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ARTICLE INFO ABSTRACT

Keywords: X-linked Hypophosphatemia (XLH) is caused by loss of function mutations in the PHEX gene. Given the recent

X-linked hypophosphatemia (XLH) availability of a new therapy for XLH, a retrospective analysis of the most recent 261 Chinese patients with XLH

PHEX evaluated at Peking Union Medical College Hospital was conducted. Clinical, biochemical, radiographic studies,

Genetic analysis as well as genetic analyses, including Sanger sequencing for point mutations and Multiplex Ligation-dependent

Zzis:;f;:;::notype correlation Probe Amplification (MLPA) to detect large deletions/duplications were employed. Based on the structure of

3D model of PHEX Neprilysin (NEP), a member of M13 family that includes PHEX, a three-dimensional (3D) model of PHEX was
constructed, missense and nonsense mutations were positioned on the predicted structure to visualize relative
positions of these two types of variants. Sex differences and genotype-phenotype correlations were also un-
dertaken.

Genetic analyses identified 166 PHEX mutations in 261 XLH patients. One hundred and eleven of the 166
mutations were unreported. Four mutational ‘hot-spots’ were identified in this cohort (P534L, G579R, R747X,
c.1645+1 G > A). Missense mutations, but not nonsense mutations, clustered in the two putative lobes of the
PHEX protein, suggesting these are functionally important regions of the molecule. Circulating levels of intact
FGF23 were significantly elevated (median level 101.9 pg/mL; reference range 16.1-42.2 pg/mL). No significant
sex differences, as well as no phenotypic differences were identified between patients with putative truncating
and non-truncating PHEX mutations. However, patients with N-terminal PHEX mutations had an earlier age of
onset of disease (P = 0.015) and higher iFGF23 levels (P = 0.045) as compared to those with C-terminal mu-
tations.

These data provide a comprehensive characterization of the largest cohort of patients with XLH reported to
date from China, which will help in evaluating the applicability of emerging therapies for this disease in this
ethnic group.

1. Introduction

X-Linked Hypophosphatemia (XLH, OMIM 307800) is the most
prevalent form of heritable rickets, with an approximate incidence of
3.9-5/100,000 and a dominant inheritance pattern [1]. The genetic
basis of XLH is loss-of-function mutations in the PHEX gene (Phosphate-
regulating gene with Homology to Endopeptidases on the X chromo-
some) [2], which lead by a yet unknown cellular mechanism to

* Corresponding author.
E-mail address: xiaweibo8301@163.com (W. Xia).

https://doi.org/10.1016/j.bone.2019.01.021

overproduction of FGF23 by osteocytes [3,4]. Over 420 different PHEX
mutations have been reported in the Human Gene Mutation Database
(HGMD, http://www.uwcm.ac.uk/uwem/mg/hgmd0.html, accessed
November 2017), including small deletions/insertions, missense mu-
tations, nonsense mutations, abnormal splicing patterns and gross in-
sertions/deletions.

FGF23 is a critical regulator of phosphate and Vitamin D home-
ostasis. Excess FGF23 leads to chronic hypophosphatemia by reducing
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renal phosphate reabsorption through suppression of expression of the
renal tubular sodium phosphate co-transporters, as well as by in-
creasing catabolism and decreasing synthesis of the active form of vi-
tamin D, 1,25-dihydroxyvitamin D (1,25(OH),D3) [5].

Clinical features of XLH include a waddling gait and rickets in
childhood, and persistent osteomalacia in adults, lower-extremity de-
formities, bone pain, short stature, recurrent dental abscesses and en-
thesopathy (calcification of tendons and ligaments). Cardinal, bio-
chemical abnormalities in XLH include life-long hypophosphatemia,
normal to high PTH levels, inappropriately low-to-normal 1,25(0H),D5
and elevated serum alkaline phosphatase (ALP) [6,7]. XLH usually
presents within the first year and a half of life as difficulty with am-
bulation and the appearance of rachitic deformities, usually first no-
ticed in the lower extremities.

Until very recently, the therapeutic approach to this disease was to
use active vitamin D metabolites and phosphate salts in an attempt to
address the biochemical abnormalities. Although this therapy is effi-
cacious, adherence is difficult with multiple daily doses, numerous side
effects, and is not infrequently complicated by the appearance of hy-
perparathyroidism and nephrocalcinosis. Further, it does not correct
the underlying pathophysiology of XLH.

A neutralizing antibody to FGF23, burosumab, was recently ap-
proved in the United States and Europe for the treatment of XLH. It
corrects the underlying pathophysiology of XLH by neutralizing excess
circulating FGF23 and thereby normalizing serum phosphate and cor-
recting Vitamin D metabolism. It has shown impressive efficacy in
phase 2 trials in children and in a recently reported RCT phase 3 trial in
symptomatic adults with this disease [8,9]. Administered as a once or
twice monthly subcutaneous injection, is vastly more convenient to
administer and has far fewer side effects than conventional therapy.

Given this advance in XLH therapy, it now becomes of interest to
better define the clinical spectrum of disease in under-studied popula-
tions. This report summarizes the experience at one major referral
center in China, in a large cohort of patients with XLH.

2. Subjects and methods
2.1. Patients

This study is a retrospective review of 261 patients followed at
Peking Union Medical College Hospital (PUMCH) from 2005 to 2017,
who had clinical features of XLH and known or novel mutations in the
PHEX gene. These included 126 familial cases and 135 sporadic cases,
belonging to 216 unrelated pedigrees. The study was approved by the
Department of Scientific Research, PUMCH. Prior to study participa-
tion, informed consent was obtained from all the patients, or from
patients' parents if they were under 18 years old.

2.2. Clinical features

Since the purpose of the study was to characterize the presenting
characteristics of patients with XLH in China, the data were collected
only from patients at the time of their initial diagnosis and prior to any
therapy, or from patients who had discontinued therapy for at least one
year prior to the time of data collection. Medical records for all study
subjects were reviewed and relevant data were extracted. Height
measurements were converted to a standard deviation score (SDS)
using standardized growth charts for Chinese children and adolescents
ages 0 to 18 years [10]. Renal ultrasound was performed in 51 patients
on their initial examination for the evaluation of nephrocalcinosis. Bi-
lateral posteroanterior radiographs of wrists and knees were available
for 47 subject patients with open epiphyses. A Rickets Severity Score
(RSS) was evaluated for each of these patients using the method of
Thacher [11]. The severity of rickets using this method is scaled from 0
(normal) to 10 (severe). Radiographs were read and scored in-
dependently by two physicians, and their scores averaged.
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2.3. Biochemical analyses

Serum phosphate (P), total calcium (Ca) and alkaline phosphatase
(ALP) were measured on an auto-analyzer (Beckman Coulter, America).
Serum intact parathyroid hormone (i-PTH), 25-hydroxyvitamin D
(250HD) and B-isomerized C-terminal telopeptide of type I collagen (j3-
CTx) levels were measured using an automated Roche electro-
chemiluminescence system (Roche Diagnostics, Switzerland). Serum
1,25(0OH),D3 was measured using an enzyme-linked immunoassay
(DiaSorin, USA). Serum phosphate and ALP were compared to age and
sex referents normative data [12].

2.4. Serum intact FGF23 (iFGF23) measurement

233 serum samples which were collected at the patient's initial visit
to PUMCH were available for the iFGF23 measurement. Samples had all
been stored at —80 °C until analysis. Serum iFGF23 levels were mea-
sured using a two-site ELISA kit (KAINOS Laboratories, Inc., Tokyo,
Japan). The detectable concentration range of the iFGF23 using this
assay is 3-800 pg/mL. The reference range for serum iFGF23 in our
laboratory is 16.1 to 42.2 pg/mL ( = 2SD from the mean) [13].

2.5. Analysis for PHEX gene mutations

Genomic DNA was extracted from 0.2 mL of whole blood using a
commercial DNA extraction kit (QIAamp DNA Micro; Qiagen,
Germany). PCR was performed on the 22 exons and > 50 bp of flanking
intronic sequences of the PHEX gene, using 22 pairs of primers
(Supplemental Table 1), which were designed using Primer Premier 6.0
software (PREMIER Biosoft International, Palo Alto, CA, USA). Direct
DNA sequencing of PCR product was accomplished using an ABI 373XL
sequencer (Applied Biosystems, Foster City, CA). Sequencing results
were compared with the normal PHEX sequence available at UCSC
genome bank (http://genome.ucsc.edu/). Novel mutations were de-
fined as mutations that were neither included in the databases of
HGMD, nor detected in 100 unrelated healthy Chinese individuals.

2.6. Multiplex Ligation-dependent Probe Amplification (MLPA) analysis

To detect large deletion/duplication mutations in the PHEX gene,
Multiplex Ligation-dependent Probe Amplification (MLPA) analyses
were performed on samples in which no mutations were detected by
direct DNA sequencing. The MLPA analysis was performed according to
the manufacturer's instructions (Salsa MLPA Kit P223 PHEX,
Version.01, MRC-Holland, Amsterdam, Netherlands) and the product
analyzed using the ABI 3730XL sequencer (Applied Biosystems, Foster
City, CA) and the Coffalyser software program (MRC-Holland,
Amsterdam, Netherlands).

2.7. Homology modeling of PHEX protein structure and location of
identified PHEX missense and nonsense mutations

Since the three-dimensional (3D) protein structure of PHEX has not
yet been solved, and to better visualize the location of the identified
mutations distribution, SWISS-MODEL was used to construct a putative
3D model of the PHEX protein based on the crystal structure of
Neprilysin (NEP, PDB ID: 5JMY), the closest homolog of PHEX in the
M13 peptidase family to which PHEX belongs. In this homology model,
just as in the NEP crystallographic structure, amino acids 1-53 con-
taining the intracellular and transmembrane regions are not re-
presented. All missense and nonsense mutations detected in this study
as well as previously reported were positioned on the PHEX model
using open source software (PyMol; https://pymol.org/2/).
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2.8. Genotype-phenotype correlation

Phenotypic characteristics included in sex difference and the gen-
otype-phenotype analyses were age of presentation, age of first walk,
age at which lower limb deformities were first noticed, height SDS,
iFGF23 levels, and RSS. In an effort to correct for the impact of age and
gender on phosphate measurements in the genotype-phenotype corre-
lation, we used the “serum phosphate/upper limit ratio”. This mea-
surement was calculated by dividing each patient's serum phosphate by
the upper limit of normal for serum phosphate for that patient's age and
gender. PHEX mutations were classified as plausible truncating muta-
tions (nonsense, frame-shift insertions/deletions and splice site muta-
tions), or non-truncating mutations (missense and in-frame insertions/
deletions) based on previous studies by Holm et al. [14]. Mutations
were considered to be N-terminal if they occurred between aa 1-649, or
C-terminal if they occurred between aa 650-749 as described by Holm
et al. [14].

2.9. Statistical analyses

Statistical analyses were conducted using SPSS for Windows version
19.0 (SPSS Inc., Chicago, IL). The Kolmogorov-Smirnov test was used to
determine the distribution of continuous variables. Normally dis-
tributed continuous variables are presented as mean = SD and com-
pared by Student's t-test. Non-normally distributed continuous vari-
ables, are presented as median (25th, 75th percentiles), and compared
by Mann-Whitney U test. Spearman's rank correlation coefficient ana-
lysis without adjustment was used to evaluate correlations between
parameters. A P value < 0.05 was considered statistically significant.

3. Results
3.1. Clinical features and biochemical parameters of XLH patients

The study cohort consisted of 261 patients (84 males, 177 females),
aged 5 months to 58 years (median age 10 years). Patients represented
216 pedigrees and included 126 familial cases and 135 apparently
sporadic cases. Table 1 summarizes the presenting of complaints at the
time of initial evaluation. The average age at presentation was
15 months (12, 24; 25th, 75th percentile; N = 174). 78.0% of patients
presented with lower limb bowing or difficulty in ambulation. Patients
had delayed ambulation, with walking first noted at an average age of
15 months (12, 18; N = 150). Tooth eruption was also delayed to an
average age of 7.5 months (6, 8.4; N = 100). In this cohort, 104 patients
had previously received treatment with oral phosphate and calcitriol,
while 36 patients had received oral phosphate or calcitriol alone for

Table 1
Presenting clinical complaints at initial evaluation.

Percentage (%)

Bowed lower extremities 47.0%
Waddling gait, muscle weakness, repeated falling 29.0%
Short stature, growth retardation 6.0%
Central skeletal and dermatologic complaints® 5.7%
Lower extremities bone or joint pain 4.2%
Dental problems” 3.9%
Delayed walking 2.1%
Family history® 2.1%

@ Rickets manifestations including frontal bossing, occipital alopecia, pectus
carinatum, pectus excavatum, rachitic rosary.

" Dental problems including delayed dentition, enamel hypoplasia dental
abscess or abnormal loss of teeth at an early age.

¢ Family history indicates patients first came to the clinic for disease
screening since their parents or siblings were diagnosed with XLH. These pa-
tients came to the clinic at an early age (5 to 10 months) without any obvious
signs or symptoms showing up.
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Biochemical parameters in our study cohort.
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XLH patients Sample Reference range (age/
number (N) sex)
Ca (mmol/L) 2.35 = 0.13 145 2.13-2.7
P (mmol/L) 1.03 (0.85, 1.04) 5 1.55-2.65 (< 1yr)*
0.80 = 0.12 37 1.25-2.1 (1-3yr)
0.81 (0.74, 0.85) 30 1.2-1.8 (4-11yr)
0.83 = 0.14 13 0.95-1.75 (12-15yr)
0.61 += 0.10 54 0.9-1.5 (> 15yr)
ALP (U/L) 593.5 (476.3, 80 42-390 (0-15yr)"
770.0)
444.3 + 203.3 7 52-171 (16-18 yr)
150.0 + 33.3 8 45-125 (> 19 yr/M)
98.0 (76.3, 142.5) 36 35-100 (19-49 y1/F)
106.0, 153.0° 2 50-135 (> 50 yr/F)
250HD (ng/mL) 15.9 (11.6, 22.7) 63 7.9-32.6 [15]
1,25(0OH),D; (pg/ 44.2 + 18.7 39 19.6-54.3
mL)
i-PTH (pg/mL) 72.3 (52.4, 94.0) 103 12-68
B-CTx (ng/mL) 0.70 (0.40, 1.69) 40 0.21-0.44
Cr (umol/L) 41.1 = 15.1 94
24hUCa (mmol/ 1.20 (0.73, 2.53) 48 < 6.25 (F)
24h) 0.91 (0.33, 2.13) 31 < 7.5M)
24hUP (mmol/ 13.9 (10.1, 19.0) 79
24h)
iFGF23 (pg/mL) 101.9 (71.4, 143.8) 233 29.15 + 13.09°

Abbreviations are as follows: Ca serum calcium, P serum phosphate, ALP serum
alkaline phosphatase, 250HD serum 25-hydroxyvitamin D, 1,25(0H),D3 serum
1,25-dihydroxyvitamin D, i-PTH serum intact parathyroid hormone, -CTx
serum f-isomerized carboxyl-terminal telopeptide of type I collagen, Cr serum
creatinine, 24hUCa 24-hour urinary calcium, 24hUP 24-hour urinary phos-
phate, iFGF23 serum intact fibroblast growth factor 23, yr year(s), M male, F
female.

@ Serum phosphate reference ranges according to age subgroups [12].

> Serum alkaline phosphatase reference ranges at the central laboratory of
Peking Union Medical College Hospital.

¢ Only two ALP values were available (106 U/L and 153 U/L) in the > 50 yr/
F subgroup and were directly listed in Table 1.

4 Reference range for the iFGF23 was determined in our own laboratory from
8 healthy controls (Mean * 2SD) [13].

variable lengths of time. The average age at initiation of therapy of our
cohort was 3 years (2, 5; N = 132).

Table 2 summarizes the biochemical findings in our cohort. Serum
phosphate was below the lower limit of normal range in all age groups.
ALP was also above the upper limit in all age and sex subgroups except
in females over the age of 19 in whom values were in the high-normal
range. Serum and urine calcium on average were within the normal
range but i-PTH was slightly elevated. Serum 1,25(OH),Dj3 levels were
within the normal range, while 250HD levels could be considered low
or low-normal depending on the reference range chosen [15].

At the time of evaluation, 96.4% of patients for whom data were
available (N = 139) were frankly hypophosphatemia, the remaining 5
patients had values at the lower limit of normal. Serum ALP levels were
apparently elevated in 78.2% of the whole patient population
(N = 133). Nearly 91% of children and adolescents (no more than
18 years, N = 87) presented with a high serum ALP. Mean serum p-CTx
was quite elevated likely reflecting underlying severe metabolic bone
disease.

3.2. IFGF23 levels in XLH patients

IFGF23 levels varied widely in the study cohort and were abnor-
mally distributed, ranging from 6.46 to 542.57 pg/mL, with a median
value of 101.9 pg/mL (Table 2). 91.9% of patients had a serum iFGF23
level above the upper limit of the reference range. Interestingly, serum
iFGF23 levels did not correlate with serum phosphate/upper limit ratio,
age at which disease symptom developed, height SDS, or RSS (data not
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Table 3

Skeletal abnormalities, heights and RSS on initial examination.

Table 4
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Mutation numbers and frequencies of different types of PHEX mutations.

Percentage % (case number)

Mutation types Mutation numbers

Percentage (%)

Lower limb deformity”
Genu varum
Genu valgum (knock knees)
Complex deformity

95.9% (208/217)

77.4% (161/208)
11.5% (24/208)
5.8% (12/208)

Thoracocyllosis
Pectus carinatum
Rachitic rosary
Thickened ankles and wrists

35.6% (67/188)
72.1% (137/190)
70.3% (121/172)

Height (SDS) -2.7 * 1.6 (N = 167)
Juveniles (height SDS) -24 £ 1.5(N=117)
Adults (height SDS) —3.5 * 1.4" (N = 50)

RSS® 6.0 (5.0, 7.0) (N = 47)

@ 11 patients were recorded with only lower limb deformity in their medical
records, without depicting any details of the deformities.

Y Significant difference in height SDS exists between juveniles (< 18 yrs) and
adults (=18yrs) (P = 0.00).

¢ RSS: Rickets Severity Score; data present as median (25th, 75th percentile).

shown).

3.3. Skeletal abnormalities

The vast majority of patients had markedly short stature. The
average height SDS was —2.7 = 1.6 (N = 167), with 67.7% of patients
less than —2 SD (Table 3). Adults showed an even greater impairment
in height compared with younger patients (mean height SDS values:
-35*14 vs —24*15 N=50 and 117, respectively;
P < 0.001; Table 3). A negative correlation between height SDS and
age at initiation of therapy was observed in our cohort (r = —0.213,
P = 0.029, N = 105). However, no correlation was observed between
serum phosphate levels and height SDS (data not shown).

Table 3 summarizes the skeletal findings in the study cohort. Lower
limb deformities were the most common abnormalities found on phy-
sical examinations and were present in 95.9% patients. Genu varum
was the single most prevalent lower limb deformity. Indicative of severe
disease, > 70% of patients had either a rachitic rosary or thickened
ankles and wrists. In 47 subjects, for whom radiographs were available,
the median RSS was 6 points (range 4-10) also indicative of severe
rickets in these patients. Radiographs from a 2-year old girl with severe
rickets (RSS 10 points) are shown in Fig. 1.

Fig. 1. Radiographs of the left wrist and both knees of a 2-year-old girl with
severe rickets (RSS = 10 points). (A) The wrist shows metaphyseal concavity
with fraying of the end-plates in both the radius and ulna (wrist RSS = 4). (B) In
both femurs and tibiae, there is complete lucency in the zone of provisional
calcification. The epiphyses are widely separated from distal metaphyses (knee
RSS = 6).

Point mutations

Missense mutations 25 15.1%
Nonsense mutations 36 21.7%
Splice site mutations 26 15.7%
Insertions 24 14.5%
Deletions 31 18.7%
Large insertions/deletions 24 14.5%
Total mutations 166 100%

3.4. Renal calcifications

Very few of study subjects had ultrasonographic evidence of ne-
phrocalcinosis or nephrolithiasis (1.96%; N = 51).

3.5. Mutational analysis of PHEX gene

PHEX gene mutational analysis of the 261 XLH patients (from 216
pedigrees) revealed 166 different mutations, including 142 point mu-
tations and 24 large insertions/deletions (Table 4, Fig. 2). One hundred
and eleven of the 166 mutations (66.3%) had not been previously re-
ported. These included 15 missense, 17 nonsense, 15 splicing muta-
tions, 26 deletions, 20 insertions and 18 large insertions/deletions.
Mutation frequencies were analyzed by pedigrees (N = 216), rather
than by individual, except obviously in sporadic cases. All of PHEX
mutations found in the present study or previously reported by other
studies were summarized in Supplemental Table 2.

The 142 point mutations, detected in 187 pedigrees, were dis-
tributed throughout the PHEX coding sequence and flanking intronic
sequences, and even included the N-terminal (p.M1V) and C-terminal
amino acids (p.X750Q) (Fig. 3). Mutations were more frequent in the 3’
region of PHEX gene (54.6%; exons 15-22 and adjacent introns). Within
these 8 exons, exons 15, 20, 18 and 17 with their flanking regions had
higher point mutation frequencies (Fig. 3B). Among all the point mu-
tations, P534L, G579R, R747X and c.1645+1 G > A were the most
frequent (3.69%, 3.23%, 3.23% and 3.23%, respectively), which seem
to be the hotspot mutations of PHEX gene. Six mutations (C54X, C77W,
C85Y, C85S, C406S, C693Y) occurred at highly conserved cysteines.
Interestingly, two unrelated male patients were found to be mosaics
(c.1645+4A > G, c.933+1G > A; Fig. 4) with a height SDS of —1.98
and —0.92, respectively.

3.6. Mutation distribution in a 3D level of homology modeling PHEX protein

To help visualize the distribution of the 83 missense and 74 non-
sense PHEX mutations identified in the present study and previously
reported, we constructed a 3D model of the PHEX protein based on its
homology to another M13 gene family member, Neprilysin (NEP), as
described in the Methods. As illustrated in Fig. 5A, nonsense mutations
were fairly evenly distributed throughout the protein. Since nonsense
mutations lead to synthesis of a truncated protein which likely is ra-
pidly degraded, they provide no insights into regions of the PHEX
protein that may have functional significance. Fig. 5B illustrates the
distribution of missense mutations, which are concentrated in the two
putative lobes of the PHEX protein. The substrate for PHEX has not yet
been identified, and the molecular anatomy of the catalytic site of PHEX
is unknown. However, the catalytic site of NEP occupied by the in-
hibitor phosphoramidon has been resolved [16]. The exons in NEP that
form part of its catalytic site surrounding the zinc binding domain and
that contain the amino acids that directly interact with phosphor-
amidon, are exons 16, 17, 19 and 20. The corresponding functional
exons in PHEX are exons 15, 17, 19 and 20. Interestingly, 51.2% of
missense mutations identified in this study were located in these four
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large deletion (red) / large duplication (blue)
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Fig. 2. Large deletions/duplications in PHEX identified in
the study cohort. Twenty different large deletions and four
large duplications of the PHEX gene were found in 25 and 4
XLH pedigrees, respectively. Red represents deletions; blue
represents duplications. (For interpretation of the references
to color in this figure legend, the reader is referred to the

19 20 21 22

web version of this article.)
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exons. Furthermore, 20.9% of missense mutations found in the present
study occurred within the amino acids that correspond to those in NEP
that directly interact with phosphoramidon and presumably are im-
portant for both enzymes catalytic activity (aa 539, 540, 567-586, and
641-666). In the aggregate, these findings suggest that exons 15, 17, 19
and 20 and the amino acids just mentioned, are functionally important
in PHEX, since disease-causing mutations are enriched in these domains
of the molecule.

3.7. Sex differences and genotype-phenotype correlation

Sex differences and genotype-phenotype correlations were analyzed
using the data from this large cohort. Although based on an X-linked
dominant inheritance pattern, it might be assumed that males would
have a more severe phenotype than females, there were no significant
sex differences in any of the measured clinical or biochemical para-
meters. There was a trend toward a slightly lower height in males that
did not reach statistical significance (P = 0.078 for SDS) (Table 5).

There were no phenotypic differences between patients with trun-
cating and non-truncating mutations. In previous studies, genotype-
phenotype correlations have contrasted phenotype correlations with
disease-causing variants in the first 649 amino acids to phenotype
correlations with mutations in the rest of the molecule [14]. We
therefore conducted a similar analysis. Patients with mutations in the
first 649 (of 749 amino acids) presented with signs and symptoms at an
earlier age (P = 0.015) and had higher circulating levels of iFGF23
(P = 0.045) compared to patients with mutations in the rest of the
PHEX protein. Despite an earlier age of symptomatic onset and higher
FGF23 levels, there were no differences in other biochemical or phe-
notypic characteristics in these two groups (Table 6).

4. Discussion

The present study provides a robust and detailed characterization of
untreated individuals with XLH in China. This is the largest single site
study of XLH to be reported to date from any institution. In brief our
patients displayed all of the typical manifestations of this disease,
leading us to conclude that in China the disease presents and progresses
much like it does in Western nations, where most of the published work
on this disease has been conducted.

As is typical in XLH, our pediatric patients first came to clinical
attention early in life (median age 15 months). They presented with
lower limb deformities and weakness, short stature/growth retardation,
and other classical signs of rickets (e.g. rachitic rosary, pectus
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carinatum, and thickened wrists/ankles). Most of our patients have a
slight delay in walking unassisted with a median age of 15 months.
96.4% of our study subjects were hypophosphatemic for age, and on
average had significantly elevated circulating levels of iFGF23. Despite
normal serum calcium values, PTH levels were elevated as is often the
case in untreated XLH as noted above. Because FGF23 markedly in-
duces CYP24A1, the enzyme that catabolizes 1,25(0OH),D3, and inhibits
CYP27B1, the enzyme that converts 250HD to the active metabolite,
serum levels of 1,25(0OH),D3 were low or inappropriately normal for
the degree of hypophosphatemia and secondary hyperparathyroidism
[5]. Indicative of a severe defect in mineralization, serum ALP levels
were elevated.

The mean height SDS of —2.7 = 1.6 in our cohort is consistent
with other published reports quantifying short stature in XLH, with SDS
values ranging from —0.9 to —2.48 [17-20]. Adults in our cohort had
more severe short stature compared with younger patients likely due to
a life-time of untreated disease.

The biochemical findings are also very typical of those reported in
untreated patients with XLH in the West [21]. Serum iFGF23 levels
varied considerably in this study cohort (ranging from 6.46 to
542.6 pg/mL), but 91.8% had values above the upper-limit of the re-
ference range (42.2 pg/mL). Previous studies have reported iFGF23
levels to be 5-10 folds higher in XLH compared to normal [4,22]. Al-
though recent work has suggested that FGF23 may directly affect bone
mineralization independent of its phosphaturic properties [23,24], we
found no correlation between iFGF23 levels and age at presentation,
height, or rickets severity.

Elevated serum PTH levels were detected in 59.2% in this cohort
(N = 61/103). This is consistent with previous reports of secondary
hyperparathyroidism in treatment naive XLH individuals [17,25]. A
number of factors may play a role in secondary hyperparathyroidism in
this disease, including low circulating levels of 1,25(0H),D5 limiting
the ability of this metabolite to suppress PTH levels. In addition,
250HD deficiency can contribute to this phenomenon. Our patient
population had relatively low 250HD levels. Finally, extensive osteo-
malacia may limit the ability of PTH to induce the resorption of mi-
neralized bone in support of normal calcium thereby engendering sec-
ondary hyperthyroidism.

PHEX consists of 22 exons, spanning 2247 bp and encodes a 749-
amino-acid transmembrane endopeptidase, that belongs to the M13
zinc metallopeptidases family, which includes Neprilysin (NEP), en-
dothelin-converting enzymes (ECE-1 and ECE-2), the KELL blood group
antigen and damage-induced neuronal endopeptidase (DINE)/X-con-
verting enzyme (XCE) [26,27]. Some genomic structures are conserved
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Fig. 3. A. Distribution of all point mutations identified in the present study. The 142 different point mutations (including missense mutations, nonsense mutations,
splice site mutations and small insertions/deletions) were distributed across the 22 exons and the adjacent intron areas of the PHEX gene. Yellow represents missense
mutations; red represents nonsense mutations; pink represents splice site mutations; green represents small insertions; blue represents small deletions.

B. Distribution of point mutations within the 22 exons and the adjacent introns of PHEX gene. Exon 15, 20, 18 and 17 had higher point mutation frequencies than any
of the other exons, with a mutation frequency of 10.70% (N = 20), 9.63% (N = 18), 9.09% (N = 17) and 7.49% (N = 14), respectively, among the 187 pedigrees in
which the point mutations were identified. 54.6% of the point mutations occurred in the 3’ region of PHEX (exons 15 to 22). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Mutational analysis of PHEX gene revealed two mosaic mutations in two unrelated male XLH patients. (A) Sanger sequencing revealed a splice site mutation
c.1645+4 A > G of PHEX gene in a 10-year-old male patient. Red arrow indicates two peaks at the site c.1645+4: one peak is a wild-type A and the other is
substituted to G. (B) Sanger sequencing revealed a splice site mutation ¢.933+1 G > A of PHEX gene in a 3.5-year-old male patient. Red arrow indicates the mutation
site: one peak is a wild-type G and the other is substituted to A. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. Distribution of missense/nonsense mu-
tations in a 3D model of the PHEX protein. The
3D model of PHEX was constructed based on the
crystal structure of neprilysin (NEP, PDB ID:
5JMY). (A) Nonsense mutations were fairly
evenly distributed throughout the 3D PHEX
model. (B) Missense mutations were mainly lo-
cated within the two putative lobes of the PHEX
protein, and especially clustered near the zinc-
binding site (shows as cyan spheres), which is an
important functional region of PHEX. Red
spheres represents mutations first reported in
the present study; orange represent the muta-
tions that were both identified in the present

study and previously reported; yellow represent other missense/nonsense mutations that have been previously reported but not identified in the current study. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

among all M13 family members, including a short N-terminal cyto-
plasmic domain, a single transmembrane domain and a large extra-
cellular C-terminal domain (which contains the zinc-binding motifs and
ten conserved cysteine residues) [28]. The zinc-binding motifs, located
on exons 17 and 19, are essential for the catalytic activity of PHEX
protein [29]. The cysteine residues likely play an important role in the
protein structure formation, including disulfide-bond formation and
protein folding [30].

In our cohort of 261 patients, 166 different PHEX mutations (in-
clude missense mutations, nonsense mutations, small insertions/dele-
tions, splice site mutations and large insertions/deletions) were iden-
tified. Of the 166 mutations, 55 had been previously reported and 111
were novel (66.9%). The majority of the PHEX mutations (84.94%)
were predicted to lead to truncation of the PHEX product, including
nonsense and frameshift insertions/deletions, splicing mutations, and
large insertions/deletions.

Mutations were scattered throughout the 22 exons and the adjacent
intronic areas of the PHEX gene. We found a slightly greater proportion
of gross insertions/deletions compared with Human Gene Mutation
Database (14.5% vs. 9.5%). It is possible that the higher detected fre-
quency of gross deletions/duplications in this study resulted from the
use of MLPA analysis. Various studies have reported that MLPA analysis
increases the rate of detection of PHEX mutations in hypophosphatemic
rickets patient cohorts from 45.6% - 79% by direct sequencing to 83.3%
- 84.6% [14,31-37].

Similar to previous reports [34,38,39] we found a higher proportion
of mutations in the C-terminal portion of the molecule and in particular,
in the current study exons 15, 17, 18 and 20 each had more mutations
per exon than any of the other 22 exons. Interestingly the C-terminal
portion of PHEX shares the greatest sequence identity with the other
M13 family members, and as noted contains the zinc-binding domains
[29]. Of the missense mutations identified in the current study, 80%
were found in the 220 most highly conserved amino acids in PHEX
[29], suggesting that each of these plays a critical role in the PHEX
function (Supplemental Table 3).

The crystal structure of the M13 family member, NEP, has been
reported [16]. NEP has a large central cavity which encompasses the

catalytic site. A similar structure is observed in the 3D PHEX protein
model (Fig. 4). Interestingly, we found that missense mutations, but not
nonsense mutations, were clustered in the two putative lobes of our 3D
PHEX protein model, especially around the zinc-binding regions. Cor-
responding to NEP genomic structure, exons 15, 17, 19 and 20 in PHEX
would be predicted to contribute to its catalytic zinc binding domain
based on our 3D model. In the aggregate, these findings suggest that
exons 15, 17, 19 and 20 are important functional regions of PHEX, since
missense mutations are enriched in these domains of the molecule, and
single amino acid substitutions in these genomic regions result in a non-
functional protein. A similar result was reported by Gaucher et al. [32].

In addition, as noted in the Results, we found that 4 point mutations
in PHEX occurred with fairly high frequency in our cohort, confirming
reports by others that these are likely mutational hot spots
[25,29,30,32,37,38].  Also  consistent with  other reports
[14,31,32,37,38], of the substitution mutations, P534L was the most
prevalent. P534 is predicted to be adjacent to the active site of the
enzyme, and predicted to interrupt local hydrophobicity since a hy-
drophobic leucine is substituted for a neutral proline [31,37]. The
G579R, mutation occurs next to the highly conserved zinc-binding
motif **°HEXXH>®*, which might interfere with its catalytic activity
[40]. The mutation G579R also can result in a protein that cannot be
terminally glycosylated and thereby trapped in the endoplasmic re-
ticulum [41].

In addition, 6 mutations (C54X, C77W, C85Y, C85S, C406S, C693Y)
were located in 5 of the 10 highly conserved cysteine residues of PHEX.
Cysteine residues are required for disulfide-bond formation, which is
critical to tertiary protein structure of PHEX [30].

Nonsense mutations and splice site mutations are considered to lead
to a truncated and dysfunctional protein. One of these, R747X, was
associated with a stop codon appearing only three amino acids prox-
imate to the C-terminus, suggesting that even the last 3 amino acids are
important for PHEX function.

We also identified two mosaic XLH patients, with a rare occurrence.
Two splice site mutations (c.1645+4A > G, ¢.933+1G > A) were de-
tected in two unrelated male XLH patients, respectively. Given that the
detection of these mutations was accomplished using peripheral blood

Table 5
Sex difference in XLH patients.
Males Sample number (N) Females Sample number (N) P value

Serum Phosphate/upper limit ratio 0.42 = 0.09 46 0.41 = 0.06 93 0.251
Age when signs and symptoms were first noticed” 15 (12, 24) 60 15 (12, 21) 114 0.284
Age when first walked unassisted” 15 (12, 18) 55 15 (12, 18) 95 0.844
Age when lower limb deformity first appear” 18 (12, 24) 46 16 (12, 31.5) 78 0.817
Height (SDS) -3.0 £ 16 59 —-26 * 1.6 108 0.094
RSS 7 (6,7) 19 6 (5, 8) 28 0.850
iFGF23 (pg/mL) 109.8 (73.8, 149.3) 72 98.4 (71.6, 140.5) 158 0.696

@ Ages are displayed in months.

218


http://firstglance.jmol.org/fg.htm?mol=5JMY

C. Zhang et al.

Bone 121 (2019) 212-220

Table 6
Genotype-phenotype correlation in XLH patients.
Truncating mutations Non-truncating P value N-terminal mutations (from 5’ C-terminal mutations (from P value
mutations end to 649AA) 650AA to 3’ end)
Serum phosphate/ 0.41 = 0.08 0.42 = 0.06 0.674 0.41 = 0.07 0.42 = 0.09 0.573
Upper limit ratio (N =107) (N =32) (N=113) (N = 26)
Age when signs and symptoms were 15 (12, 24) 16 (12, 24) 0.641 16 (12, 24) 14 (12, 18) 0.015
first noticed” (N =143) (N =31) (N =141) (N =33)
Age when first walked unassisted” 15 (12, 18) 15 (14, 18) 0.235 15 (12, 18) 14 (12, 18) 0.478
(N =121) (N =29) (N =119) (N =31)
Age when lower limb deformity first 17.5 (12, 24) 21 (13.5, 36) 0.312 18 (12, 36) 14.5 (12, 18) 0.055
appear” (N = 106) (N =18) (N =104) (N = 20)
Height SDS —-2.80 = 1.62 —2.53 = 1.45 0.379 —-2.77 * 1.62 —2.65 + 1.45 0.692
(N =133) (N = 34) (N =132) (N = 35)
RSS (Rickets Severity Score) 6.5 (5, 7) 6.2 = 1.3 0.724 7 (5,7) 6.4 = 1.7 0.711
(N = 42) (N=05) (N =37) (N =10)
iFGF23 (pg/mL) 102.4 (74.5, 140.2) 96.2 (63.3, 171.3) 0.777 102.9 (78.3, 152.6) 92.4 (54.8, 134.4) 0.045
(N =184) (N = 49) (N =187) (N = 46)

@ Ages are displayed in months.

leukocyte DNA, somatic mosaicism must have resulted from a sponta-
neous mutation at an early postzygotic division. The heights (SDS) of
these two patients were —1.98 and —0.92, respectively, compared to
the non-chimeric male patients who had a mean height of —3.1 + 1.6
(N = 57). In addition, they had less skeletal disease and presented at an
older age, all of which suggests that they were more mildly affected. A
gene dosage-effect has been posited in mosaic XLH patients with the
severity of disease dependent on the ratio of normal to mutant allele
[42]. It should be noted that mosaicism is difficult to detect by Sanger
sequencing in females.

Considerable controversy exists regarding whether male patients
are more severely affected than females due to the gene dosage effect of
X-linked dominant inheritance pattern [14,17-19,43-46]. In our large
cohort there were no significant differences in age of presentation,
height, rickets severity, serum phosphate/upper limit ratio, or iFGF23
levels based on sex although there was a non-significant trend toward
lower heights in males (P = 0.078). However, Whyte et al. proposed
that the sex differences of skeletal disease in XLH patients were more
like to be ascribed to differing sex hormones or physical activities rather
than gene dosage effect [43]. Another area of uncertainty is whether
there is a genotype-phenotype correlation in XLH patients
[14,19,25,47]. Heterogeneity of clinical manifestations was also a
common finding in XLH patients due to the phenotypic variation in
patients who carried identical PHEX mutations [36]. We thereby per-
formed genotype-phenotype correlation in our cohort. Mutations were
categorized by type and location in undertaking a genotype-phenotype
analysis. No statistically significant correlation was found between
mutation type and phenotype. However, patients with mutations in the
first 649 aa of the molecule presented at an early age and had higher
iFGF23 levels compared to those with mutations from aa 650 to 749.

A major strength of the current study is the large cohort size. It is the
largest from China and the largest yet to be reported. It provides a
comprehensive picture of XLH in China. It also robustly substantiates
the findings of early studies regarding clinical presentation, and the
lack of sex differences or of genotype-phenotype correlations. 166 dif-
ferent PHEX mutations were revealed in the current study, among
which 111 were novel mutations. These findings largely augment the
PHEX mutational spectrum, especially in the Chinese population. As in
any retrospective study there were some limitations. Not all clinical or
biochemical data were available for all patients. Although the first-line
treatment for XLH is phosphate salts and calcitriol, the new therapy
with the blocking antibody to FGF23 is persuasive given its efficacy and
convenience. Since XLH in China shares all of the key clinical bio-
chemical and genetic features of the disease in the West, it is likely that
the FGF23 antibody, recently approved in Europe and the United States
for the treatment of XLH, would also be efficacious in addressing this

disease in China. The prevalence of XLH in China is not known but it is
likely that there are large numbers of untreated and/or inadequately
treated patients with XLH in China who could potentially benefit from
this therapy. Therefore characterizing the pharmacokinetics and phar-
macodynamics of this drug in a cohort of Chinese with XLH would be an
important near -term goal.
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