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What is already known on this topic?
Autosomal Recessive Hypophosphatemic Rickets Type 2 (ARHR?) is a‘rare genetic disorder caused by variant
of the gene encoding ectonucleotide pyrophosphatas¢/phosphodiesterase 1 (ENPPI). Use of oral phosphates and

active vitamin D can improve bowed legs and giowth with a caution of generalized arterial calcification.

What this study adds?
Our patient presented with a novel ENPP1 variant of ¢.1092-42A>G. ARHR2 should be considered if

hypophosphatemic rickets with elevated FGEF23 level without dominant inheriting family history, even in

patients of normal stature:

Abstract

Autosomal recessive hypophosphatemic rickets (HR) type 2 (ARHR?2) is a rare form of HR caused by variant of
the geneencoding ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPPI). Our patient presented with a
history of unstéady gait and progressively bowing legs that had commenced at the age of 1 year. Laboratory tests
revealed an elevated level of fibroblast growth factor 23 (FGF23), hypophosphatemia, and a high urine

phosphate level. Radiography revealed the typical features of rickets. Next-generation sequencing identified a

previously reported ¢.783C>G (p.Tyr261Ter) and a novel ¢.1092-42A>G variant in the ENPP1 gene. The patient

was prescribed oral phosphates and active vitamin D and underwent guided growth of both distal femora and
proximal tibiae commencing at the age of 3 years. No evidence of generalized arterial calcification was apparent
during follow-up, and growth rate was satisfactory.
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Introduction

Hereditary hypophosphatemic rickets (HR) is a rare disorder characterized by renal phosphate wasting, which in
turn impairs bone matrix mineralization. In recent decades, the role pldayed by a major phosphatonin, fibroblast
growth factor 23 (FGF23), has been clarified. FGF23 is secreted by osteocytes to regulate phosphate metabolism
by reducing renal phosphate reabsorption(1). FGF23 also impairs 1,25 dihydroxyvitamin D activation. The most
common FGF23-related HR is X-linked hypophosphateniic rickets caused by mutational inactivation of the gene
encoding the phosphate-regulating endopeptidase(2): However, several other types of FGF23-related HR are
inherited in autosomal-dominant and -recessive manners. Of these, autosomal-recessive hypophosphatemic

rickets type 2 (ARHR?2), caused by bi-allelic pathogenic variants of the gene encoding ectonucleotide

pyrophosphatase/phosphodiesterase 1 (ENPP1), 1s rare. Variants in ENPPI were first associated with generalized

arterial calcification of infancy (GACI)(3); this condition may trigger sudden death before 6 months of age.

Variants in ENPP] gene also.ticrease the serum FGF23 level(4,5), in turn causing autosomal-recessive HR. Here,

we report a girl with bowed legs and hypophosphatemia who was finally diagnosed with a rare case of ARHR2.
Case report

A 26-month-old. girl visited our pediatric endocrine clinic. Her parents reported frequent falls, an unsteady gait,
and progressive leg bowing that had commenced more than 1 year prior. She had been born prematurely at 35
weeks gestation and weighed 2,480 g at birth. Her developmental milestones were within the normal ranges.
There was nofamily history of sudden infant death or genu varum. At the first visit, her height was 88.4 cm (50—
75th percentile) and her weight 14.8 kg (90-97th percentile). Physical examination revealed bilateral genu
varum and widening of the wrists and especially the ankles (Figure 1A). Neither rachitic rosary nor frontal
bossing was observed. Radiography revealed fraying, splaying, and cupping of the metaphyses of both knees, as
well as bowed legs with severe deviations in the mechanical axes (Figure 1B). Laboratory tests revealed an
elevated alkaline phosphatase (ALP) level (674 U/L; normal range, 69—325 U/L), normocalcemia,
hypophosphatemia (phosphate level, 0.97 mmol/L; normal range, 1.2-2.2 mmol/L), and a normal serum intact
parathyroid hormone level. The ratio of the tubular maximum reabsorption of phosphate to the glomerular

filtration rate was 2.8 mg/dL (normal range, 2.9-6.5 mg/dL), indicating insufficient renal tubular phosphate



reabsorption despite the hypophosphatemia. The serum FGF23 level was elevated to 84.98 pg/mL (normal range,
8-54.3 pg/mL), leading to our diagnosis of FGF23-related HR. The biochemical data for the patient and her
parents are listed in Table 1.

Whole-exome sequencing (WES) revealed the presence of the ENPPI compound heterozygous variant
¢.783C>G (p.Tyr261Ter; regarded as “pathogenic” by the American College of Medical Genetics) in the mother
and ¢.1092-42A>G in the father (“likely pathogenic”). SpliceAl software predicted that ¢.1092-42A>G is a “gain
of acceptor” variant (delta score 0.79) (Figure 2). No vessel calcification was apparent on cardiac sonography.

There was no symptoms and signs of hypertension, renal failure or heat failure during follow-up.

We commenced conventional therapy (40 mg/kg/day) phosphate salts. This dose was then titrated up to 50

mg/kg/day and combined with active vitamin D with 15-25 ng/kg/day. After 1 year of this therapy, guided

growth of both distal femora and proximal tibiae commenced at age 3 years and 4 months because of genu
varum progression (Figure 1C). The biochemical data gradually improved, with the ALP level decreasing to 460
U/L. Follow-up radiography revealed that both femoral metaphyses had healed, and that the mechanical axis
deviations of the lower extremities had been corrected (Figure 1D). Her growth curve remained within the
normal range, and neither bony nor gastrointestinal discomfort was reported.
Method

Serum total calcium, phosphorus, magnesium, creatinine and ALP dnd uriné phosphorus and creatinine were

assayed using an automatic biochemical analyzer (Becknian Coulter, A1 analysers). Serum iPTH and 25-OHD

levels were measured by chemiluminescence assay (ARCHITECT system, Abbott, North Chicago, IL, USA).
FGF23 was measured by two-site enzyme-linked immunosorbent assay (FGF23 ELISA kit, KAINOS). The WES
data were generated using Illumina NovaSeq platforms. DNA was extracted from blood samples. Sequenced was
done by the captured-based method (Roche K:APA HyperExome). Raw reads were mapped to GRhg38 genome
and variants were called by the BWA-GATK-ANNOVAR.

Discussion

ENPP1 is an enzyme of the cell iiembrane that degrades adenosine triphosphate into adenosine monophosphate
and pyrophosphate (PP1). PPi inhibits hydroxyapatite crystal deposition and thus plays an essential role in
reducing calcification. A PPi deficiency triggers pathological vascular calcification(6). Inactivating ENPP1
variants wer¢ first reported in eight unrelated children with GACI, formerly termed idiopathic infantile arterial
calcification. The clinical manifestations include calcification of the elastic internal laminae of muscle arteries
and stenosis aftributable to myointimal proliferation(3). GACI is associated with a mortality rate of 55% within

the first.6 moniths of life, caused by heart failure, arterial hypertension, multiorgan failure, and/or myocardial

infarction. GACI is sometimes characterized by intimal proliferation without calcification with clinical findings
of hypertension, pulmonary hypertension, ischemia changes due to arterial stenosis(7). Survivors exhibit ectopic

calcification and an elevated serum FGF23 level(8). Kaplan—Meier analysis predicted that survivors would
develop HR before the age of 14 years(8). During follow-up, 5 of 19 (26.3%) survivors exhibited HR with renal
phosphate loss(9), which was assumed to reflect an attempt to protect against arterial calcification(3). One of
five HR patients treated with phosphates and calcitriol presented with worsening arterial stenoses(9). However,

several later reports claimed that long-term treatment of HR alleviated bone pain and improved growth without



increasing vascular calcification(8,10).
ARHR?2 was first reported in a family of Bedouin origin(5). The earlier suggestion that hypophosphatemia

protects arteries was replaced by the realization that excess FGF23 is the major factor in play in patients with

ENPP] variants. However, the mechanism by which such variants increase the FGF23 level remains
unknown(4.,5). It was observed that ENPP1-deficient mice exhibit increased FGF23 expression(11). The

inactivation of ENPP1 reduces pyrophosphate levels in soft tissues and results in local phosphate depletion in

bone. The defect in bone mineralization cause increased FGF23 expression(12). Additionally, an increased level

of FGF23 is speculated to be an adaptive physiological response(13). ARHR2 patients exhibit short stature, carly

fusion of cranial sutures, rachitic skeletal deformities, lower limb deformities, progressive varus deformities, and
bone pain(13). Some reported cases presented with progressive conductive hearing loss(14), pseudoxanthorma(15)
and ossification of posterior longitudinal ligament(16), all of which reflect ectopic calcification: Any family
history of GACI, HR, and/or consanguinity should be carefully noted. In our patient; radiography disclosed
typical rachitic traits, especially in the lower extremities. Laboratory tests revealed elevated FGF23-induced
hypophosphatemia and increased urine phosphate excretion. A definitive diagnosis was made possible by ENPP]
sequencing. Our patient presented with lower limb varus deformities af the time that she began to walk, and the
deformities gradually worsened. The clinical presentation, laboratory data, and radiological findings were typical
of HR, but her height was not short, perhaps attributable to high mid-parental height. ARHR2 should be
considered if HR is accompanied by an elevated FGF23.1cvel, even in patients of normal stature.

A total of 140 ENPP] variants have been identified to date, of which missense variants are the most common

(70%)(17). In our patient, variant in exon 7 (c.783C>G) has been reported to be associated with both GACI(18)
and ARHR2(19). In Chinese patients, ¢.783C>( is the most common ARHR?2 variant(19). However, the ¢.1092-

42 A>G variant in intron 10 is a novel ARHR2 variant. No obvious correlations between ENPP] variants and

phenotypes have yet been reported (Figure 3); even siblings with the same variants differ markedly in

phenotype(4,8,20).

ARHR?2 treatment is generally the same as that for HR, which comprises phosphate and calcitriol
supplementation to iricrease the seruin phosphate level and normalize the ALP level. The aims are to eliminate
the limb deformities and bone pain and to promote growth. Gastrointestinal symptoms, such as abdominal pain
and diarrhea; are acute side effects of phosphate supplementation, reducing adherence(13,21). Boyce et al

recommended the initial doses of phosphate at 25-30 mg/kg/day and calcitriol at 15 ng/kg/day(22). According to

previous reports, the dosage of phosphate ranged from 18 to 62.5 mg/kg/day and calcitriol ranged from 10.2 to

37.5 ng/kg/day(4,10.14,16). In patients with a history of GACI, the maximum dosage was phosphate 18

me/kg/day and calcitriol 18 ng/kg/day(10). Although there is no clear opinion, lower doses than in other HR

types are recommended. No obvious association was apparent between worsening vascular calcification and

treatment with phosphate and calcitriol after long-term follow-up(4,10). However, close monitoring of
biochemical parameters and vascular calcification status is essential before and during treatment.

Surgical intervention may be necessary if a bone deformity progresses(23), and regular orthopedic follow-up
must be scheduled(10,21). In our case, after phosphate and active vitamin D supplementation, guided growth of

both distal femora and proximal tibiae was required because of progressive mechanical axial deviations. Both



femoral metaphyses healed, the bowlegs improved, and the growth curve remained within the normal range.
Since 2018, burosumab, a monoclonal antibody targeting FGF-23, has afforded good results in patients with X-
linked HR(24). Renal tubular phosphate reabsorption and linear growth improved, and the severity of the bone
pain and rickets lessened. However, it has been suggested that burosumab may worsen ectopic calcification by
upregulating ALP and downregulating PPi. Salusky et al. reported a patient with GACI and HR with ENPP]

variants, in whom cardiac calcification worsened after treatment with burosumab for 20 months(25). Thus, the

utility of burosumab in patients with ARHR2 remains controversial. This emphasizes the need to identify

relevant variants before prescribing burosumab for HR patients. In ENPP1-deficient mice, ENPP1 replacement

therapies reduced pathological calcification and enhanced growth(26), thus showing considerable promise.

There are two limitations in our case report. GACI is the one of the presentations of ENPP1 deficiency. We

had followed up cardiac sonography without evidence of GACI till now. A computed tomography scan would be

arranged either when symptoms develop or years later. The second one is that the nevel intronic variant is

pathogenic in silico analyses, yet the functional analyses of this variant have not been eonducted.

Conclusions

We report a novel ENPP] variant in a Taiwanese patient with ARHRZ. The skeletal varus deformity was similar

to those of previous cases with ENPP/ variants, but the staturc was siormal. Conventional treatment with

phosphates and activated vitamin D promoted radiological bone healing and sustained growth without any
evidence of vascular or ectopic calcification. However, long-term meticulous monitoring is essential for such
patients.
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Table 1. The auxological and biochemical data of patient and her parents

Patient Father Mother

Height, cm 88.4 179 158

Height, SDS 0.61 1.32 -0.29

Serum
Ca, mmol/L 2.68 (2.2-2.7) 249 (2.2-2.7) 2.31(2.2-2.7)
P, mmol/L 0.97 (1.2-2.2) 1.0 (0.8-1.4) 0.97 (0.8-1.4)
Mg, mmol/L 0.81(0.7-1.2) 0.90 (0.7-1.2) 0.84 (0.7-1.2)
ALP, U/L 674 (69-325) 67 (28-95) 37 (28-99)
Cre, umol/L 26.53 (25-60) 61.89 (50-110) 44.21 (65-120)
iPTH, pg/mL 37.5 (15-70) 110.4 (15-70) 80.9 (15-70)
25(OH)D, ng/mL 28.5 (20-50) 29.0 (20-50) 224 (20-50)
FGF23, pg/mL 84.98 (8-54.3)

Urine
%TRP, % 92.7 (85-95) 86.7 (88-90) 92.95 (88-90)
TmP/GFR, mg/dL 2.8 (2.9-6.5) 2.7 (2.5-45) 2.8 (2.5-4.5)

Reference values are presented in parenthesis for age-specific efiteria.

Abbreviations: SDS, standard deviation score; Ca, calcium; P, phosphate: Mg, magnesium; ALP, alkaline

phosphatase; Cre, creatinine; iPTH, intact parathyroiddiormone; 25(QH)D, 25-hydroxyvitamin D; FGF23,
fibroblast growth factor 23; TRP, tubular reabsorption of phosphate; Tmp/GFR, ratio of the maximum rate of

tubular phosphate reabsorption to the glomerular filtration rate.




Figure Legends
Figure 1

A: Bowlegs at diagnosis; B: X ray of lower extremities at diagnosis; C: X ray of lower extremities before guided

growth; D: X ray of lower extremities after guided growth and treatment of phosphate and calcitriol

in this patient and her parents.
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Figure 3.
ENPP1 variants identified in patients with ARHR2 and GACI. The upper part shows variants associated with
ARHR2, highlighted with a green line. In the lower part, other variants associated with GACI are indicated by an

orange line. Variants associated with both GACI and ARHR?2 are shown underlined. The variants of our

patient are highlighted in bold.
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