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Abstract

X-linked hypophosphatemic rickets (XLH), the most common form of hereditary rickets, is characterized by renal phosphate wasting and abnormal
vitamin D metabolism due to elevated circulating levels of the phosphatonin fibroblast growth factor 23 (FGF23). Dominant inactivating variants
of the phosphate regulating endopeptidase homolog, X-linked (PHEX), gene are present in patients with XLH, and more than half of affected
patients carry de novo variants. We report on 3 families in whom affected members had highly unusual PHEX pathogenic variants. In 1 family
we identified a previously described deep intronic PHEX variant (c.1768 + 173A>G) in the proband and her affected son. This variant is also
near a previously reported PHEX variant (c.1768 + 177_1768 + 180dupGTAA) and is predicted to affect splicing by SpliceAl (delta score: 0.95)
through creation of a new donor splice site. In a second proband we identified 2 pathogenic de novo and novel PHEX variants, ¢.2083delT
(p.Ser695Profsx45) and ¢.2085delC (p.Tyr696Thrfsx44), that were present on different alleles, consistent with mosaicism for 3 PHEX alleles. The
third proband also carried 2 PHEX variants (c.755 T>C [p.Phe252Ser] and ¢.759G>A [p.Met253lle]), but in this case both variants were present
on the same PHEX allele. These studies expand the molecular catalog of pathogenic PHEX variants in XLH and emphasize the importance of
deep intronic sequencing and comprehensive family studies. Conventional approaches to genetic diagnosis may not be adequate to identify or
characterize the disease-causing variants in the PHEX gene in some patients with likely XLH.
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Lay Summary

X-linked hypophosphatemic rickets (XLH), due to mutation in the PHEX gene, is the most common form of inherited rickets. The availability of
burosumab, a novel antibody therapy that is approved for XLH as disease-specific treatment, makes definitive diagnosis critical. Genetic testing
can provide confirmation of the clinical diagnosis and facilitate early recognition of affected individuals who have not yet developed rickets so that
treatment can be optimized. Here we show that conventional approaches to genetic diagnosis may not be adequate to identify or characterize

the disease-causing variants in the PHEX gene and describe unusual genetic findings.

Introduction

X-linked hypophosphatemic rickets (XLH; OMIM 307800)
is characterized by renal phosphate wasting, decreased
absorption of phosphate and calcium from the intestine, and
abnormal vitamin D metabolism due to elevated circulating
levels of the phosphatonin fibroblast growth factor 23
(FGF23).'-* Affected patients develop early-onset rickets
and osteomalacia with skeletal deformities that principally
affect the lower extremities, reduced growth velocity with
short stature, bone pain, craniosynostosis, and dental
abnormalities.’~® Adults with XLH have osteomalacia and
can manifest continuing challenges with dental abscesses,
osteoarthritis, vertebral ankylosis, enthesopathy, and rarely,
spinal stenosis.®~10 In XLH, elevated serum concentrations
of FGF23 (1) impair vitamin D metabolism by reducing con-
version of 25-hydroxyvitamin D to 1,25-dihydroxyvitamin D
[1,25(OH)2D], the active form of vitamin D, and increasing

production of 24,25-dihydroxyvitamin D [24,25(OH)2D]
and (2) reduce expression and function of the type 2 sodium-
dependent phosphate cotransporters Npt2a (SLC34A1) and
Npt2c (SLC34A3), thereby leading to hypophosphatemia.*1!
X-linked hypophosphatemic rickets is the most common form
of inherited rickets, with an estimated prevalence of 1 in
20000 to 1 in 60000 individuals and is due to dominant
inactivating variants of the phosphate regulating endopepti-
dase homolog, X-linked (PHEX), gene on Xp22.11.2:6,12-14
X-linked hypophosphatemic rickets is one of a growing
number of inherited forms of hypophosphatemic rickets in
which levels of FGF23 are elevated and which have been
attributed to pathogenic variants in genes that encode proteins
for regulation of proximal renal tubular phosphate transport
(Table 1).3-6:15 Elevated circulating levels of FGF23 are also
present in other inherited forms of hypophosphatemic rickets
that are caused by autosomal dominant variants in FGF23
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Table 1. Common Forms of Hereditary Hypophosphatemic Rickets.
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Gene
PHEX FGF23 DMP1 ENPP1 SLC34A1
OMIM number 307 800 605380 241520 173335 182309
Term X-linked Autosomal Autosomal recessive Autosomal recessive Hereditary
hypophosphatemic dominant hypophosphatemic hypophosphatemic hypophosphatemic
rickets hypophosphatemic rickets, 1 rickets, 2 rickets with
rickets hypercalciuria
Encoded protein Transmembrane Fibroblast growth Dentin matrix acidic Type 11 Sodium phosphate
endopeptidase factor proteins phosphoprotein 1 transmembrane cotransporter
glycoprotein
Transmission X-linked dominant Autosomal Autosomal recessive Autosomal recessive Autosomal recessive
dominant
Type of variant Loss of function Gain of function Loss of function Loss of function Loss of function
Serum FGF23 Elevated Elevated Elevated Elevated Low
concentration

Abbreviations: DMP1, dentin matrix protein 1; ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1; FGFG23, fibroblast growth factor 23; OMIM,
Online Mendelian Inheritance in Man; PHEX, phosphate regulating endopeptidase homolog, X-linked.

and autosomal recessive variants in dentin matrix protein 1
(DMP1), ectonucleotide pyrophosphatase/phosphodiesterase
1 (ENPP1), and family with sequence similarity 20, member
C (FAM20C)'® (Table 1). By contrast, biallelic loss-of-
function variants in SLC34A3 directly inactivate the principal
sodium-phosphate co-transporter Npt2c, and cause a form of
hypophosphatemic rickets in which serum concentrations
of FGF23 are suppressed, thereby leading to elevated
serum concentrations of 1,25(OH)2D and hypercalciuria
that is termed hereditary hypophosphatemic rickets with
hypercalciuria (Table 1).13

To date, over 1000 PHEX variants have been identified in
patients with XLH and more than half of patients with XLH
carry de novo variants.!® Remarkably, a wide range of clinical
features have been described in affected patients (eg, cran-
iosynostosis), emphasizing the importance of genetic testing in
the evaluation of patients with hypophosphatemic rickets.!®
Here we describe patients with XLH from 3 unrelated families
with novel and/or unusual PHEX gene defects.

Materials and methods
Patients and identification of variants

We studied 3 families (see below) that included members
affected with hypophosphatemic rickets. Genomic DNA
was extracted from peripheral blood leukocytes or saliva.
Targeted sequencing and deletion/duplication analysis of
genes known to be associated with hypophosphatemic
rickets was performed using a next-generation sequenc-
ing panel (ALPL, CLCNS, CTNS, CYP2R1, CYP27BI,
DMP1, ENPP1, FAH, FAM20C, FGF23, FGFR1, GNAS,
OCRL, PHEX, SLC34A1, SLC34A3, and VDR; Invitae
Laboratories, test code 72039).>'¢ In addition, in some
cases (see below), we performed whole-exome sequencing
(WES)!” and whole-genome sequencing (WGS) with paired-
end 100-bp reads,!® as previously described. Libraries
were generated from genomic DNA using the Illumina
TruSeq DNA PCR-Free Library Prep Kit (Illumina, San
Diego, CA). All of the raw reads were aligned to the
reference human genome using the Burrows-Wheeler Aligner
(BWA-Mem), and single-nucleotide variants (SNVs) and
small insertions/deletions (INDELs) were captured using
the Genome Analysis Tool Kit (GATK). ANNOVAR and

SnpEff were subsequently used to functionally annotate
the variants. The confirmatory genotyping of the identified
variant in kindred A was performed by Sanger sequencing
with primers 5’ACCGGTTCATTTTATAAGCTGCT3' and
5'AATCATCGTTGGAGCAGAGC3'. The protocol was
approved by the Children’s Hospital of Philadelphia Insti-
tutional Review Board, and informed consent/assent was
obtained as appropriate.

Results
Kindred A

The proband of family A (Figure 1A, II-2) is a 47-year-old
White female who presented with bowed legs at the age of
2 years. She was treated with orthopedic braces until the age
of 7 years when she was diagnosed with hypophosphatemic
rickets. Treatment with oral phosphate and calcitriol was
initiated. The proband had an affected son (III-1) and unaf-
fected daughter (III-2); all other relatives were unaffected. Her
affected son was 11 years old at the time of our evaluation;
he was diagnosed with hypophosphatemic rickets when he
presented with bilateral bowing of the legs at the age of
13 months. Examination of the affected son at age 3 years
was significant for bilateral lower extremity varus deformity
and tibial torsion and absent upper incisors with normal
gums. A summary of their biochemical results is presented
in Table 2. Neither affected patient had hypercalciuria or
nephrocalcinosis. The proband had normal sequences for the
PHEX, FGF23, DMP1, and ENPP1 genes on the Invitae
Hypophosphatemic Rickets panel. Whole-exome sequencing
analysis of the family did not reveal a candidate gene. By
contrast, WGS followed by Sanger sequencing revealed a
de novo deep intronic PHEX variant (c.1768 +173A>G;
Figure 2) in the proband that had been previously reported
in Clinvar (variation ID: 829888; rs1602402549) in an indi-
vidual with XLH. The proband’s affected son also carried
this variant. By contrast, her unaffected parents, daughter,
and husband showed only wild-type PHEX sequences. The
¢.1768 +173A>G variant is also near a previously reported
PHEX variant (c.1768 +177_1768 + 180dupGTAA)."® The
¢.1768 + 173A>G variant is not present in publicly available
databases and is predicted to affect splicing by SpliceAl (delta
score: 0.95) through creation of a new donor splice site.
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Figure 1. Pedigrees analyzed in the current study. Pedigrees corresponding to kindreds A, B, and C are represented in the corresponding panels. A black
square (male) or circle (female) represents an affected individual, while white symbols represent unaffected individuals. Each proband is depicted by an

arrow.

Table 2. Laboratory Data.

Kindred A Kindred B Kindred C
Subject I-2 at Subject II-1 at Subject II-3 at Subject ITI-1 at
age 40y age 13 mo ageSy age 3-11 mo

Serum phosphate (mg/dL) 1.8 2.3 2.0 3.7

Adult

Child

Serum calcium (mg/dL) 9.2 9.8 9.5 10

8.7-10.5 mg/dL

Serum ALP (U/L) 70 671 537 829

Adult: 30-128 U/L

Child

Serum 25(OH)D 89 32 26.7 34

20-96 ng/mL

Serum PTH (pg/mL) 25.3 152 135.4 70

16-87 pg/mL

Serum FGF23 (RU/mL) — — 150 —

44-215 RU/mL

Serum creatinine (mg/dL) 0.8 0.4 0.2 0.2

0.2-1.3 mg/dL

TRP (%) 70 91.5 81 72

85%-95%

TmP/GFR (mg/dL) 1.24 2.98 2.17 2.39

Normal (mg/dL) 2.60-3.80 3.00-5.08 3.25-5.51 3.16-5.82

Abbreviations: ALP, alkaline phosphatase; FGFG23, fibroblast growth factor 23; PTH, parathyroid hormone; RU, Relative units/mL; TmP/GFR, ratio of
tubular maximum reabsorption of phosphate (TmP) to glomerular filtration rate (GFR) represents the tubular maximum phosphate reabsorption capacity

(normal reference ranges for age are from references 3373%); TRP, tubular reabsorption of phosphate; 25(OH)D, 25-hydroxyvitamin D.

Kindred B

A 13-year-old female (Figure 1B, II-3) was referred to our
endocrine clinic after having been diagnosed with hypophos-
phatemic rickets (Table 2) at the age of 5 years when she was
evaluated for bowed legs and tibial torsion. She was born
to nonconsanguineous parents from Morocco and Algeria.
Her parents and both sisters were unaffected (Figure 1B).
She did not have hypercalciuria or renal calcifications. She

was initially managed with phosphorus and calcitriol and
was subsequently transitioned to burosomab injections every
2 weeks, with improvement in biochemistries and radiological
healing of rickets; however, tibial torsion was not improved.
At age 15 5/12 years she had completed her growth and
had a height of 147 cm (1st percentile) compared with a
midparental height prediction of 160 cm. Targeted sequencing
with the Invitae Hypophosphatemic Rickets panel revealed 2
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Figure 2. DNA sequencing electropherograms for kindred A. A DNA sequencing electropherogram is a graphic display of the results of DNA sequencing
that shows peaks in colors that correspond to specific nucleotides. In this figure the results of sequencing DNA from 2 controls are shown in the upper
panels and demonstrate an A at the position corresponding to ¢.1768 + 173. The lower panels reveal that the proband (left), a female, is heterozygous at
this site (an A and a G are shown by the arrow), while her affected, hemizygous son (right) has only a G at the site (arrow), in both cases corresponding
to a de novo deep intronic PHEX variant (c.1768 + 173A>G). Abbreviation: PHEX, phosphate regulating endopeptidase homolog, X-linked.

pathogenic de novo and novel PHEX variants, ¢.2083delT
(p.-Ser695Profsx45) and ¢.2085delC (p.Tyr696 Thrfsx44), that
were not present in other unaffected parents or siblings.
Next-generation sequencing of DNA from peripheral blood
cells revealed wild-type sequences as well as unique variant
sequences indicating that the 2 variants were present on dif-
ferent alleles, consistent with mosaicism for 3 PHEX alleles.
Our WES showed that 69 reads (29.7%) were converted from
wild-type to c.2083delT and 29 reads (12.5%) were converted
to ¢.2085delC, while the remaining 134 reads (57.8%) were
unchanged, suggesting a complex mosaic status (Figure 3).

Kindred C

The proband (Figure 1C; III-1) was a 16-year-old male who
was diagnosed with hypophosphatemic rickets at the age
of 3 months (Table 2). He had an extensive family history
for hypophosphatemic rickets in his mother, maternal aunt,
and maternal grandmother, all of whom manifested similar
degrees of biochemical and clinical severity as the proband.
The patient was managed with calcitriol and phosphorus
and follow-up clinic visits revealed gross motor delay in
infancy associated with hypotonia and early bowing of legs.
At the age of 2 years, he had severe scaphocephaly requiring
reconstruction and had developed bilateral nephrocalcinosis.
He had also experienced several dental abscesses starting from
the age of 5 years. Genetic analyses using an NGS targeted
panel revealed 2 PHEX variants: ¢.755 T>C (p.Phe252Ser)
and ¢.759G>A (p.Met2531le), which were both present in
the mother and maternal grandmother as well (Figure 1C).
An unaffected sister and father did not carry either variant.
Exome sequencing revealed that both variants were present
on the same PHEX allele (Figure 4). These 2 tandem cis
variants had been previously described in related patients
with familial XLH using a different numbering system as
¢.748 T>C (p.Phe249Ser) and ¢.752G>A (p.Met2501le).2"

Discussion

Dominant loss-of-function variants in the PHEX gene are
the most common cause of XLH. The PHEX gene, which
is located on Xp22.1, spans over 220 kb and consists of 22
exons. As of the most recent analysis, over 1000 different

variants have been identified throughout the gene and affect-
ing almost all exons or their adjacent introns.”! However, the
main densities of PHEX missense variants are not randomly
distributed and are located within consensus motifs contain-
ing substrate-interacting residues and the zinc binding site in
exons 15 and 19, respectively.?”>>3 When standard genetic
testing procedures are utilized, detection rates of pathogenic
PHEX variants vary from 51% to 86% for familial cases
and from 22% to 57% for sporadic cases in most popu-
lations.>>=2% Exceptionally, 1 Finnish study reported a vari-
ant detection rate of 100% for familial cases and 93% for
sporadic cases.2® Recent evidence supports the hypothesis
that genetic phenocopies could account for a nonnegligible
fraction of patients who are diagnosed with XLH based
solely on biochemical testing or who are misclassified as
nongenetic upon standard genetic testing. These observations
encourage a more comprehensive understanding of the overall
genetic background of each single patient and for the elu-
cidation of potential biochemical biomarkers that can dis-
tinguish between the various genetic disorders of phosphate
metabolism (Table 1).

The relatively low variant detection rates in familial cases
of XLH may reflect limitations in the conventional, targeted
techniques used to detect variants, which interrogate the cod-
ing regions and flanking intron-exon boundaries of PHEX.?
The development of “second” or “next-generation” sequenc-
ing technology (also referred to as NGS) has extended the
application of genomic analysis not only in research but also
in clinical settings. NGS is based on massive parallel sequenc-
ing—that is, the simultaneous analysis of multiple genes in a
single run. They can include a selection of genes of interest
(targeted panels), all coding DNA regions (WES) or the entire
genome (WGS). This was particularly relevant in kindred A,
in which the pathogenic PHEX variant, c.1768 + 173A>G,
was not identified by an NGS targeted panel but was only
disclosed after we performed WGS, which revealed a deep
intronic variant that is predicted to affect splicing. Splice-
site variants have been shown to be responsible for 17%
of all reported PHEX variants.?’ Of all the known types
of splicing variants, the rarest and most difficult to predict
are those that activate pseudo-exons, also known as cryptic
exons. Pseudo-exon variants appear to create entirely new
exons within introns.>? In kindred A, the intron 17 variant
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Figure 3. PHEX analysis for kindred B. A. This panel shows the polyacrylamide gel electrophoresis of products generated by a PCR reaction of sequences
that flank the PHEX variant using DNA from a control subject and affected subject II-2. Both the control subject and the affected subject show an
expected band of 400 bp (based on sizes shown on the DNA fragment ladder on the left). B. The PCR products shown in panel A were subjected to
Sanger sequencing and the resulting electropherograms show the normal sequence in the control and a deletion of either ¢.2083delT or ¢.2085delT
(arrow) in 1 allele that leads to double sequence (2 or more peaks in the same location) in proband. C. Exome integrative genomics viewer (IGV) view of
2 somatic PHEX variants showed that the T (left) and C (right) nucleotides are present on different DNA fragments, thereby indicating that the 2 variants
are on different alleles. Abbreviations: Cont, control; PCR, polymerase chain reaction; PHEX, phosphate regulating endopeptidase homolog, X-linked.

is predicted by in silico analyses to create a new donor splice
site that induces pseudo-exon inclusion, likely resulting in
the introduction of a premature termination codon. This case
highlights the utility of WGS in identifying deep intronic
variants as targeted testing and WES could not identify the
variant. Remarkably, this variant is close to a previously
reported variant, (c.1768 +177_1768 + 180dupGTAA)."’
Mosaicism is uncommon in XLH and is more frequent
in males than in females, many of whom are 47,XXX. We
identified 2 mosaic variants, c.2083delT (p.Ser695Profsx45)
and ¢.2085delC (p. Tyr696Thrfsx44), located within the same
site of the PHEX gene in the proband of kindred B that were
absent in her parents and unaffected brother. The proband
carried each variant on a unique allele in addition to a wild-
type allele. A de novo variant generally occurs in the sperm
or egg of 1 parent or a fertilized egg and, once inherited,
is present in all cells. In this patient, the mosaic pattern for
a variant probably appeared in the early postzygotic period,
so that a variant allele is present in most but not all tissues.
We suggest that these 2 variants occurred due to replication
slippage on both newly synthesized strands between repeat
motifs of microhomology. This is the first description to

our knowledge of 2 nearby de novo mosaic PHEX deletion
variants in XLH and is reminiscent of a recently described
XLH female with 2 mosaic variants located in the same site
of the PHEX gene, ¢.1809 = /G>T/G>A.! Our experience
with this case emphasizes the need to consider mosaicism
in the assessment of genetic variants and the importance of
appropriate detection methods and cutoff values used during
the bioinformatic analysis.

We also identified 2 PHEX variants in the proband of
kindred C (Figure 1C) in which transmission of hypophos-
phatemic rickets was consistent with a dominant pattern of
inheritance. Both PHEX variants, ¢.755 T>C (p.Phe252Ser)
and ¢.759G>A (p.Met253lle), were previously described
as pathogenic variants.”! Remarkably, genetic analysis of
the affected mother and grandmother showed that both
of these relatives also carried the same 2 PHEX variants.
To confirm that these 2 variants were located in cis, we
analyzed WES reads in this region using DNA from both
the mother and the proband, which revealed that the 2
nearby nucleotide transitions were located on the same allele
(Figure 4), thereby excluding an unusual maternal meiotic
crossover event between the X chromosomes. The presence
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Figure 4. Integrative genomics viewer (IGV) view of PHEX variant analysis in kindred C. Genetic analyses revealed 2 PHEX variants, ¢.755 T>C
(p.Phe252Ser) and ¢.759G>A (p.Met253lle), in the proband, his mother, and his maternal grandmother (Figure 1C). An unaffected sister and father did
not carry either variant. Next-generation sequencing revealed that both variant nucleotides (C and A) were present on the same DNA fragments of PHEX,
where the XX mother is heterozygous at both sites (T/C and G/A; only variant nucleotide is shown on the viewer tracing) and the son is hemizygous (only
C and A). These results indicate that both variants are present on the same allele. Color was used to highlight the alternative allele. Abbreviation: PHEX,

phosphate regulating endopeptidase homolog, X-linked.

of 2 variants on a single allele, both of which are pathogenic
in isolation, has been previously reported in XLH as a single-
base change (c. 231A>G) located 3 base pairs upstream of the
putative polyadenylation (pA) signal (AATAAA) in the PHEX
gene’s 3’-untranslated region that is found almost exclusively
to be associated with an exon 13-15 duplication.!®>?!-32 This
single allele is considered to be the most common PHEX
variant in the United States.

In conclusion, this report expands the complex molecular
genetics of XLH. Our cases emphasize the importance of
using appropriate methods to analyze potential alterations
in PHEX through detection methods that can identify vari-
ants within introns, recognize mosaicism, and assign allelic
phase.
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