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Background: X-linked hypophosphatemia (XLH) is the most frequent form of
hypophosphatemic rickets and is caused by mutations in the PHEX gene. We analyzed
genotype-phenotype correlations in XLH patients with proven PHEX mutations.

Methods: PHEX mutations were detected in 55 out of 81 patients who clinically
presented with hypophosphatemic rickets. The patients were grouped into nontruncating
(n = 9) and truncating (n = 46) mutation groups; their initial presentation as well as
long-term clinical findings were evaluated according to these groups.

Results: Initial findings, including presenting symptoms, onset age, height standard
deviation scores (SDS), and laboratory tests, including serum phosphate level and tubular
resorption of phosphate, were not significantly different between the two groups (onset
age: nontruncating mutation group, 2.0 years, truncating mutation group, 2.2 years;
height SDS: nontruncating mutation group, —1.9, truncating mutation group, —1.7;
serum phosphate: nontruncating mutation group, 2.5 mg/dL, truncating mutation group,
2.6 mg/dL). However, at their last follow-up, the serum phosphate level was significantly
lower in patients with truncating mutations (nontruncating mutation group: 3.2 mg/dl,
truncating mutation group: 2.3 mg/dl; P = 0.006). Additionally, 62.5% of patients with
truncating mutations developed nephrocalcinosis at their last follow-up, while none of
the patients with nontruncating mutations developed nephrocalcinosis (P = 0.015).
Orthopedic surgery due to bony deformations was performed significantly more often
in patients with truncating mutations (52.3 vs. 10.0%, P = 0.019).

Conclusion: Although considerable inconsistency exists regarding the correlation of
truncating mutations and their disease phenotype in several other studies, we cautiously
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suggest that there would be genotype-phenotype correlation in some aspects of disease
manifestation after long-term follow-up. This information can be used when consulting
patients with confirmed XLH regarding their disease prognosis.

Keywords: X-linked hypophosphatemic rickets, genotype, truncating mutation, Long-term follow up, genotype-

phenotype analysis

INTRODUCTION

X-linked hypophosphatemia (XLH, Online Mendelian
Inheritance in Man # 307800) is the most frequent form of
hypophosphatemic rickets, with an estimated prevalence of
one in 20,000 individuals in the general population (1). XLH
is clinically characterized by renal hypophosphatemia, growth
failure, skeletal deformity and dental abscesses (2, 3). XLH is
caused by pathologic loss-of-function mutations in the PHEX
(phosphate-regulating gene with homologies to endopeptidases
on the X chromosome) gene, located on Xp22.1, which causes
an elevation of circulating levels of fibroblast growth factor
23 (FGF23), which regulates renal phosphate reabsorption
and the production of calcitriol (4). Increased levels of FGF23
suppress the activities of Na-phosphate cotransporter in both
the kidney and small intestine and suppress the expression of
25(0OH)D3 1-hydroxylase in the kidney (5, 6). The mechanism
by which PHEX mutations lead to elevated levels of FGF23
remains unclear, although it is known that both are products
of osteocytes (7). To date, various mutations in the PHEX
gene, which consists of 22 short exons with very large intronic
regions, have been reported. More than 400 types of PHEX
variants have been annotated in the Human Gene Mutation
Database (HGMD; http://www.hgmd.cf.ac.uk). These mutations,
including frameshift mutations, missense mutations, intronic
splice-site mutations, nonsense mutations, and deletions, are
spread throughout the gene, with no identified specific hot spot.

The clinical history of XLH is heterogeneous, as the severity
of growth failure and skeletal deformity varies between affected
individuals. Additionally, a wide variety of dental abscesses
and nephrocalcinoses have been reported among patients (2).
Genotype-phenotype correlations are relatively well-established
in several X-linked genetic diseases, such as Alport syndrome and
Rett syndrome, and many of them have revealed that truncating
mutations have a more severe phenotype than nontruncating
mutations. Several studies have also reported a genotype-
phenotype correlation in patients with XLH from Western
countries (8-10). However, few data are available regarding
the incidence and clinical manifestations of XLH in Asian
populations, although a recent Chinese report analyzed some
of them and revealed no genotype-phenotype correlation (11).
Our institution also had previously reported hypophosphatemic
rickets associated with eight types of PHEX gene mutations
but found no phenotype-genotype correlation due to the small
patient number (12); another Korean study at another institution
analyzed several hereditary rickets and revealed that mutations
in the C-terminal half of the PHEX gene were associated with
a severe bony phenotype; however, this study did not focus on
XLH (13).

Herein, we performed genotype-phenotype analysis in 57
Korean patients from 50 families with XLH with long-
term follow-up data and compared the results with those of
previous reports.

PATIENTS AND METHODS

Study Participants and Their Clinical

Information

In total, 55 patients from 48 unrelated families were enrolled in
Seoul National University Children’s Hospital. Genetic screening
of the PHEX gene was performed in children who were clinically
suspected to have hypophosphatemic rickets, who had persistent
hypophosphatemia with normal/low PTH and low TRP1i values;
PHEX gene mutations were detected in 55 out of 81 patients
screened. Medical records, including clinical, laboratory, and
radiological data, of the patients were reviewed retrospectively.
Eight cases have been published in previous reports of our
institution (12).

Genetic Study and Genotype-Phenotype
Correlation

Genomic DNA was extracted from nucleated cells in peripheral
blood and analyzed by Sanger sequencing. For the detection of
punctual mutations, the 22 exons and intron-exon boundaries
that comprise the PHEX gene were independently amplified
by PCR using primers already described (12). To evaluate the
genotype-phenotype correlation, the patients were grouped into
nontruncating (n = 9) and truncating (n = 46) mutation groups
according to their genotypes.

Statistical Analyses

Qualitative data are described as frequencies, and quantitative
data are described as medians and interquartile ranges (IQRs).
Groups were compared with a ¢-test, chi-squared test, or Mann—
Whitney U-test, as appropriate. A P < 0.05 was considered
statistically significant. All statistical analyses were performed by
using R-project version 4.0.2 (R core team, Vienna, Austria).

Ethics Statement

This study was approved by the Institutional Review Board
at Seoul National University Hospital (IRB No. 0812-002-264
and 2007-177-114). Informed consent for genetic testing was
obtained from the patients or parents, and the requirement for
written informed consent was waived due to the anonymous and
retrospective nature of the study.
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TABLE 1 | Genotype of patients with XLH.

Mutations Index cases Family members Total
Missense 7 0 7
Nonsense 12 3 15
Abnormal splicing 10 1 i
Frame-shifting insertion/deletion 13 2 15
In-frame ins/del 2 0 2
Large deletion 4 1 5
Total 48 7 55
Genotypes

The genetic study revealed missense mutations in seven
patients, in-frame insertions/deletions in two patients, nonsense
mutations in 15 patients, frame-shifting insertions/deletions in
15 patients, large deletions in five patients, and abnormal splicing
in 11 patients (Table 1). In all, nine patients—all index cases—
had nontruncating mutations, including missense mutations
and in-frame insertion/deletion mutations. Forty-six patients, of
whom 39 were index cases, had truncating mutations, including
nonsense mutations, frame-shifting insertions/deletions and
abnormal splicing mutations. Detailed genotypic information is
shown in Supplementary Table 1. Of the 48 mutations found
in our study, 20 of the variants were listed as pathogenic or
likely pathogenic in the ClinVar database (https://www.ncbi.
nlm.nih.gov/clinvar); three of them were previously reported
mutations. I silico test using MutationTaster application (http://
mutationtaster.org) predicted all of the novel non-truncating
variants to be disease-causing mutations.

Clinical Findings According to Their
Genotypes

The clinical features of 48 index patients are shown in Table 2.
The median age at onset was 2.1 years (IQR; 1.4-3.2). A total
of 64.3% of them were found to have initial symptoms of bow
legs. Their initial serum phosphate level was 2.5 (IQR; 2.2-2.9)
mg/dL, and renal tubular reabsorption of phosphate (TRPi) was
69.0 (IQR; 56.0-82.0).

Among 9 index patients with nontruncating mutations, 8
(88.9%) patients presented with bow legs at the median age of
2.3 years (IQR; 1.3-2.9 years), and one presented with incidental
laboratory abnormalities. Among 39 index patients with
truncating mutations, 21 (53.8%) patients presented with bow
legs at the median age of 2.0 years (IQR; 1.5-3.0 years), and two
presented with incidental laboratory abnormalities. The median
age at onset, initial serum phosphate level, TRPi, and initial
height standard deviation score (SDS) were not significantly
different between the two groups (Table 2). When we confined
our analysis to 22 male patients, there was not significantly
different initial clinical findings between truncating mutation and
nontruncating mutation patients (Supplementary Table 2).

Long-Term Follow-Up

Enrolled patients were followed up at a median of 13.1 (IQR; 5.1-
22.5) years, and at their last follow-up, the patients’ median age
was 16.1 (IQR; 8.3-27.9) (Table 3). Serum Pi was significantly
lower in patients with truncating mutations; however, their
last height SDS was not significantly different between the two
groups. Twenty-three (44.2%) patients underwent orthopedic
surgery, and 25 (54.3%) had nephrocalcinosis. Interestingly,
none of the nine patients with nontruncating mutations had
nephrocalcinosis at their last follow-up, whereas 25 (62.5%)
patients with truncating mutations had nephrocalcinosis at
their last follow-up (P = 0.015). Additionally, significantly
more patients with truncating mutations underwent orthopedic
surgery due to bone deformity than patients with nontruncating
mutations (0 vs. 52.3%, P = 0.019). When we confined our
analysis to male patients, lower serum phosphorus was also seen
in patients with truncating mutation (Supplementary Table 3).

DISCUSSION

In our study, we found that patients with truncating mutations
had significantly lower serum Pi and a high proportion
of nephrocalcinosis during their long-term follow-up period,
although clinical manifestations were not significantly different
at their initial presentation. We compared our results with those
of other previously reported studies that provided patient clinical
characteristics, including height and laboratory findings, along
with their genotype (Table 4). Compared with three previous
studies, the onset age and initial laboratory results of our
study were not significantly different. Out of three previously
reported genotype-phenotype studies, none of them reported
significant differences in initial clinical characteristics between
types of mutations, although one study reported that patients
with truncating mutations had lower TRPis than patients without
truncating mutations (9). In addition, one study reported long-
term follow-up results and found no significant difference
between the two groups; however, the study included only
21 patients (10). One study conducted a functional study
with 10 known mutations (three truncating mutations; seven
nontruncating mutations) and revealed no clear difference in
protein expression and endopeptidase activity between mutation
types. Another study concentrated on skeletal manifestations and
found no correlation between disease severity and the type or
location of PHEX mutations (8). We previously reported negative
genotype-phenotype correlation results with eight patients,
which were included in this study; a follow-up study with more
recruited patients in this study found a new correlation at their
long-term follow-up. Further study with a large number of
XLH patients is warranted to clearly determine this association;
however, on the basis of our results from the largest retrospective
study where correlation was analyzed to date, we carefully
suggest that truncating mutations are associated with a severe
phenotype. Of course, there was also phenotypical variability
within patients with truncating mutation. It is known that
nonsense mutation is recognized by nonsense-mediated decay
(NMD) system and degraded; mutations that escape NMD could
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TABLE 2 | Initial presentation of index patients with XLH according to genotype.

Total (n = 48) Nontruncating mutation (n = 9) Truncating mutation (n = 39) P-value
Onset age (years) 2.1(1.41t03.2) 2.0(1.2t02.6) 2.2(1.6t03.2) 0.561
Male sex 19 (39.6%) 4 (44.4%) 15 (38.5%) >0.999
Height SDS —1.8(-3.0to —0.8)"=% —-1.9(-2.2t0 -1.3) —1.7 (-8.1t0 -0.8) 0.793
Serum Pi (mg/dL) 25((2t029) 25241029 26((22t029) 0.672
Serum Ca (mg/dL) 9.4(9.1t09.7) 9.4(9.1t09.6) 9.4(9.2t09.8) 0.750
Serum ALP (IU/L) 598.5 (434.5 to 801.0) 588.0 (495.0 to 727.0) 609.0 (434.5 t0 801.0) 0.916
Serum 25(0H)Ds (ng/mL) 29.0 (20.1 to 54.5) =31 22.7 (19.5t0 24.4) 36.0 (22.6 to 60.5) 0.023
Serum PTH (pg/mL) 50.5 (32.6 to 85.5)"=36 61.7 (50.0 to 83.0) 45.5 (31.0t0 88.0) 0.235
TRPI (%) 69.0 (56.0 to 82.0)"=%7 77.0 (61.0 to 86.6) 67.0 (56.0 to 79.0) 0.362
TmP/GFR (mg/dL) 2.2 (1.8 t02.6)™=%" 24(1.9t02.7) 2.1 (1.8t02.5) 0.362
Urine Ca/Cr (mg/mg) 0.05 (0.02 to 0.10)™=%7 0.04 (0.02 to 0.08) 0.05 (0.03 to 0.13) 0.644

*Number of patients with available data were presented.
SDS, standard deviation score; ALFR, alkaline phosphatase; PTH, parathyroid hormone; TRPi, tubular resorption of phosphate; TmP/GFR, tubular maximum reabsorption of phosphate

Cr, creatinine.

TABLE 3 | Long term follow-up of patients with XLH according to genotype.

Total (n = 55) Nontruncating mutation (n = 9) Truncating mutation (n = 46) P-value
Age (years) 16.1 (8.3t027.9) 12.1 (7.0to 15.5) 17.8 (8.6 10 29.5) 0.191
Serum Pi (mg/dL) 2.3 (1.9t02.9)"=5% 3.2(2.4103.3) 2.3(1.9t02.6) 0.006
Serum Ca (mg/dL) 9.3 (9.1 to 9.8)"=5%* 9.5(9.2109.6) 9.3(9.1t09.8) 0.383
ALP (IU/L) 209.5 (115.0 to 472.0)7=5 417.0 (234.0 to 495.0) 174.0 (115.0 to 441.0) 0.214
Height SDS —2.0(—2.81t0 —1.2)7=4 —1.7(-24t0-1.2) —2.2(—291t0-1.2) 0.522
Nephrocalcinosis 25 (54.3%) =46 0 (0.0%) 25 (62.5%) 0.015
Orthopedic surgery 23 (44.2%) =52 0 (0.0%) 23 (52.3%) 0.019

*Number of patients with available data were presented.
SDS, standard deviation score; ALF, alkaline phosphatase.

TABLE 4 | Comparison of association in PHEX mutation genotype and phenotype in several studies.

Study At diagnosis Last follow-up
(reference)
Truncating mutation Nontruncating mutation Truncating mutation Nontruncating mutation
No. Age HtSDS Pi TRPi  No. Age HtSDS TRPi  Age HtSDS Pi NC Age HtSDS Pi NC
This study 46 2.2 1.7 2.6 67 9 2.0 -1.9 77 178 —-22 23* 63%* 12.1 —-1.7 3.2* 0%*
Morey et al. (9) 30 343 -281 261 614 6 182 —-148 281 80.1* - - - 16% - - - 0%-—
Rafaelsen et al. 9 092 -168 279 - 12 20 0.87 248 - 747 —1.39 - 5450% 1254 -2 - 55.60%

(10)

Zhengetal (11) 39 22 2.2 2.4 69 14 23 —2.1

72 - - - - - - - -

Ht SDS, standard deviation score of height; Pi, serum phosphate; TRPI, tubular resorption of phosphate; NC, nephrocalcinosis.

Units: Age, year; Pi, mg/dL; TRPi, %; NC, %.

*Significant difference between two groups of patients with available data were presented.

have a better function and these may influence their variance of
the phenotype (14).

In particular, we found a significant difference in the
development of nephrocalcinosis between the two groups;
none of the patients with nontruncating mutations had
nephrocalcinosis, whereas over half of the patients with
truncating mutations developed nephrocalcinosis. Another study
also reported that none of the patients with nontruncating

mutations developed nephrocalcinosis, although the association
was not statistically significant due to the small sample size (9).
Another study reported a similar incidence of nephrocalcinosis
between the two groups; however, its sample size was small,
and the follow-up period of patients was longer in patients with
nontruncating mutations (10). As it is known that hypercalciuria,
hyperoxaluria, and hyperphosphaturia are important risk factors
for the progression of nephrocalcinosis (15), the degree of
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phosphaturia, which was significantly different between the two
groups in one previous study, can be an important risk factor.
Although we could not take the severity of nephrocalcinosis
into account due to the retrospective nature of our study
and the progression of nephrocalcinosis can be confounded
by other factors such as urine oxalate or treatment with the
phosphate and active vitamin D, our study suggests that patients
with truncating mutations should undergo more aggressive
surveillance of nephrocalcinoses with kidney ultrasonography at
an early age.

This study has inherent limitations: it is a retrospective
medical review and cannot represent the overall XLH population,
since it is a single-center study. Additionally, the timing of
treatment varies among patients and can affect their long-term
follow-up results. Due to the lack of a sufficient follow-up
period, dental prognosis, such as abscess formation, was not
fully elucidated. Furthermore, we could not conduct analysis
regarding age-specific standard values of serum phosphate, TRPi,
and ALP. However, we supposed that our findings that serum
phosphate level was significantly different while their age was
not significantly different were meaningful. Also, due to the
nature of the retrospective study, we could not further investigate
whether the skewed inactivation is observed in female patients,
such as using mRNA microarray or whole-exome sequencing
technique, which can provide further insight into X-linked
disease condition. Finally, as we did not conduct mixed ligation-
dependent probe amplification of PHEX, we might have missed
some patients with large deletion. Nevertheless, our study has
the strength of being, to our knowledge, the largest study that
conducted genotype-phenotype analysis in patients with PHEX
mutations, although the number of patients with nontruncated
mutation was relatively small and the overall sample size was
not large enough to ensure statistical power. Further prospective
studies with longer follow-up periods should be conducted to
demonstrate a more comprehensive prognosis in XLH patients.
International collaboration of clinical and genetic data of XLH
patients using the PHEX repository can accomplish this purpose.

In conclusion, we presented a genotype-phenotype correlation
study with a relatively large population in a Korean population,
and we compared our results with those other studies
regarding the genotype-phenotype correlation in patients with
XLH. Although considerable nonconsistency exists regarding
the correlation of truncating mutations and their disease
phenotype, we cautiously suggest that there would be a positive
genotype-phenotype correlation in some aspects of disease
manifestation. Although an antibody to neutralize FGF23,
namely, burosumab (16), has recently been approved in an
increasing number of countries, multiple daily administrations
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