:¢.9212-6T>G :

250bp

F
LAMAZ wild type:
Exon 64 v Exon 65
: IAC R EAA
Genomic sequence: AGGCTTCCCAG igitgg ATGACCTCAA
Protein sequence: G F P D DL K
Sequencing result:  AGGCTTCC CAGATGACC TCAAGCA
LAMAZ: €9212:6T>G: . Exon 65
Genomic sequence: AGGCTTCCCAGtgtigg ... tcag| ATGACCTCAA
Protein sequence: G F P GHF KAEPSCIALFR"*
Sequencing resul:  AGGCTTC CCAGGACATTTC T TG TTCAG] ATG ACCTCAA
e o 3‘\ i oo
I AARAAAAE ], ‘m;\ VAV o N A o
ARV A A { IABNAVAY VAL AVATAY /\r‘ /\
VVIA Y ”\‘ur IR AVRATAIRIRIAY AT RVIVATRVAVATA] VUV
1VYY 38 A5 £l CYXVVIVY Y Y VYV
G
‘1 500 1<nm hoo 2000 2500 3000 3122
T T T T
LAMA2 wild type : ° e H ror ] 1 |—Ee smi (oK)
Allele 1 : {rcr

€.1693C>T, Q565*
ane ;. —{((o ] e M e (DHHBEE

c.9212-6T>G





OPS/images/fgene-15-1308737/fgene-15-1308737-t004.jpg
Acceptor loss Splicing effect Class of splicing effect

‘ Predictions 5'Donor Splice Site No splicing effect 1

‘ Predictions 3'Acceptor Splice Site Exon skipping 5
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Variant.ID. HGVS.Consequence

12-48389627-G-1 €654 + 37C>A
12-48389626-C-T €654 + 32G>A
12-48389622-G-A €654 + 36C>T
12-48389621-C-T €654 + 37G>A
12-48389620-G-C €654 + 38C>G
I 12-48389619-T-C €654 + 39A>G
12-48389618-C-T €654 + 40G>A
7 12-48389609-G-A €654 + 49C>T
12-48389601-T-C €.655-55A>G
12-48389597-A-T €.655-51T>A
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Primer name
COL2A1-7948-F
COL2AI-8186-F
COL2A1-9565-R
COL2A1-9296-R

PeMINI-C-COL2AI-
Kpnl-F

PCMINI-C-COL2A1-
EcoRI-R

PEDNA31-COL2AL-
Kpnl-F

peDNA3.1-COL2A1-

Primer sequence (5" - 3/)

tgecacttttaatgatgegetg
gaaagcaaggecagetttictg
ctetectaggttctgetgactgt
feccttectggggctaatgatg

2gaGGTACCtatetgeaattcttttgee
TGCAGAATTCATCATCACCAGGCTTTCCAG
GCTTGGTACCATGGGCCCCATGGGACC

TCGAGG

TGCAGAATTCATCATCACCAGGCTTTCCAG

EcoRI-R
COL2AI-MUT-F teattttactttttggGGGCCTCAAGGATT
COL2A1-MUT-R AATCCTTGAGGCCCcCanaaagtaaaatga
PeDNA3.I-F CTAGAGAACCCACTGCTTAC
PpcDNA3.1-R GCACCTTCCAGGGTCAAGGA
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Patient | Ward | Gender |  Age Clinical features Cons | Test | Gene Final diagnosis TAT | Status

(h)
1 NICU | F 2 days Seizure (HP:0001250), encephalopathy | + Trio | IDH3A | IDH3A-related mitochondrial | 1465 | Alive
(HP:0001298), macular dystrophy encephalopathy
(HP:0007754), abnormal cranial MRI
(HP:0032615)
2 NICU | F 37 days Hypotonia (HP:0001252), respiratory - Trio |- FARIS (fetal acetylcholine 1555 | Alive
failure (HP:0002878), arthrogryposis receptor inactivation syndrome)

multiplex congenita (HP:0002804),
difficulty in sucking (HP:0002033),
difficulty in feeding (HP:0011968)

3 PICU | M 105 months | Multiple congenital anomalies (anal atresia | ~ Duo |- Multiple congenital 1525 | Alive
(HP:0002023), choanal atresia abnormalities—unidentified
(HP:0000453), hypoplastic aortic arch etiology

(HP:0012304), abnormal pulmonary
venous return (HP:0010772), archythmia
(HP:0011675), hydrocephalus
(HP:0000238), ectopic kidney

(HP:0000086)

4 PICU | M 25 months | Seizure (HP:0001250), sepsis - Trio | - Sepsis 124 | Alive
(HP:0100806), hemodynamic instability

5 PICU |F 11 months | Respiratory distress/failure (HP:0002098; | - Trio | FBN1 | Geleophysic dysplasia 1455 | Deceased
HP:0002878), mitral stenosis (#614185) (post-test)

(HP:0001718), subvalvular aortic stenosis
(HP:0001682), acromicria (HP:0031878),
abnormal midface morphology
(HP:0000309), short stature (HP:0004322)
6 PICU |F 7months | Transposition of great arteries + Trio |- Isolated congenital heart defect 192 | Deceased
(HP:0001669), lactic acidosis (post-test)
(HP:0003128), sepsis (HP:0100806),
microcephaly (HP:0000252), abnormal
thrombosis (HP:0001977), abnormal
immunoglobulin levels (HP:0010701)

7 NICU |F 32 days Coarctation of aorta (HP:0001680), - Trio | - PHACES (posterior fossa 240 | Alive
microphthalmia (HP:0000568), bifid malformations, hemangioma,
sternum (HP:0010309), supraumbilical arterial anomalies, cardiac
raphe (HP:0410276), hemangioma anomalies, eye anomalies,
(HP:0001028), optic nerve hypoplasia sternal defects)
(HP:0000609)

8 PICU | F 7months | Respiratory distress/failure (HP:0002098; | - Trio |- Septic shock 194 | Deceased
'HP:0002878), abnormal immunological (post-test)

findings (HP:0002715), Sepsis
(HP:0100806), shock (HP:0031273),
allergy (HP:0012393)

9 NICU | M 2months | Low blood oxygen saturation + Trio | SCO1 | Mitochondrial complex 4 148 | Alive
(HP:0012418), metabolic acidosis deficiency, nuclear type 4
(HP:0001942), lactic acidosis (#619048;

(HP:0003128), right ventricular
g )

10 NICU | M 11 days Prematurity, thrombocytopenia, - Trio |- Prematurity 193 | Alive
coagulopathy, lactic acidosis
(HP:0003128), hydronephrosis
(HP:0000126), hemolytic anemia
(HP:00001878), perirenal hematoma
(HP:0030171)

NICU. Reonstal ik care Lt PICLL, bediatric intensive cars unit: Cors. consanouinity: TAT, tofnansund e
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Method Index Result Reference range

RBC (*1012/L) 32 45-59
HGB (g/L) 15 129-172
MCV (fL) 107.2 80-100
MCHC (g/L) 335.0 310-355
Blood routine
MCH (pg) 359 25-34
| HCT (%) 343 39-51
Ret (*109/L) 2029 46.4-1212
Retth (%) 634 09-222
Blood cell smear Red blood cells are mildly unequal in size, polychromic red blood cells
ALT (U/L) 349.8 9-50
| AsT UL a6 15-40
TBIL (umol/L) 565.02 | 3ae170
psiL (umol/L) 117.08 <8
Liver function
IBIL (umol/L) 447.94 30-170
GGT (UL) 2533 10-60
ALP (U/L) 165.0 40-150
TBA (umol/L) 946 <0

Note: RBC, red blood cell; HGB, hemoglobin; MCV, mean corpuscular volume; MCHC, mean corpuscular hemoglobin concentration; MCH, mean corpuscular hemoglobin; HCT, hematocrit;
Ret, Reticulocyte; ALT, alanine transaminase; AST, aspartate aminotransferase; TBIL, total bilirubin; DBIL, direct bilirubin; IBIL, indirect bilirubin; ALP, alkaline phosphatase; GGT, gamma-
st translraie THA. toeil bilé. s
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