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Aim: X-linked hypophosphatemia (XLH) is the most common inherited form of
rickets, and it is caused by pathogenic inactivating variants of the phosphate-
regulating endopeptidase homolog X-linked (PHEX) gene. The main purpose of
this study is to identify the presence of a genotype–phenotype correlation in a
cohort of XLH patients.
Methods: This is a retrospective study including patients diagnosed with
hypophosphatemic rickets, confirmed by clinical, radiological, and laboratory
findings. Medical records were reviewed for phenotypic analyses. Genomic DNA
was extracted from the peripheral blood lymphocytes, and PHEX sequencing was
performed by exomic NGS sequencing. The Wilcoxon rank-sum test and the
two-tailed Fisher’s exact test were employed for the statistical analyses of this study.
Results: A total of 41 patients were included in this study, and 63.41% (26/41) of the
patients were female. The mutation analyses identified 29.27% missense variants
and 29.72% nonsense variants, most of them were considered deleterious
(66.41%). Six novel deleterious variants in the PHEX gene were detected in seven
patients. The median concentrations of pretreatment serum calcium,
phosphorus, and parathyroid hormone (PTH) were not significantly different
among patients with different genotypes. An orthopedic surgery due to bone
deformity was required in 57.69%.
Conclusions: Our analysis did not identify any specific genotype as a predictor. No
significant genotype–phenotype correlation was found, suggesting that the
recognition of subjacent pathogenic mutation in the PHEX gene may have
limited prognostic value. Despite this finding, genetic testing may be useful for
identifying affected individuals early and providing appropriate treatment.
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1. Introduction

X-linked hypophosphatemia (XLH) is the most common inherited form of

hypophosphatemic rickets, with an incidence of 1:20,000 individuals (1–4). XLH is caused

by inactivating pathogenic variants in the phosphate-regulating endopeptidase homolog

X-linked (PHEX) gene, which is located on chromosome Xp22.1 and is encoded by 22
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exons (5). Different gene defects including nonsense, frameshift

insertion/deletions, or splicing variants result in a truncating

form of the PHEX protein, which is a very likely deleterious

form, whereas a non-truncating form of the protein arises from

the missense gene variant (6, 7).

Although XLH rickets is inherited in an X-linked dominant

trait, the severity of its manifestations varies and will depend on

the profile of the studied population (7). The clinical history of

XLH is heterogeneous, as the severity of growth failure and

skeletal deformity varies between affected individuals (7). The

genotype–phenotype correlations are relatively well-established in

several other X-linked genetic diseases, with the truncating

variants related to a more severe phenotype compared with the

non-truncating variants (8, 9). Some authors have also reported a

genotype–phenotype correlation in patients with XLH (7–9). For

instance, orthopedic surgery was significantly more often

required in patients with truncating variants (9). Song et al. (10)

revealed that variants in the C-terminal region of the PHEX gene

were associated with a more severe bone phenotype.

Considerable inconsistency exists regarding the correlation of

the truncating and non-truncating variant groups, and their

disease phenotype as previously reported (7–10). Therefore, the

aim of this study was to evaluate the presence of genotype–

phenotype correlation in a cohort of XLH patients under long-

term follow-up.
2. Materials and methods

This retrospective observational cohort study comprised 41 XLH-

diagnosed patients followed up from the period of 1971 to 2018 in the

BoneMetabolism Clinic of Irmandade da Santa Casa deMisericordia

of São Paulo, Brazil. Informed consent was obtained from the patients

or parents. This study protocol was approved by the Institutional

Review Board (protocol no. #02067418.5.0000.5479, assent CEP

3.225.914), and the study was compliant with the resolution

466/2012 of the Brazilian National Health Council.
2.1. Clinical and skeletal features

The medical records were retrospectively reviewed to obtain

demographic information as well as clinical and biochemical

manifestations at the time of diagnosis. XLH diagnosis was based

on clinical, radiological, and biochemical findings. Clinical

features and PHEX gene variants, as well as the clinical and

surgical outcome of the patient, were recorded over the time.

Anthropometric measurements and biochemical parameters were

obtained at diagnosis and prior to any treatment. The data

evaluated for the genotype–phenotype correlation were gender,

height, body mass index (BMI), and the serum concentrations of

calcium, phosphorus, parathyroid hormone (PTH), and alkaline

phosphatase. Stature and weight were measured by trained

physicians, according to standardized procedures. Children

younger than 2 years of age were measured in the lying down

position; children older than 2 years were measured in the
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standing position by employing a wall stadiometer (Harpenden

standard). Anthropometric indices were expressed as a standard

deviation score (SDS, Z-score). Data from the Centers for

Disease Control and Prevention (CDC, release 2000) were

adopted as a reference population (11).

To determine the radiological features, the interpatellar

distance was measured between the half-point of the patella of

each limb, with the patient standing in the anterior position. The

intercondylar distance was measured between the anterior and

posterior condylar depressions (Supplementary Figure S1).

Distances were measured using a tape or rigid ruler graduated in

millimeters, and were confirmed by two observers. Orthopedic

surgery due to bone deformity was considered as a dichotomous

variable, and the type of procedure was not studied.
2.2. Biochemical analysis

An evaluation of biochemical parameters in the blood was

performed, utilizing the following method for each parameter:

calcium (mg/dL; colorimetric assay); phosphorus (mg/dL; kinetic

colorimetric assay); alkaline phosphatase (UI/L; photometric

assay with ultraviolet range, Cobas C501, Roche Diagnosis, Basel,

Switzerland); and PTH (pg/mL; electro-chemiluminometric assay;

Cobas E411 Roche Diagnosis, Basel, Switzerland). All

measurements were performed in the basal condition at the time

of diagnosis, before any medication intervention.
2.3. PHEX sequencing and variant analysis

Genomic DNA was extracted from the peripheral blood

lymphocytes using the G-DEXTM, II Genomic DNA Extraction

Kit (Intron, Seongnam, Korea), according to the manufacturer’s

protocol. After DNA extraction, the regions of interest were

captured with probes customized with an Illumina Nextera Rapid

Capture kit (Illumina, Inc., San Diego, CA, USA). The

sequencing process was performed using Illumina HiSeq 4000.

The resultant sequence reads were aligned to the reference

human genome (UCSC Genome Browser GrCh37/hg19) using

the BWA (Burrows–Wheeler Aligner) software. Genotyping was

conducted by utilizing the genome analysis toolkit (GATK).

Enrichment and analysis focused on coding sequences, flanking

intronic regions (±20 bp), and other specific genomic regions

previously identified as containing causative variants.

Furthermore, annotation, filtering, and variant prioritization were

performed using Mendelics proprietary software (Abracadabra)®.

Only the sequencing of the PHEX gene was performed in some

patients, while other patients underwent a multigene panel analysis

comprising 13 specifically chosen genes. This method was

preferred since these conditions are potential differential

diagnoses for X-linked hypophosphatemic rickets. The following

genes were included: ALPL (OMIM* 171760), CLCN5 (OMIM*

300008), CYP27B1 (OMIM* 609506), CYP2R1 (OMIM* 608713),

DMP1 (OMIM* 600980), ENPP1 (OMIM* 173335), FAH

(OMIM* 613871), FGF23 (OMIM* 605380), KL (OMIM*
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604824), PHEX (OMIM* 300550), SLC34A1 (OMIM* 182309),

SLC34A3 (OMIM* 609826), and VDR (OMIM* 601769).

Exonic deletions and duplications (copy number variations—

CNVs) were detected using ExomeDepth, an R package that

calculates copy number by comparing the read depth of each

target with the average read depth of the corresponding target in

samples genotyped from the same sequenced library.

The variants were classified using machine learning algorithms

developed by Mendelics Genomic Analysis (Sao Paulo, Brazil), and

all variants were assessed by medical geneticists, following the

consensus of the American College of Medical Genetics and

Genomics and the Association for Molecular Pathology (12, 13).

Variants were classified as pathogenic, likely pathogenic, or

variants of unknown significance (VUS) (13).

Several tools were employed for variant and gene interpretation

in this study, including the utilization of The Genome Aggregation

Database versions v2.1.1 and v3.1.2 (14) for allele frequency

assessment. For characterizing the nomenclature of sequence

variants, we followed the recommendations from the Human

Genome Variation Society (HGVS). The ensemble transcript

used for the PHEX gene was ENST00000379374. Moreover,

specific in silico predictors or meta-predictors such as Mutation

Taster, SpliceAI Lookup, Human Splicing Finder, and REVEL

were taken into consideration (15–17).

To obtain information from medical literature and conduct a

comprehensive review, we accessed various databases including

ClinVar (18), the Human Gene Mutation Database (HGMD)

(19), PHEX Locus Specific Database (20), Online Mendelian

Inheritance in Man (OMIM), Mastermind (21), and pertinent

PubMed articles (15–21). To evaluate the effect of the variant

type on the phenotype, we classified the variants into two

categories: truncating variants, including nonsense, frameshift,

and splice-site alterations; and non-truncating variants,

comprising previously reported missense variants (7, 10, 22).
TABLE 1 Biochemical parameters at diagnosis for patients with a PHEX
gene variant.

Parameters XLH patients Reference range
Calcium (mg/dL) 9.6 (9.25–10) 8.6–10.2 (0–14 year)

Phosphorus (mg/dL) 2.6 (2.4–2.9) 4.5–6.5 (0–14 year)

Alkaline phosphatase (UI/L) 750 (413.5–1,350) 42–390 (0–15 year)

PTH (pg/mL) 61.25 (42.17–76.0) 12–68

Values expressed as median (percentile 25%–75%).
2.4. Statistical analysis

Categorical variables were presented as absolute values and

percentages, and continuous variables were represented as medians

and 25%–75% percentiles. Histograms and the Shapiro–Wilk test

were used to assess data distribution. The correlation between

continuous variables was assessed using Spearman’s correlation

coefficient. Analyses of variance were performed using the

Kruskal–Wallis test, followed by the Dunn’s post hoc test in case

of p < 0.05. Two groups were compared using Mann–Whitney U

test, as appropriate. The Chi-square test was used to analyze the

categorical variables, and the partitioning Chi-square was used

when the p-value was less than 0.05. The Fisher’s exact test was

used when one of the expected frequencies was lower than

5. P-values of <0.05 were considered statistically significant.

Statistical analysis was performed using STATA 16.0 software

(Stata Corp, College Station, TX, USA) and R-project version 4.0.2

(R core team, Vienna, Austria). The research data related to this

submission have been published in Mendeley Data (https://data.

mendeley.com/drafts/b392svv9ns; DOI: 10.17632/b392svv9ns.1).
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The files associated with this dataset are licensed under an

attribution non-commercial 3.0 unported license (CC BY NC 3.0).
3. Results

3.1. Baseline characteristics and
biochemical parameters

A total of 41 patients were treated in a single pediatric unit due

to inherited metabolic bone diseases and presented features

commonly associated to XLH. The baseline characteristics of this

cohort show that 63.4% (26/41) were female. The average age at

the XLH diagnosis was 49 months; 72% of the patients were

diagnosed within the first 5 years of life, and the majority

(57.7%) presented deformities in the lower limbs confirmed by

radiological examination at the time of admission. Patients with

final height corresponded to 41.5% of the cases (17/41), and

55.5% (15/27) of the patients were reported with a family history

of XLH. The pedigrees of the families were shown in

Supplementary Figure S2. There were 12 cases that appeared to

be sporadic, since no family history of the disease was reported.

Table 1 summarizes the biochemical findings in our cohort.

The average serum phosphorus concentration was found to be

below the established reference range, with 100% of the patients

exhibiting hypophosphatemia. Moreover, 80% of the cases

demonstrated serum alkaline phosphatase values exceeding the

upper limit of normality. Regarding serum PTH concentrations,

40% of the patients surpassed the upper limit of normality.

Elevated concentrations of PTH and alkaline phosphatase were

observed in 20% of the cases.
3.2. Variant analysis of the PHEX gene

Figure 1 presents the distribution of all identified variants. A

total of 23 different PHEX variants were identified in 41 patients.

Six novel variants were identified among seven patients, consisting

of three frameshift variants, two missense variants, one canonical

intronic splice-site variant, and one nonsense variant (Table 2).

The detection along the PHEX gene showed that 15 variants are

located from exon 15 to exon 22, whereas only seven variants are

in other portions (Supplementary Figure S3). Among all the

patients, truncating and non-truncating variants were found in 29

and 12 patients, respectively. Missense variants corresponded to

29.3% of the patients, and nonsense variants corresponded to

29.7% (Figure 2). In total, 63.4% of the variants were previously
frontiersin.org
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FIGURE 1

Diagram of the PHEX gene showing the variants detected in patients with X-linked hypophosphatemic rickets. The hatched blue bar represents the 22
exons of the gene. Novel variants were underlined in red. Variants found in this study are shown in yellow box. GenBank ID: NM_000444.6. Variants were
classified according to recommendations from the consensus of the American College of Medical Genetics and Genomics and the Association for
Molecular Pathology as pathogenic (overlined in black dashed line), likely pathogenic (overlined in orange dashed line), or variants of unknown
significance (VUS) (13) (overlined in green dashed line).
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reported as deleterious (Figure 3). The most frequent mutation

occurred in the region 208 (21.9%; 9/41 cases), with five cases in

the position chrX:22, 208, and 619 (12.2%; 5/41 cases).

Variants of unknown significance occurred in two cases in this

cohort, both of which were novel missense variants

[p.(Phe685Ser)]. Likely pathogenic variants were observed in

24.3% of the cases (10/41) (Figure 1).
3.3. Genotype–phenotype correlation
findings in XLH patients

Initial stature, BMI, and related Z-scores did not show any

significant difference according to protein domain regions
TABLE 2 Novel PHEX variants found in this study.

cDNA mutationa Novel variants Classific
c.1582_1583delAC p.(Thr528Argfs*53) Frameshift

c.2088C >A p.(Tyr696*) Nonsense

c.2054T >C p.(Phe685Ser) Missensec

c.985delC p.(His329llefs*2) Frameshift

c.1769–2ª >G p.? Canonical intronic s

c.70_74delGTCGT p.(Val25Cysfs*24) Frameshift

acDNA, complementary DNA (Ref Seq: NM_000444.6). Six novel variants in the PHEX
bIn silico predictors used: missenses: SIFT, MutPred, MutationTaster, CAD-score varian

nonsense: MutationTaster and CAD-score variants.
cNovel variant [p.(Phe685Ser)] was identified in two patients.

Frontiers in Pediatrics 04
(N-terminal half or in the C-terminal half of the PHEX protein)

(P > 0.05) (Supplementary Table S1). The median initial serum

concentrations of calcium, phosphorus, PTH, and alkaline

phosphatase did not show significant differences among patients

with protein domains located in the N-terminal or C-terminal

regions, as well as with different pathogenicity and chromosome

positions (P > 0.05) (Supplementary Table S2). XLH patients

with a family history presented higher baseline concentrations of

alkaline phosphatase (P = 0.03) (Supplementary Table S3). To

evaluate the genotype–phenotype correlation, the patients were

grouped into non-truncating (n = 12) and truncating (n = 29)

variant groups according to their genotypes. No differences were

found comparing gender and variant type (non-truncating vs.

truncating) (Supplementary Table S4).
ation Variant site In silico predictionb

Exon 14 Deleterious

Exon 21 Deleterious

Exon 20 Deleterious

Exon 9 Deleterious

plice-site variants Exon 17 Deleterious

Exon 1 Deleterious

gene were detected in seven patients.

ts; splice-site: MutationTaster, splice AI, and Human Splicing Finder; frameshift and
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FIGURE 2

Distribution by type and exon of each variant.
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We observed a significant and positive correlation between the

interpatellar distance and the anterior and posterior intercondylar

distances (Supplementary Figure S4). However, no significant

correlation was found between interpatellar or intercondylar

distances and protein domain regions (P > 0.05) (Supplementary

Table S5). Similarly, no correlation was found when comparing

the initial serum concentrations of calcium, phosphorus, PTH,

and alkaline phosphatase with the interpatellar distance or with

the anterior or posterior intercondylar distance (Supplementary

Figure S5).
FIGURE 3

Distribution of PHEX variants found in this study.
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Among XLH patients with bone deformity, 57.7% of the patients

were referred to orthopedic surgery. However, the referral for

orthopedic surgery was not significantly influenced by protein

domain regions (P = 0.15) (Supplementary Table S6). There was

also no significant correlation found between gender and the need

for orthopedic surgery (P = 0.09). Notably, patients who underwent

orthopedic surgery due to bone deformity exhibited significantly

higher concentrations of PTH [72.05 pg/mL (52.7–79.57)]

compared with those who did not require surgery [40.65 pg/mL

(28.9–63.2), P = 0.05] (Supplementary Table S7). Furthermore,
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patients with variants leading to a putative truncation of the PHEX

protein did not display a more severe phenotype when compared

with patients with non-truncating variants. In addition, the

outcome of orthopedic surgery was similar between patients with

truncating and non-truncating variants (P = 0.23) (Supplementary

Table S7). All reported variants are presented in Supplementary

Table S8.
4. Discussion

This study aims to identify a correlation between phenotype

and genotype by providing a current description of the

phenotypic characteristics of the largest cohort of Brazilian XLH

patients. However, no relevant correlation between initial clinical

characteristic and type of variant were found in this cohort.

Similar findings were previously reported, suggesting the absence

of genotype–phenotype relationship in XLH caused by variants

in the PHEX gene (8, 23, 24). Our survey comprised 41 children

diagnosed with XLH in a center with experience in treating XLH

over a period of 48 years. Based on the São Paulo state

population, this number is lower than expected, indicating that

the disease is either underdiagnosed or often treated in less

specialized centers (25).

All types of variants were found in this cohort, and six of them

were novel. The nonsense variant represented 26% of the causative

variants found in this study. One nonsense variant was novel, and

five variants had been previously described. A total of 23 different

variants were distributed across the gene, and these variants have

affected most exons or their adjacent introns (18). A major

mutation density was found to be present from exon 15 to exon

22, corroborating with the findings of other studies (8, 26–28).

Thus, the distribution in our cohort presents a lower mutation

density in the first part of the gene according to PHEX mutation

database (28). The clinical manifestations of XLH exhibited

comparable characteristics irrespective of protein domain regions.

An explanation for this could be that the genotype does not

predict the phenotype (29). In addition, the laboratory

biomarkers were not strictly dependent on the type or site

location of the variant. Popowska et al. (27) found no relation

between the severity of clinical symptoms and variant location.

In concordance to that, no significant correlations were observed

between the novel variant type and the serum concentrations of

phosphate, PTH, or alkaline phosphatase at diagnosis, although

one study reported that patients with truncating variants had

lower serum phosphate concentration compared with patients

without truncating variants (8). In addition, a cohort of 21

patients from the Norwegian pediatric population showed no

significant differences in growth, dental involvement, persistent

bowing, or development of nephrocalcinosis between the variant

status groups (30). A multicenter study conducted in Australia

and in the Unites States found no correlation between the

severity of skeletal manifestations and the type or location of

PHEX variants (7). However, the association between more

severe skeletal disease and truncating variants reached no

statistical difference in this relatively small sample size (7). XLH
Frontiers in Pediatrics 06
is a very heterogeneous disease in terms of clinical manifestation,

along with the phenotypical variability of the disease that is

dependent on the characteristics of the studied population even

among patients with truncating variant.

Intercondylar and interpatellar distances were previously

described (29). An intercondylar distance has been reported to

be a predictor of adequacy of the treatment response (29), and

the results of our study showed that the intercondylar distance

after treatment has significantly reduced compared with the

observed distance prior to treatment, which was 4.5 cm (3.0–6.0)

vs. 1.5 cm (0–3.3); P < 0.05) (29). Our study is the first to

evaluate the correlation between interpatellar or intercondylar

distance and genotype; however, no significant correlation was

identified. In fact, a huge phenotype variation between

individuals with the same genotype was described, particularly

regarding the skeletal phenotype (7, 31).

Osteotomy was required in 57% of our patients at some point

of life, highlighting the negative impact of the disease on the

mobility and quality of life of those affected. Our results are

similar to the findings of other studies, reporting that 24%–65%

of XLH patients will require surgical intervention for lower limb

deformity (7, 23, 32). According to the data from an Italian

center where 175 patients were followed up from 1998 to 2017,

XLH was diagnosed before the age of 1 year in 11% of the cases,

and it was diagnosed between 1 and 5 years in 50% of the cases

(25). Clinically apparent bone deformities were present in 95% of

the patients (25). In our study, diagnosis was delayed in most of

the patients with 72% of the cases diagnosed in the first 5 years

of life. According to Morey et al. (8), significantly higher

pretreatment concentrations of PTH were observed in patients

requiring orthopedic surgery due to bone deformity.

Hyperparathyroidism is a complicating factor in XLH adult

patients and represents a negative prognostic index, which

indicates a higher prevalence of lower limb deformities (33).

This study had a number of limitations commonly

encountered in retrospective studies, which is being highly

dependent on observations being recorded by the treating

clinicians and on some records without complete information,

implying that we could not ensure uniform collection of

information from the clinical, biochemical, and radiological

examinations. In addition, some patients were diagnosed at later

ages, which could have worsened their bone phenotype and

may have affected the measurement of interpatellar and

intercondylar distances. Finally, the study is limited by the size

of a single-center cohort.

In conclusion, identifying of variants in the PHEX gene seems

to have a limited prognostic value, since no significant correlation

was observed between genotype and phenotype in our study, as

well as in other studies. On the other hand, genetic testing is

useful to allow identifying affected individuals early and

providing adequate treatment. This study identified six new

variants in the PHEX gene, and it contributes to increasing our

knowledge with regard to the types of variants related to XLH.

Future considerations regarding the genotype and the precise

treatment based on the pathophysiology of this condition will

have the potential to improve the quality of life, social inclusion,
frontiersin.org
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genetic counseling, and the reduction of bone deformities and

surgery requirement of the patients.
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