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Clinical and genetic
characteristics of 29 Chinese
patients with X-linked
hypophosphatemia

Tian Xu, Xiaohui Tao, Zhenlin Zhang* and Hua Yue*

Shanghai Clinical Research Center of Bone Diseases, Department of Osteoporosis and Bone
Diseases, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, Shanghai, China
Objective: The aim of this study was to fully describe the clinical and genetic

characteristics, including clinical manifestations, intact fibroblast growth factor 23

(iFGF23) levels, and presence of PHEX gene mutations, of 22 and 7 patients with

familial and sporadic X-linked dominant hypophosphatemia (XLH), respectively.

Methods: Demographic data, clinical features, biochemical indicators, and

imaging data of 29 patients were collected. All 22 exons and exon–intron

boundaries of the PHEX gene were amplified by polymerase chain reaction

(PCR) and directly sequenced. The serum level of iFGF23 was measured in 15 of

the patients.

Results: Twenty-nine patients (male/female: 13:16, juvenile/adult: 15:14) with XLH

were included. The main symptoms were bowed lower extremities (89.7%),

abnormal gait (89.7%), and short stature/growth retardation (78.6%).

Hypophosphatemia with a high alkaline phosphatase level was the main

biochemical feature and the median value of serum iFGF23 was 55.7 pg/ml

(reference range: 16.1–42.2 pg/ml). Eight novel mutations in the PHEX gene

were identified by Sanger sequencing, including two missense mutations (p.

Gln682Leu and p. Phe312Ser), two deletions (c.350_356del and c.755_761del),

one insertion (c.1985_1986insTGAC), and three splice mutations (c.1700+5G>C,

c.1966-1G>T, and c.350-14_350-1del). Additionally, the recurrence rate after the

first orthopedic surgery was 77.8% (7/9), and five of them had their first surgery

before puberty.

Conclusion: Our study expanded the clinical phenotypes and gene mutation

spectrum of XLH and provided a reference for the optimal timing of

orthopedic surgeries.
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Introduction

X-linked hypophosphatemia (XLH, OMIM 307800) is

characterized by disordered phosphorus metabolism and

abnormal bone mineralization, with an estimated prevalence

of 1 in 20,000 and an approximate incidence of 3.9–5 per

100,000 live births (1). XLH is a disorder caused by phosphate

regulating endopeptidase homolog X-linked (PHEX) gene

mutations transmitted in an X-linked dominant manner, and

is found in 80% of patients with inherited rickets/osteomalacia

(2). The PHEX gene encodes a transmembrane endopeptidase

that belongs to the type II integral membrane zinc-dependent

endopeptidase family and is predominantly expressed in bone

and teeth with cellular localization in osteoblasts, osteocytes,

odontoblasts, and ameloblasts (3, 4).

Loss-of-function mutation of the PHEX gene results in

downregulation of the PHEX protein and increased

circulating levels of fibroblast growth factor 23 (FGF23).

PHEX protein is an enzyme that degrades local small

integrin-binding ligand, N-linked glycoproteins (SIBLING

proteins), especially osteopontin. Deposition of osteopontin

in bone on account of decreased expression of PHEX enzyme

affects local inhibition of mineralization (5). FGF23, a critical

phosphatonin that is almost exclusively produced by

osteocytes and osteoblasts, regulates phosphate and vitamin

D homeostasis. Excess FGF23 inhibits renal phosphate

reabsorption by reducing the expression of the renal tubular

s o d i um pho s p h a t e c o t r a n s p o r t e r s . M e a nwh i l e ,

overexpression of FGF23 lowers 1,25(OH)2D3 by regulating

the expression of CYP27B1 and CYP24A1, reducing the

synthesis and enhancing the catabolism of 1,25(OH)2D3 (5–

7). Although FGF23 is not the direct substrate of the PHEX

enzyme, a recent study indicated that PHEX is a direct

transcriptional inhibitor of FGF23, which plays an

important role by affecting the expression of FGF23 rather

than the degradation of FGF23 (7).

The clinical manifestations of XLH vary between children

and adults. Gait abnormality, lower-extremity deformity,

growth retardation, and rickets are common in pediatric

patients. In contrast, disproportionately short stature,

osteomalacia, bone pain, osteoarthritis, pseudofractures,

pathological fractures, enthesopathy, and dental problems are

the main complaints in adult patients. Lower-extremity

deformity was reported as the most frequent clinical

manifestation in patients of all ages, which delays the growth

of the long bones and then worsens the reduction in height (8).

As shown in the literature, 24%–65% of patients with XLH

required surgical intervention for lower-extremity deformities

(9, 10). Some of them underwent orthopedic surgeries to obtain

a neutral axis of the lower limbs. However, the best timing and

approach for corrective osteotomies in XLH patients continues

to constitute a matter of debate (1, 11).
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Recently, burosumab, a recombinant human monoclonal

IgG1 antibody against FGF23, became available in China.

Burosumab can bind and inhibit excess FGF23 and thereby

corrects hypophosphatemia and ameliorates clinical symptoms

in XLH patients. Published data from phase 2 and 3 clinical trials

showed that burosumab improved renal tubular phosphate

reabsorption, serum phosphorus levels, and linear growth, and

reduced pain and the severity of rickets in children (12, 13). In

addition to restoring normal serum phosphate concentrations,

burosumab significantly alleviated osteoarticular stiffness,

helped to heal fractures, increased levels of bone turnover

markers (BTMs), and improved osteomalacia-related

histomorphometric measures in adult patients (14, 15).

Compared with those receiving conventional treatment,

pediatric patients treated with burosumab showed greater

improvements in rickets severity, growth, and biochemistry (16).

Apart from acting on bone and kidney, FGF23 might have a

potential long-term influence on the cardiovascular and

metabolic system as some studies reported (17, 18). Although

FGF23 measurement is not recommended during the follow-up,

it is valuable to investigate the relationships between the levels of

FGF23 and genotypes, long-term complications, and the

prognosis (1). To date, more than 800 different PHEX

mutations have been identified (HGMD, http://www.hgmd.cf.

ac.uk/ac/index.php and https://www.rarediseasegenes.com)

(19). In our study, we fully described the clinical features,

PHEX gene mutation sites, and iFGF23 levels of 29 patients

with XLH as well as recommend optimal operation timing.
Materials and methods

Subjects

Our study was approved by the Ethics Committee of

Shanghai Jiao Tong University Affiliated Sixth People’s

Hospital and informed written consent was obtained from all

patients or their guardians (for participants who were under 18

years old). We retrospectively analyzed the clinical

characteristics and PHEX gene mutation profiles of 29 patients

with XLH from January 2020 to February 2022. Altogether, there

were 29 individuals from 20 families, including 22 familial and 7

sporadic cases. The exclusion criteria were as follows:

hypophosphatemia with other causes, such as autosomal

dominant or recessive hypophosphatemic rickets, defects in

intrinsic renal phosphate transport, and secondary

hypophosphatemia, such as tumor-induced osteomalacia, and

drug-induced and nutrition-induced hypophosphatemia. Only

one adult patient received burosumab subcutaneous injection

with 1.0 mg/kg per month, whose primary manifestations were

pain of lower extremity and elevated level of ALP before

treatment. The remaining patients received conventional
frontiersin.org
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treatment with oral phosphate 20–40 mg/kg and calcitriol 0.25–

0.5 mg per day since they came to our clinic. Both calcitriol and

alfacalcidol are analogs of highly active vitamin D, which can be

used to treat XLH (11).
Clinical features

The height data were converted into a standard deviation

score (SDS) according to standardized growth charts for

children and adolescents in China (20). For children, bilateral

posteroanterior wrist and knee radiographs were available, and

the rickets severity score (RSS) was evaluated according to the

method of Thacher (21). The RSS is scaled incrementally from 0

to 10, corresponding to normal to severe rickets. For adults,

necessary radiographs were taken if bone or joint pain

was present.
Biochemical measurements and serum
intact FGF23 measurement

Biochemical indicators included serum phosphate, total

calcium, total alkaline phosphatase (ALP), intact parathyroid

hormone (iPTH), 25-hydroxyvitamin D (25OHD), b-isomerized

C-terminal telopeptide of type 1 collagen (b-CTX), and serum
Frontiers in Endocrinology 03
osteocalcin (OC). Biochemical indexes and BTMs were

measured by a Hitachi 7600-020 automatic biochemistry

analyzer and an automated Roche electrochemiluminescence

system, respectively. Blood samples of 29 patients were drawn

in the morning after fasting overnight.

Serum iFGF23 levels were measured by using a two-site

ELISA kit (KAINOS Laboratories, Inc., Tokyo, Japan) with a

detectable concentration range from 3 to 800 pg/ml. The

reference range was 16.1–42.2 pg/ml (22).
Sanger sequencing for PHEX
gene mutation detection and
pathogenicity prediction

Genomic DNA was extracted by a conventional method

using a DNA extraction kit (Lifefeng Biotech, Shanghai). The

DNA sequence of the PHEX gene was obtained from an online

database (GenBank accession No. NC_000012). All 22 exons

with their adjacent intronic sequences of the PHEX gene were

amplified by PCR with 21 pairs of sequencing primers designed

using Primer 3 software. The primers were presented in Table 1.

Direct DNA sequencing was performed using a BigDye

Terminator Cycle Sequencing Ready Reaction Kit, version 3.1

(Applied Biosystems, Foster, CA, United States), and then

analyzed with an automated ABI 3730 sequencer (Foster, CA,
TABLE 1 Primer sequences for PCR amplification of the PHEX gene.

Exons Forward primer (5’!3’) Forward primer (5’!3’)

1 AGGGACTTTGCTGAGGGAGAG CCACTCGAAGCCACTTACACC

2 TGGGTTTTGGAATACCGTGTC AAGAGAGGCCATTCAGCCTTC

3 CAAGGCTTGGAAACTGGTTGA TTATGTTGAGATCTGGGAGTCCA

4 GGCACCATATGTGGGTGGATA GTTTGCCCTGCTGACTTTGTC

5 CACATTGAAGCGTGGATCGTA CGGGAGAAGGGAATATTCTGG

6 GCTCTGCCCAATCATGTTACC GCAGCCTGGTAAGGCACATAG

7 GGGTGCCTGGTATTGCATAAT CCAATGGGCAATGACACAAA

8 ACCACACCAAAGCCTTGAAAA GAGCCAATGCCAACAATTACC

9 GGATGGCAATGATCAGGAGTT GACAGTGCTTTTGGCCAGTTC

10 ATGTTCACTCTGAGGGCTGGA GGCTACAAACTCCCCCTGTCT

11 CAGCCATGGGTTTTATCCAAA CCCACTCCCCTGGAAAACTAC

12 AGTGTTGCCAGAGCATGGAGT AGGAAAGGCCGAATTACAAGG

13 TCGATTCAGTCACCTTCTCCA GAAAGGCACAAGGCCAGTAAA

14 TGACTGATGCAGCTTCTCTGC ATGCTAGAAATGGGGGACCTG

15 GCAGGGACAGCCCTTTAGATT GCCACTTTTGGGGGAAATAAG

16 GTGCAAAATGGTTTCCCTGAA GTCCAGCCATACACCCTGGTA

17 AAGCAGTTTATCTTGGCTTTCCA CAAGCCATCACAGCAAGACAC

18 CTGCTTTTTGAAGGCTTGTCG ATGCCTGGTTAAGGGATGACC

19 TTGATGCCTCTTGCTGAATGA AAATGAACCTAGCCCCAAGGA

20 TGGTAAGCAACAGGACATGGA AGGGCTGCTAACCCATTTGAT

21 TTCCTGGGCACATATACGATTC TTTTGGCTGCAAAATGGAAAT

22 CAGAACCTGTTGATGTGCAAGA GCCAACACCCTAAAATGGACA
PCR, polymerase chain reaction; PHEX, phosphate-regulating gene with homology to endopeptidase on the X chromosome.
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United States). Single-nucleotide polymorphisms (SNPs) were

identified using Polyphred2, and novel mutations were identified

using HGMD (23). Polyphen-2 (http://genetics.bwh.Havard.

edu/pph2/), PROVEAN (http://provean.jcvi.org/index.php),

and Mutation Taster (http://www.mutationtaster.org/) were

used to predict the pathogenicity of missense mutations in the

PHEX gene. For Polyphen-2 analysis, the following three

empirically derived outcomes were used: most likely damaging,

possibly damaging, and benign. For PROVEAN, scores ≤−2.5

are predicted to be deleterious. For Mutation Taster, the

possibility of a mutation being a disease-causing mutation is

scaled from 0 (low) to 1 (high).
Statistical analyses

All data were analyzed by using IBM SPSS Statistics (version

23.0; SPSS Inc., Chicago, IL, United States). The normality of the

distribution of continuous variables was checked by the

Kolmogorov–Smirnov test. Normally distributed, nonnormally

distributed, and categorical variables are presented as the mean ±

SD, medians (25th and 75th percentiles), and frequencies or

percentages, respectively. Intergroup differences for such

variables were assessed with independent-sample t tests, the

Mann–Whitney U test, and Fisher’s exact test, respectively.

Correlations between continuous variables were evaluated with

the Spearman rank correlation coefficient. p < 0.05 was

considered statistically significant.
Results

Clinical features of the subjects

Pedigrees of the XLH patients are shown in Figure 1.

Twenty-nine patients (female:male, 16:13), specifically 7

sporadic and 22 familial cases, were recruited in our study,

including 15 juveniles and 14 adults, with an average age of 18.5

years (18.5 ± 14.5 years) and a median onset age of 24 months

(12–36 months). The average height SDS in adult and juvenile

patients was −3.9 ± 2.8 and −1.3 ± 1.2, respectively. Short stature

was more significant in adults than in juveniles (p < 0.01).

Clinical complaints at the initial visit mainly included abnormal

gait (89.6%), deformities of weight-bearing limbs (89.6%), short

stature/growth retardation (78.6%), dental problems (53.6%),

bone pain (37.9%), and a history of pseudofractures or

pathological fractures (17.2%). The average RSS was 4.3 points

(4.3 ± 1.3) in nine juveniles with available radiographs,

indicating the impairment of skeletal development. The

detailed demographic data and clinical features are provided in

Table 2 and Supplementary Table 1.
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Biochemistry and serum iFGF23
levels of XLH

The biochemical indicators of the 29 patients are summarized in

Table 3. For all age groups, the mean serum phosphorus and creatine

levels were below the lower limit of the normal range, while the level

of ALP was above the upper limit, and BTMs were high. Nine

patients had vitamin D deficiency (25OHD < 20 ng/ml) with slightly

elevated iPTH levels. The average level of vitamin D in adult patients

was significantly lower than that in juveniles (p < 0.01). The levels of

iFGF23 were detected in 15 patients, with a median value of 55.7 pg/

ml (range: 24.0–146.0 pg/ml). A total of 53.3% of patients had a high

level of iFGF23 above the upper limit of the reference range (42.2 pg/

ml). However, neither significant difference between adult and

juvenile patients nor correlations between the levels of iFGF23 and

height SDS, RSS, BMI, or age of onset were detected (p > 0.05).
FIGURE 1

Pedigree of families 1–20 in China with X-linked
hypophosphatemia. (The black symbols represent the affected
individuals and the open symbols represent the unaffected
individuals. The circles and squares indicate female and male,
respectively. The arrows identify the proband in the families.The
numbers underlined and bolded in pedigrees identify 29 patients
in this study).
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Orthopedic surgeries and postoperative
recurrence rates

Twelve patients with XLH underwent at least one

orthopedic surgery, including three pediatric and nine adult

patients. The three children underwent the surgeries within 6

months, including two children receiving transient
Frontiers in Endocrinology 05
hemiepiphysiodesis and the remaining one having the

osteotomy. The detailed information of the nine adults who

underwent orthopedic surgeries is summarized in Table 4. The

mean age of the first operation was 11.2 years (11.2 ± 4.8 years)

and the average height SDS was −4.1 ± 1.6. Most of the patients

(6/9, 66.7%) underwent osteotomies. Nine adults were divided

into three groups (prepuberty, adolescence, and post-puberty)
TABLE 2 Clinical characteristics and complications of 15 pediatric patients and 14 adult patients with XLH.

Clinical characteristics Pediatric patients Adult patients p-value

Sex (female: male), n 8:7 8:6 –

Age, years 6.5 ± 4.6 31.4 ± 9.2 –

Age of onset, months 18 (12, 18) 24 (12, 39) 0.860

Height (SDS) −1.3 ± 1.2 −3.9 ± 2.8 0.027

BMI, kg/m2 17.4 (16.3, 19.0) 25.7 ± 4.9 0.001

iFGF23, pg/ml 95.7 ± 90.8 48.0 (31.5, 86.8) 0.864

Bowed lower extremities 12/15 (80.0%) 14/14 0.238

Abnormal gait 12/15 (80.0%) 14/14 0.238

Short stature, growth retardation 8/14 (57.1%) 14/14 0.016

Dental problems 2/15 (13.5%) 13/14 (92.9%) 0.001

Bone pain 1/15 (0.7%) 10/14 (71.4%) 0.001

Pseudofracture/Fracture 1/15 (0.7%) 4/14 (28.6%) 0.169

Orthopedic surgery 3/15 (20%) 9/14 (64.3%) 0.025

Treated : Untreated, n 10:5 8:6 –

Nephrocalcinosis, % 0 (0/6) 25% (2/8) 0.473

Secondary hyperparathyroidism, % 50% (7/14) 58.3% (7/12) 0.713

Ectopic ossification, n – 4 –
fronti
Values were shown as n, means ± SD or median (25th, 75th).
The meaning of the bold values represented 29 patients.
TABLE 3 Biochemical features of patients with XLH.

Biochemical parameters Age groups Sample number (N)

Serum phosphorus, mmol/L <1 years 2 1.00, 1.00

1–3 years 3 0.84, 0.75, 0.85

4–11 years 8 0.94 ± 0.13

12–15 years 1 0.67

>15 years 13 0.59 ± 0.11

Serum calcium, mmol/L 27 2.30 (2.28, 2.42)

ALP, U/L 1–15 years 14 594.1 ± 161.0

16–18 years 1 302.0

>18 years 11 124.0 (75, 172)

PTH, pg/ml 25 71.72 (48.67, 100.00)

25OHD, ng/ml 26 27.59 ± 16.48

iFGF23, pg/ml 15 55.7 (24.0, 146.1)

b-CTX, ng/L 23 1,569.07 ± 982.17

OC, ng/ml 22 60.75 (24.06, 107.45)

Serum creatine, mmol/L 26 37.98 ± 10.80
Values were shown as n, means ± SD or median (25th, 75th). ALP, total alkaline phosphatase; PTH, parathyroid hormone; 25OHD, 25-hydroxy-vitamin D; b-CTX, b-isomerized C-
terminal telopeptide of type 1 collagen; OC, serum osteocalcin in the form of N-terminal mid-molecule fragments. Normal reference range: phosphorus [varies by age]: 1–3 years: 1.25–2.10
mmol/L, 4–11 years: 1.20–1.80 mmol/L, 12–15 years: 0.95–1.75 mmol/L, >15 years: 0.80–1.60 mmol/L, calcium: 2.08–2.60 mmol/L, ALP: 1–15 years: 42–390 U/L, 16–18 years: 52–171
U/L; >18 years: 15–112 U/L (22), PTH: 15–65 pg/ml, 25OHD: >30 ng/ml, iFGF23: 16.1–42.2 pg/ml (22), b-CTX: 278–540 ng/L, OC: 13.07–27.68 ng/ml (24), creatinine: 53.0–115.0 mmol/L.
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according to the age of the first operation, with five, three, and

one patient in each group (25). Except for one patient who

underwent surgery post-puberty and another patient who had

surgery in adolescence, seven out of nine patients who received

corrective orthopedic surgeries had recurrent lower limb

deformities. Two patients who underwent the first surgery

before puberty recurred but achieved a satisfactory outcome

after the surgery performed post-puberty. As to the

operative approaches, one patient had unilateral operation

due to varus in the left lower limb, and the remaining eight

patients had bilateral corrective surgeries. Two patients who

underwent surgeries at the age of 13 and 16 were administered

oral phosphate and calcitriol before surgery. They have been

satisfied with the effect of the corrective surgeries so

far (Table 4).
Frontiers in Endocrinology 06
Manifestations and complications in
14 adults

Manifestations and complications in adult patients are

summarized in Table 2 and Figure 2. The majority of patients

(12/14) had tooth loss, and half of them reported a history of

repeated infections of their teeth, including endodontic

infections and periodontitis. Pathological fractures and

pseudofractures were detected in four adult patients (including

three male patients and one female patient). The common

fracture sites were the femur, tibia, and vertebrae. Secondary

hyperparathyroidism was detected in seven patients and four

patients were diagnosed with ectopic ossification in the spinal

ligament, Achilles tendon, and interosseous membrane of the

forearm. Before genetic diagnosis, eight patients received
TABLE 4 Orthopedic surgery of nine adults.

Family no. Age Age of operation Lower-extremities deformity Type of surgery Postoperative satisfaction Height (SD)

1/II-5/M 27 6/8/30 Valgus Osteotomy Y −5.84

2/I-2/F 44 12 Valgus/varusa NA N −5.66

6/II-5/M 24 10 Varus Osteotomy N −6.73

6/II-4/F 30 6 Varus Osteotomy N −3.09

7/I-2/F 34 22 Varus Osteotomy Y −2.10

11/II-3/M 21 9/16* Valgus Osteotomy Y −3.52

12/II-3/F 27 10 Varus NA N −2.99

14/III-6/F 24 13* Varus Osteotomy Y −3.09

20/II-3/F 23 13/23 Varusb Hemiepiphysiodesis N −3.68
F, female; M, male; NA, not available; N, no; Y, yes. avalgus in right lower limb and varus in left lower limb; bvarus in the left lower limb; *a history of medication before surgery.
FIGURE 2

(A) Vertebral compression fractures (Family 5/III-8, a man aged 42). (B): Pseudofacture line (Family 4/III-17, a man aged 22). (C, D) Fractures in
the femur (Family 5/III-8). (E) Radiograph of bilateral knee (Family 2/II-4, a boy aged 5). (F) Radiograph after hemiepiphysiodesis (Family 9/II-3, a
girl aged 7). (G) Radiograph after osteotomy (Family 14/III-6, a woman aged 24). (H–J) Ossification of the spinal ligaments (Family 14/II-3, a
woman aged 50). (K) Ossification of the interosseous membrane of the forearm (Family 6/II-4, a woman aged 30).
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conventional treatment with oral neutral phosphorus solution

and/or calcitriol. Two of them were diagnosed with

nephrocalcinosis via renal ultrasound.
Mutation analysis of the PHEX gene

The PHEX mutation information is shown in Supplementary

Table 2. Twenty different mutations were identified, including six

missense, three nonsense, two deletion, one insertion, and eight

splicing mutations. Two homozygotic mutations (c.350-14_350-

1del and c.350_356del) were detected simultaneously in one familial

case. Another six novel mutations, c.2045A>T, c.935T>C,

c.755_761del, c.1985_1986insTGAC, c.1700+5G>C, and c.1966-

1G>T, were identified. Among them, c.2045A>T (p.Gln682Leu)

and c.935T>C (p.Phe312Ser) were predicted to be deleterious

(PolyPhen-2 score of 1 and 0.99 and PORVEAN score of −6.497

and −4.623, respectively; Mutation Taster score of 0.996 for

p.Phe312Ser). Notably, the amino acid residues at p.682 and

p.312 were highly evolutionarily conserved across nine different

species, as shown in Figure 3.
Discussion

The findings of our study are compatible with previous

reports that bowed lower extremities are a common clinical

complaint in patients of all ages. Thus, a large number of

patients (12/29) underwent at least one surgical limb

correction. Bone deformities are usually corrected through one

or multiple osteotomies associated with internal or external

osteosynthesis (8, 25). Six out of nine adult patients examined

in our study underwent this kind of surgery. In this study, the

average age of first operation was 11.2 years and the
Frontiers in Endocrinology 07
postoperative recurrence rate was 77.8%. Considering the high

recurrence rate of the surgery, it may not be appropriate to

perform orthopedic surgery before puberty unless serious

complications occur. It was suggested that close to the end of

puberty with the epiphysis nearly closed would be the best

timing for corrective surgeries, which was consistent with

previous studies (8, 9, 25, 26). From our study, four adult

patients with satisfactory orthopedic surgery underwent their

surgeries at the ages of 13, 16, 22, and 30 years, respectively,

further supporting our suggestion. Growth-guided surgery, also

known as transient hemiepiphysiodesis, is another less invasive

technique used to modify deformities in young patients (8). Two

children in this study chose this operation. This kind of surgery

should be performed with growth potential but is accompanied

by risks of recurrence and overcorrection, among others.

Considering the strengths and disadvantages of both

procedures, the approach of orthopedic surgery depends on

the age of the patient and the type of deformity. Moreover,

conventional treatment with phosphate and calcitriol before and

after surgery was helpful in reducing postoperative recurrence

(10, 27). In our study, only two patients received these drugs

before surgery, perhaps explaining the high recurrence to

some extent.

Regarding clinical features, it should be noted that fractures

occurred in familial cases with more males without a history of

fall, which could be partially explained by low bone mineral

density (BMD, Table 2). Ectopic ossification of spinal ligaments

and the Achilles tendon was rather prevalent in the adult

patients, in addition to secondary hyperparathyroidism and

nephrocalcinosis (28). In our study, ossification of the

interosseous membrane of the forearm was detected in an

adult patient, which was rarely noticed before and could have

an adverse impact on the rotation function of the forearm.

Therefore, more attention should be paid to adult patients,
A B

FIGURE 3

Partial amino acid sequences of the PHEX gene from nine species. The amino acids at p.312 in exon 9 (A) and p.682 in exon 20 (B) are highly
conserved in nine different species.
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especially male patients with familial histories, to avoid

severe complications.

Furthermore, we identified 20 different mutations in this

study. Among them, eight were novel and four were de novo

mutations. As reported in previous studies, P534L and G579R

are mutational hotspots, and they were detected in three cases

in our study (11, 29, 30). P534 and G579 are located several

amino acids upstream of the active site of the enzyme and

conserved zinc-binding domain (including p.580, p.584, and

p.642) and are predicted to affect local hydrophobicity and

catalytic activity (31, 32). The PHEX protein consists of 749

amino acids and we also detected the R747X mutation in a

sporadic case, suggesting that even changes in the last three

amino acids near the carboxy terminus affect the function of

the PHEX gene (22).

The eight novel mutations detected here consisted of two

nontruncating mutations and six truncating mutations (two

deletions, one insertion, two splice acceptor site mutations, and

one splice donor site mutation). The two novel missense

mutations were p. Gln682Leu in exon 20 and p. Phe312Ser in

exon 9, both of which were verified to be pathogenic by

bioinformatics tools. Additionally, these sites in p.Gln682

and p.Phe312 were highly evolutionarily conserved among

species. Two deletions and one insertion mutation led to

premature truncations of p.117, p.252, and p.662, resulting in

nonfunctioning PHEX products. In addition, three splicing

mutations might cause subsequent exons to be skipped, intron

retention, or activation of cryptic splice sites, further resulting

in a reading frame shift and truncated proteins (33). Notably,

homozygous mutations of c.350_356del and c.350-14_350-1del

were identified simultaneously in a familial case, emphasizing

that all exons and introns should be screened.

Regarding iFGF23 detection, 53.3% of the values were

above the upper limit of the reference range (42.2 pg/ml) in

our study, which was lower than the percentage reported

previously. This discrepancy was partially due to the

relatively small sample size and unstable FGF23 protein

susceptible to decay in several fragments (22, 29). Neither

differences between adult and juvenile patients nor

relationships between iFGF23 and clinical phenotypes were

detected, in accordance with the findings of previous studies

(22, 23, 29). Interestingly, abnormal elevation of iFGF23 (>800

pg/ml) was observed in an adult patient who had been treated

with burosumab 2 weeks prior. Previous studies reported that

drug therapy could increase the level of iFGF23 to some extent

via negative feedback (34, 35). However, the mechanism by

which iFGF23 increases dramatically in response to burosumab

remains to be clarified.

Further studies are needed to further understand the deep-

rooted relationship between serum FGF23 and XLH. A case‐

control study showed that the concentration of iFGF23 was

higher in patients with ossification of the posterior longitudinal

ligament than in the control group (36). A latest study revealed
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higher iFGF23 levels in patients who harbored PHEX mutants

without zinc-binding sites (31). Meanwhile, potential off-target

effects on the cardiovascular, immune, and central nervous

systems cannot be ignored given high FGF23 levels in vivo,

especially in XLH patients with chronic kidney disease (37, 38).

In conclusion, we fully described the clinical and molecular

characteristics of 29 patients and discussed the relationships

between serum iFGF23 levels and clinical symptoms, common

complications, and therapeutic drugs, demonstrating the

changes in serum iFGF23 levels after treatment with

burosumab in a Chinese patient with XLH. Our study

provided an important theoretical basis for expanding the

pathogenic gene mutation spectrum of XLH, as well as

empirical support for the appropriate timing of orthopedic

surgery. Further studies should be performed on a larger

sample of patients with XLH in China.
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