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Genetic variability persists across diverse populations, and it may impact the characterization of heritable diseases in different ancestral groups. Cystinosis is a metabolic disease caused by pathogenic variants in the CTNS gene causing the cellular accumulation of cystine. We attempted to assess the currently poorly characterized prevalence of cystinosis by employing a population genetics methodology. However, we encountered a significant challenge due to genetic variations across different populations, and the consideration of potential disparities in access to healthcare made our results inconclusive. Pathogenic CTNS variants were identified in a representative global population cohort using The Human Gene Mutation Database (HGMD) and the 1000 Genomes (1 KG) database. The c.124G>A (p.Val42Ile) variant was reported to be pathogenic based on an observation in the white population presenting with atypical phenotypes, but it would be reclassified as benign in the African ancestral group if applying the ACMG allele frequency guideline due to its high allele frequency specifically in this population. Inclusion or exclusion of this c.124G>A (p.Val42Ile) variant results in a significant change in estimated disease prevalence, which can impact the diagnosis and treatment of affected patients with a broad range of phenotypic presentations. This observation led us to postulate that pathogenic manifestations of the disease may be underdiagnosed due to variable expressivity and systemic inequities in access to care, specifically in the African subpopulation. We call for a more cautious and inclusive approach to achieve more equitable care across diverse populations.
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1 INTRODUCTION
Cystinosis is a rare autosomal recessive disorder that is characterized by systemic accumulation of cystine crystals in different types of cells and tissues. It is the most common inherited cause of Fanconi syndrome observed in children (Elmonem et al., 2016a). In cystinosis, cystine crystals begin to accumulate in the lysosomes due to impaired transport out of lysosomes.
The incidence of cystinosis varies, ranging from 1 in 115,000 live births to 1 in 260,000 live births (Ebbesen et al., 1976; Hult et al., 2014). Several populations have been identified that suggest an increased incidence rate due to founder mutations or in communities in which consanguinity is more common (Elmonem et al., 2016b). The prevalence of cystinosis is poorly characterized, and the population-specific data is missing. The best estimate is based on the fact that there are an estimated 500–600 patients in the United States diagnosed with cystinosis, corresponding to a prevalence of 1 in 479,000 to 1 in 575,000 (Gahl et al., 2002; Doyle and Werner-Lin, 2015).
From a genetics perspective, the presentations of cystinosis correlated with the categories of disease-causing variants can be grouped into 4 classifications (Kalatzis et al., 2004): infantile cystinosis, juvenile cystinosis, ocular cystinosis, and atypical cystinosis. Infantile cystinosis is most common and correlated with severe disease-causing variants in which symptoms manifest at a young age and typically involve end stage renal disease without treatment. Juvenile cystinosis affects fewer patients and presents with mild renal symptoms compared to the infantile form, but it can still cause permanent renal damage and possible end stage renal disease. The ocular form rarely presents until adulthood, and it primarily involves symptoms including photophobia related to the accumulation of cystine but may also cause milder renal damage. Atypical cystinosis captures the range of severity of presentations between the infantile and juvenile forms.
In nephropathic cystinosis, the most severe form of cystinosis, symptoms appear several months after birth (Gahl, 1986; Gahl et al., 2002). Patients present with failure to thrive, polyuria, and rickets. Laboratory work up shows similar characteristics to Fanconi syndrome with hyperchloremic metabolic acidosis and urinary loss of low molecular weight protein, glucose, amino acids, phosphate, calcium, sodium, potassium, bicarbonate, carnitine, and water (Gahl et al., 2002). Patients may present with a milder renal manifestation that consists of nephrotic range proteinuria with no Fanconi syndrome, similarly to Dent disease with multinucleated podocytes visible in the kidney biopsy (Chandra et al., 2010).
The etiology of cystinosis has been identified as a monogenic disease from biallelic pathogenic variants in the CTNS gene located on chromosome 17p13 (McDowell et al., 1995). CTNS encodes the carrier membrane protein cystinosin, which aids in the transport of cystine out of the lysosomal compartment (Sumayao et al., 2018). Deficiency or defect in cystinosin causes cystine to build up in the lysosomes of tissues resulting in crystal formation (Sumayao et al., 2018). Cystine crystal accumulation occurs throughout the lifetime in most cells and tissues of the body including the conjunctiva, corneas, liver, spleen, lymph nodes, kidneys, thyroid, intestines, rectal mucosa, muscle, brain, macrophages, and bone marrow (Gahl et al., 2002). Earlier manifestations of disease include growth restriction, polyuria, and feeding intolerance, and progress to nephrocalcinosis, kidney failure, and photophobia if untreated. The kidney is the first organ affected in nephropathic cystinosis, making early diagnosis and treatment critical in preserving renal function.
Diagnosis of cystinosis relies on measuring leukocyte cystine content or identifying corneal crystals on slit-lamp examination (Nesterova and Gahl, 2013). However, crystals may not form until 1 year after birth (Gahl et al., 2000). Cystinosis can also be confirmed by genetic assays identifying variants in the CTNS gene. Studies have shown that diagnosing cystinosis at an early age by integrating it into newborn screening programs followed by appropriate treatment is critical to limit the systemic damage caused by the disease (Hohenfellner et al., 2022). However, access to diagnostic testing is significantly reduced in low-income countries. In 2022, access to genetic analysis was 63% and leukocyte-cystine level measurement was 30% in countries with developing economies, compared to 100% and 95% in developed countries, respectively (Regnier et al., 2023).
The most common treatment for cystinosis is the use of cysteamine to decrease levels of cysteine accumulation to delay disease progression and the development of extra-renal pathologies (Gahl et al., 1987). However, it is not effective as a cure for the presentation of Fanconi syndrome in these patients (Ivanova et al., 2014). In the past without effective available therapies, patients would die of renal failure by 10 years of age. With therapeutic interventions that have been available for the past 5 decades, the lifespan for renal function has doubled (Gahl et al., 2002). Eventually, all nephropathic cystinosis patients will require renal replacement therapy, combined with continued treatment as cystine crystals continue to deposit in different organs (Nießl et al., 2022). Although the lifespan of affected patients has improved significantly with therapeutic interventions, progressive complications develop from different organ involvement (Ariceta et al., 2019). Importantly, access to these treatment options remains variable globally especially in low-income countries. In 2022, cysteamine eyedrops had a 63% availability and cystine-reducing medication (Procysbi) had a 7% availability in low-income countries compared to 95% and 74% availability, respectively, in developed countries (Regnier et al., 2023).
In order to evaluate the feasibility of newborn screening for cystinosis to propose an informed public health policy, our initial aim was to better understand the genetic prevalence of cystinosis by investigating pathogenic variants in the population database. We identified specific pathogenic variants that are carried by the healthy population that may facilitate earlier therapeutic intervention. However, we discovered differences in variant allele frequencies across populations in various ancestral groups which raised questions on the classification of pathogenicity of some variants based on their allele frequency. This finding supports our proposal that access to healthcare in different populations may affect the classification of allele pathogenicity, especially with alleles that have incomplete penetrance and variable expressivity. This study supports our suggestion to increase efforts in the diagnosis of cystinosis in diverse populations, especially among those who are affected by systemic decreased access to healthcare, to better characterize the natural history of pathogenic alleles with different frequencies among various populations towards a goal of more equitable care.
2 METHODS
Characterizing the prevalence of cystinosis as a rare autosomal recessive disease through cohort studies is challenging, limited by the number of affected individuals in the population. However, utilizing the 1000 Genomes database allows us to compute the carrier rates and allele frequencies of CTNS pathogenic variants in the healthy population. We can estimate the affected rates using the principles of Hardy-Weinberg equilibrium and the relevant carrier rate and allele frequency (Hardy, 1908). This methodology has been validated in previous studies (Schrodi et al., 2015; Bainbridge, 2020) and has been applied in estimating the prevalence of RAG deficiency (Chen et al., 2014) and primary hyperoxaluria (Hopp et al., 2015).
CTNS variants in the 1000 Genomes (1 KG) database were identified using the same methods as outlined in our previous study (Wu et al., 2023). The 1 KG database is a comprehensive database of genomes from healthy individuals in multiple representative populations around the world, identifying 98% of alleles with a frequency of more than 1% in these populations, in addition to some lower frequency alleles (1000 Genomes Project Consortium et al., 2012). Phased VCFs aligned to the human reference genome from the 1000 Genomes Project were downloaded from https://www.internationalgenome.org/data-portal/. Sample IDs corresponding to the 1092 unrelated individuals from the 1000 Genomes Phase I dataset (1000 Genomes Project Consortium et al., 2015) were determined from that release’s panel file (https://ftp.1000genomes.ebi.ac.uk/vol1/ftp/phase1/analysis_results/integrated_call_sets/integrated_call_samples.20101123.ALL.panel). This includes 4 main superpopulations: African, Admixed American, East Asian, and European. There are 14 subpopulations within these superpopulations including: Colombian in Medellin, Colombia; Iberian populations in Spain; Toscani in Italy; Mexican ancestry in Los Angeles, California; British in England and Scotland; Yoruba in Ibadan, Nigeria; Japanese in Tokyo, Japan; Utah residents (CEPH) with Northern and Western European ancestry; Han Chinese in Beijing, China; and Luhya in Webuye, Kenya. The genomic coordinates of CTNS were used to subset the corresponding chromosome VCF file. This work was completed with the High Performance Computing Resource in the Core Facility for Advanced Research Computing at Case Western Reserve University.
Known CTNS pathogenic variants associated with cystinosis-related symptoms were obtained from the Human Gene Mutation Database (HGMD) ((HGMD® Professional, http://www.hgmd.cf.ac.uk/ac/index.php). VCF files were exported after limiting the genes to CTNS.
Variants present in both databases were compared and intersected to identify disease-causing variants and their carriers in the general population. Allele frequencies were calculated from the 1 KG database, and the expected carrier rate and affected rate were estimated using Hardy-Weinberg equilibrium.
We further manually reviewed pathogenic variants identified in the 1 KG population based on ACMG guidelines based on allele frequency of each variant in ancestral group populations. Allele frequencies from various ancestral groups were sourced from gnomAD v4.0.0 (Karczewski et al., 2020). Reclassification of pathogenicity is presented if there are conflicts between HGMD and ACMG.
3 RESULTS AND DILEMMA
CTNS variants were procured from the HGMD and 1 KG databases. Using the 1 KG database, 444 unique CTNS variants were found among 1092 healthy individuals. The HGMD database was used to identify 75 variants known to be associated with a pathology of cystinosis. The HGMD and 1 KG databases were intersected to identify 2 disease-causing variants that were present in the general population (Table 1). A total of 36 individuals carried these 2 disease-causing variants (Table 1).
TABLE 1 | Characteristics of intersected genetic variants (pathogenic variants) of CTNS in 1 KG and HGMD, including allele frequency in specified ancestral groups.
[image: Table 1]The first variant, c.124G>A, has been found to cause atypical cystinosis, which has incomplete penetrance and variable expressivity; phenotypic presentation among individuals with this allele can vary in severity. The c.473T>C variant has been found to cause infantile nephropathic cystinosis that presents with the severe cystinosis phenotype in infancy. Among the 36 carriers, 35 individuals were shown to carry the c.124G>A variant, and the c.473T>C variant was carried by 1 individual in the 1 KG database (Table 1). Upon further investigation of this variant in gnomAD v4.1.0, we found that the allele frequency of the variant of interest was 6.26% in the African population. We compared this to the allele frequencies of 0.006% in the European (non-Finnish) population, 0 in the European (Finnish) population, and 0.002% in the Asian population for the same variant to underscore the notable difference in specifically the African population.
According to ACMG guidelines, an allele frequency of more than 5% is considered to be stand-alone support (BA1). The allele frequency of the c.124G>A variant in the African ancestral group is 6.26%, and it is therefore classified as benign. However, we present this finding as a potential dilemma as the allele frequency of this variant is only increased in the African ancestral group (6.26%); in all other ancestral groups in 1 KG, its allele frequency does not classify it as benign.
Based on these results and supported by the established evidence of healthcare disparities that disproportionately negatively impact the African population in addition to the poor characterization of cystinosis prevalence and missing information in the African population, we present the concern of whether to classify the c.124G>A variant as benign or pathogenic. With this dilemma, two separate calculations were performed using the Hardy Weinberg Equilibrium for allele frequency and carrier and affected rates: one including both variants and another excluding the c.124G>A variant per ACMG guidelines (Figure 1). With both variants included, the allele frequency was calculated as 1.64%, and the carrier and affected rates were calculated as 1 in 30 and 1 in 3,680, respectively. Excluding the c.124G>A variant, the allele frequency was calculated as 0.05%, and the carrier and affected rates were calculated as 1 in 1,093 and 1 in 4,769,856, respectively.
[image: Figure 1]FIGURE 1 | Flowchart showing populations genetics method applied in study. After intersecting the two databases, there were 36 people sharing 2 different pathogenic variants. The allele frequency and carrier rate calculations differed based on whether the c.124G>A (p.Leu158Pro) was included or excluded.
4 DISCUSSION
The purpose of this study is to present the dilemma that the variability in allele frequency between different ancestral groups and how variants are categorized as benign or pathogenic based on previous reports versus current guidelines, and call for a more cautious and inclusive approach, specifically considering the c.124G>A variant in CTNS causing cystinosis. A PheWAS or further phenotypic analyses would help to ascertain the true nature of a variant like this.
The c.124G>A variant of interest included in this study is one of the earliest pathogenic variants identified in 1999 (Attard et al., 1999) and it was shown to be associated with atypical cystinosis associated with corneal dysfunction only (Attard et al., 1999). However, according to ACMG guidelines, there is supporting evidence suggesting that the c.124G>A variant should be excluded as a pathogenic variant due to its high allele frequency in the African population (Harrison et al., 2019). However, it is important to note that this increased allele frequency is only present in the African subpopulation in the 1 KG database and absent in other subpopulations (Figure 1).
This variant was known to cause atypical cystinosis, known to show incomplete penetrance and variable expressivity which can manifest as a broad range of phenotypic presentations in carrier individuals (Attard et al., 1999). Although the patient may not initially present with symptoms, they may still become symptomatic later, and family members who also inherit the variant may present with different phenotypic severity as well. In addition to HGMD, OMIM, a manually curated database of pathogenic variants of genes that is regularly updated, categorizes the c.124G>A as pathogenic and causative of atypical cystinosis. Identifying these patients especially in a higher risk population may benefit from early follow up and intervention if symptoms arise.
The fact that the c.124G>A variant is only present at a high allele frequency in the African population raises the question of health equity and racial disparities in care. Bias and decreased access to equitable care among non-white populations has been shown across various medical specialties (Williams and Rucker, 2000). If these individuals are at greater risk of receiving less equitable care due to bias or decreased resources, it is possible that the diagnosis and identification of symptoms are being missed, especially if they present in the less severe phenotype of atypical cystinosis. If individuals with the c.124G>A variant that is represented at an increased allele frequency in the African population do not receive adequate care to identify cystinosis-associated symptoms causing them to be labeled as asymptomatic, the variant would be inappropriately classified as benign.
There may also be a discrepancy in the representation of ethnic groups in genetic studies. Studies suggest that there is greater hesitancy among some ethnic minorities to utilize genetic analyses, which decreases the availability of clinically useful data for these groups (Saulsberry and Terry, 2013). Notably, there is a significantly greater genetic and linguistic diversity among the African population compared to populations from other continents, which is not accurately represented by the low proportion of participants of African ancestry in the GWAS Catalog (Fatumo et al., 2022). There is an existing consensus in the literature that we should sequence more non-white populations (Buniello et al., 2019). It has been well-established in literature that large geographic regions including those in Sub-Saharan Africa are significantly underrepresented in genetic studies of disease including cystinosis (David et al., 2019). There have been multiple variants identified in these populations linked to the development of cystinosis-related symptoms, emphasizing that additional studies are needed to further explore how this disease manifests in these underrepresented populations (Owen et al., 2015). With this paper, as previously stated, we call for a more cautious and inclusive approach for categorizing the pathogenicity of a genetic variant. This can only be achieved by not only sequencing non-white groups, but also phenotyping them to strive to provide more equitable healthcare access to these historically underserved groups to develop an accurate understanding of the differences in phenotypic presentation across populations.
5 PERSPECTIVES AND CONCLUSION
In our initial effort to better characterize the prevalence of cystinosis by assessing disease-causing variants of the CTNS gene in the general population, we identified a variant (c.124G>A) with a discrepancy between its pathogenic classification in HGMD by the ACMG allele frequency guideline. Notably, the variant of interest only showed this discrepancy of high allele frequency specifically in the African ancestral group while remaining low in all other populations. Given that the c.124G>A variant causes atypical cystinosis, which may not present with as severe of a phenotype as the infantile type and instead show variable expressivity, accurate diagnosis would require detailed phenotyping and long-term follow-up. This makes disparities in access to care a potential confounding variable when classifying the pathogenicity of a disease variant, as people from populations that have decreased access to long-term detailed healthcare follow-up may be more difficult to appropriately identify and diagnose.
We propose that access to healthcare is a possible confounding factor that should be considered in the categorization of pathogenicity. This is especially true for alleles that have incomplete penetrance and variable expressivity, which may manifest differently across individuals in various populations. In order to provide more equitable care across all populations, we propose a more inclusive approach—increased efforts in diagnosis in diverse populations, especially among those that may have decreased access to healthcare. Following a more inclusive approach to better understand the natural history and long-term progression of the disease, we can be more confident that subsequent phenotypic studies, such as PheWAS, can appropriately classify these variants.
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