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Background

Recently, in our clinical work, we discovered a case of abnormal bone metabolism in children resulting from an inactivated mutation of the ENPP1 gene. Through this discovery, we highlighted the impact of the ENPP1 gene on the skeletal growth and development of children, and provided new ideas for the clinical diagnosis of bone diseases in children.





Case summary

A 17-year-old boy presented with abnormal gait and hip pain. The anteroposterior (AP) pelvis X-ray revealed bilateral abnormalities in the femoral metaphysis, acetabulum, and ilium bones, as well as slippage of the left femoral head epiphysis. After genetic testing was carried out, it was found that the patient had a monoallelic inactivation mutations in the ENPP1 gene, which is the pathogenic gene of Autosomal-Recessive Hypophosphatemic Rickets 2 (ARHR2). Genetic testing identified that the patient had an inactivating mutation in the ENPP1 gene, which is associated with Autosomal-Recessive Hypophosphatemic Rickets 2 (ARHR2). Since symptoms were present at the time of diagnosis, the current treatment plan includes symptomatic treatments, such as calcium supplementation and femoral epiphyseal fixation.





Conclusion

We discovered that the inactivating mutation of the ENPP1 gene has an influence on bone metabolism, particularly calcium and phosphorus metabolism, which can lead to severe adverse effects on the growth and development of pediatric patients. Through this case and a review of the literature, we aim to enable clinical physicians to establish a holistic perspective during pediatric consultations.
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Introduction

Recently, we identified a patient with bilateral slipped capital femoral epiphysis, whose clinical manifestations included hip and groin pain as well as a limping gait. Genetic testing was carried out on the patient, and it was discovered that the ENPP1 gene of the patient had a monoallelic loss-of-function mutation. Slipped capital femoral epiphysis (SCFE) is the most prevalent hip disorder among adolescents, typically emerging in individuals aged 8 to 15. It is also one of the diagnoses that are most frequently overlooked in children. Clinically, it is usually presented as limping and non-specific pain in the hip, groin, thigh or knee. The occurrence of SCFE is associated with obesity, rapid growth or endocrine disorders, such as hypothyroidism, growth hormone supplementation, hypogonadism and panhypopituitarism (1). It has been reported that the inactivating mutations of the ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) gene can lead to Generalized Arterial Calcification of Infancy 1 (GACI1) (OMIM #208000) and Autosomal-Recessive Hypophosphatemic Rickets 2 (ARHR2) (OMIM # 613312) (2, 3). Therefore, the study was conducted on the relationship between the bone development of the pediatric patients and the ENPP1 gene.





Materials and result

A 17-year-old boy was admitted to our hospital due to abnormal gait and hip pain. The bilateral anteroposterior X-rays of the lower limbs, along with the frog-like anteroposterior and lateral X-rays of the hip, revealed left femoral head epiphysis slip and bone abnormalities in the bilateral distal femur, tibiofibular metaphysis, acetabulum, and ilium (Figure 1). In addition, this patient has a one-year history of hypothyroidism and has been consistently treated with “Euthyrox”. Currently, the thyroid hormone is maintained at a normal level.




Figure 1 | (A) (anteroposterior X-ray of both lower limbs): Both lower limbs were basically equal in length, and the long bones were lightly developed. (B) (hip and both upper limb’s anteroposterior X-ray of hip) and (C) (frog-like anteroposterior X-ray of hip): Bilateral femoral head epiphyseal plate widened, irregular edge; The joint surface of bilateral acetabulum was coarse, and the edge of bilateral ilium showed serrated changes. (D) (frog-like lateral X-ray of hip): the left femoral head was displaced medially, and the joint surface of each acetabulum was coarse; the left femoral epiphyses were separated (indicated by black arrows).



The patient’s height measures 127 cm (< 3rd percentile for age), the weight is 38 kg, the BMI index is 23.56 (within the normal range). The result of karyotype analysis of peripheral blood is 46, XY. The peripheral blood of the patient was sent to a professional company (The King Med Diagnostics) for testing, and the result of the patient’s gene report was obtained, which clearly identified the inactivating mutation of the ENPP1 gene (Table 1). This mutation was a heterozygous mutation. The genes of the patient’s parents and sister were traced, and no ENPP1 gene mutation was found, and all of them were normal individuals (Figure 2). At the same time, the report also pointed out two genes of uncertain clinical significance (the WDR11 gene and the CDT1 gene), which clearly presented chromosomal locus variations but had not been clinically manifested. To verify the effect of the ENPP1 gene on bone metabolism, peripheral blood serum tests were also conducted for the patient (Table 2).


Table 1 | Patient’s genetic report results.






Figure 2 | Pedigree of the family.




Table 2 | Results of peripheral blood serum tests.







Discussion

In recent years, the healthy growth of children has drawn considerable attention in China, especially in terms of bone growth. SCFE and osteoporosis were diagnosed when this patient presented to the Department of Pediatric Orthopedics in our hospital. This condition is characterized by posterior and inferior displacement of the epiphysis, predominantly in the anterolateral and superior regions of the proximal femur (Figure 1). This situation may be associated with obesity, yet it is unrelated to any prior trauma (4). Nevertheless, the patient’s BMI is within the normal range, which suggests that other underlying factors may be responsible for the development of SCFE. The research (5) indicates that hypothyroidism can result in delayed bone ossification and epiphyseal plate hypoplasia in children. The patient had a 1-year history of hypothyroidism and was on long-term regular use of Euthyrox. Now, his clinical symptoms and thyroid hormone levels are within normal levels, and thyroid function is unaffected (Table 2).

Subsequently, when the patient visited in the pediatric endocrinology department, a monoallelic inactivation mutations of the ENPP1 gene was identified through genetic testing (Table 1).

Inactivating mutations in the ENPP1 gene can cause bone mineralization defects and renal phosphate consumption, resulting in a rare autosomal recessive form of hypophosphatemic rickets (ARHR2). It is widely accepted that this disease results from an inactivating mutation in the homozygous state of the ENPP1 gene (6). In recent years, some experts and scholars have ascertained that the inactivation mutation of a single allele of ENPP1 can likewise result in abnormal bone mineralization and disorders in phosphate metabolism. A study (7) pointed out that the heterozygous inactivated mutation of the ENPP1 gene could lead to bone mineralization defects and early-onset osteoporosis in patients. Kato et al. (8) also reported that diffuse idiopathic skeletal hyperostosis and early-onset osteoporosis are associated with haploinsufficiency of the ENPP1 gene. Bone mineralization in the human body is closely related to calcium and phosphorus metabolism, especially in pubertal children. The inactivating mutation of the ENPP1 single allele doesn’t cause death but can affect children’s growth, causing problems like delayed height development and early-onset osteoporosis.

Kotwal and colleague (9) reported that the degree of inactivating mutation of ENPP1 gene could result in the impact of gene dosage on calcium and phosphate homeostasis. The ENPP1 gene influences blood phosphorus metabolism by increasing phosphate levels and inhibiting fibroblast growth factor 23 (FGF23), thereby reducing its urinary excretion and affecting bone metabolism (10). Consequently, the inactivation of the ENPP1 gene will result in elevated FGF23 levels. Meanwhile, parathyroid hormone (PTH), 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), and FGF23 collectively modulate phosphate homeostasis in the body (11, 12). In this case, the patient’s blood test (Table 2) showed that 1,25(OH)2D3 was significantly lower than the normal level, but the PTH level was within the normal range. Therefore, the patient’s FGF23 level might be elevated. Some researchers have also shown that an elevation in FGF23 concentration inhibits the levels of 1,25(OH)2D3 (13). At the same time, the patient’s renal function indicators were also slightly abnormal (Table 2). Furthermore, given that FGF23 is influenced by a multitude of factor (14), including iron levels, erythropoietin, inflammation, energy metabolism, and other metabolic parameters, it would be inappropriate to rely solely on FGF23 as an indicator of abnormal phosphorus metabolism in patients.

In addition, we examined the influence of the ENPP1 gene on bone formation and resorption. P1NP and ALP are markers for bone formation, while NTX-1 and CTX-1 indicate bone resorption (15). The patient’s bone formation markers were significantly higher than those in healthy individuals, indicating increased bone formation activity, while bone resorption remained normal. These findings suggest that the monoallelic inactivation mutations of the ENPP1 gene significantly affects bone metabolism, particularly bone formation.

The case presented in this article illustrates that the monoallelic inactivation mutations of the ENPP1 gene in the patient resulted in its inactivation, primarily manifesting as osteoporosis and bilateral slipped capital femoral epiphysis. Routine examinations, including cardiac and vascular ultrasounds, did not reveal any signs of life-threatening calcification of the aorta (16, 17), auditory impairment (18, 19), ossification of the posterior longitudinal ligament (20), or pseudoxanthoma elasticum (21–23), which are commonly associated with this gene mutation. A study (24) reported a case of ARHR2 due to biallelic pathogenic variants of ENPP1 gene. The patient exhibited abnormal gait and severe genu varum at 26 months, requiring corrective osteotomy, but it also found no other systemic diseases. At present, many clinical studies focus on the homozygous mutations of the ENPP1 gene, which can clearly lead to two clinical phenotypes: ARHR2 and GACI. Because GACI poses a significantly greater threat to patient survival, with many affected individuals succumbing during infancy (25). In contrast, ARHR2 does not directly compromise survival. As a result, older children with ENPP1 gene mutations and resultant inactivation predominantly exhibit symptoms of ARHR2, which severely impair their quality of life (26). Therefore, in many cases, the fact that the monoallelic inactivation mutations of the ENPP1 gene can also cause symptoms of ARHR2 is overlooked, which similarly imposes a significant burden on the patients’ quality of life and mental health.

Consequently, children harboring the monoallelic inactivation mutations in the ENPP1 gene might not consistently present the entire range of symptoms related to ARHR2 or be diagnosed with ARHR2. The mechanism underlying gene selective expression warrants further investigation. One limitation of our study is that we have only described the observed phenomena with conducting a literature review.





Conclusion

In conclusion, this observation highlights the importance of considering not only lower extremity joint disorders but also endocrine and metabolic abnormalities in children presenting with an abnormal gait. Particular attention should be paid to serum indicators related to endocrine metabolism, especially during critical periods of growth and development when endocrine factors play a dominant role. It is hoped that future clinicians will expand their diagnostic scope to include potential systemic diseases beyond the immediate presenting condition, thereby promoting the overall health and well-being of pediatric patients.
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