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Editorial

Special Issue: “X-Linked Hypophosphatemia”

Seiji Fukumoto 1,* and Yukihiro Hasegawa 2
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2 Division of Endocrinology and Metabolism, Tokyo Metropolitan Children Medical Center, 2-8-29 Musashidai,
Fuchu-shi, Tokyo 183-8561, Japan; yhaset@gmail.com

* Correspondence: fukumoto.tky@gmail.com

Rickets and osteomalacia are associated with impaired mineralization in growth
plate cartilage and the bone osteoid. Many cells and factors are involved in this com-
plex process of mineralization (Hasegawa et al. in this Special Issue, Contribution 1).
Historically, vitamin D was discovered as an anti-rachitic factor [1], and it cured vitamin-
D-deficient rickets/osteomalacia. However, vitamin D deficiency is one of the causes of
rickets/osteomalacia, and vitamin-D-resistant rickets was later reported [2]. An investi-
gation of a large family with vitamin-D-resistant rickets indicated the X-linked dominant
inheritance of this disease [3].

There were some controversies regarding terminology before the cloning of X-linked
phosphate-regulating endopeptidase homolog (PHEX) [4]; hypophosphatemic rickets and vi-
tamin D-resistant rickets had been used almost synonymously with X-linked hypophos-
phatemia. Indeed, XLH, which is caused by inactivating mutations of PHEX, is the most
common type of hypophosphatemic or vitamin D-resistant rickets in which the excessive
actions of FGF23 [5] lower serum phosphate by suppressing the expression of sodium–
phosphate cotransporters in proximal tubules (Koike et al. in this Special Issue, Contribu-
tion 2). In addition, several other diseases have similar clinical and biochemical findings to
XLH (Nakanishi et al. in this Special Issue, Contribution 3), indicating the importance of
genetic testing in achieving a definite diagnosis of XLH (Ohata et al. in this Special Issue,
Contribution 4). However, depending on the methods used, genetic testing cannot detect
some mutations.

Since the primary pathophysiology of XLH is due to excessive actions of FGF23 and
subsequent chronic hypophosphatemia, patients with XLH present various symptoms and
signs involving bone, cartilage, ligament, joint, tooth, and muscle which significantly affect
QOL in both child- and adulthood (Ikegawa et al., Contribution 5, Ito, and Okawa et al. in
this Special Issue, Contributions 6, 7). Because of this multiorgan involvement and life-long
burden, multidisciplinary team management and an appropriate transition are essential
issues in managing patients with XLH (Kubota in this Special Issue, Contribution 8).

Patients with XLH have conventionally been treated with phosphate and active vita-
min D, which effectively correct some but not all abnormalities (Tajima et al., Imanishi et al.
in this Special Issue, Contributions 9,10). This conventional treatment also has some limita-
tions, such as adverse events and poor adherence (Zukeran et al. in this issue, Contribution
11). Recently, burosumab, an anti-FGF23 monoclonal antibody, was approved for XLH
in several countries. While burosumab improves some features, it is not known whether
burosumab can correct all the abnormalities in XLH (Tajima et al. and Imanishi et al. in
this Special Issue, Contributions 9,10). The long-term efficacy and safety of burosumab
also require further study, as do the indication of this new therapy. When medical therapy
cannot correct bone deformities, various orthopedic approaches remain an option (Higuchi
in this Special Issue, Contribution 12).

In this Special Issue concerning X-linked hypophosphatemia, the above-mentioned
basic and clinical topics are discussed by several experts in this field. Still, several important
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questions remain, as discussed in the following papers, such as the physiological function
of the PHEX protein, the mechanism of FGF23 overexpression via inactivating mutations in
PHEX, and the pathogenesis of enthesopathy. Furthermore, it is largely unknown whether
all the clinical features, including the response to treatment described in patients with XLH,
can be similarly observed in other patients with hypophosphatemia caused by FGF23 excess.
We hope that this Special Issue, which summarizes up-to-date knowledge concerning XLH,
will be helpful not only for clinicians caring for patients with rickets/osteomalacia but also
as an inspiration to scientists for future research.

Author Contributions: Writing—original draft preparation, S.F.; writing—review and editing, S.F.
and Y.H. All authors have read and agreed to the published version of the manuscript.
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Review

Histological Assessment of Endochondral Ossification and
Bone Mineralization

Tomoka Hasegawa 1, Hiromi Hongo 1, Tomomaya Yamamoto 1,2, Takafumi Muneyama 1, Yukina Miyamoto 1

and Norio Amizuka 1,*

1 Developmental Biology of Hard Tissue, Faculty of Medicine, Hokkaido University, Sapporo 060-8586, Japan
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Abstract: Finely tuned cartilage mineralization, endochondral ossification, and normal bone forma-
tion are necessary for normal bone growth. Hypertrophic chondrocytes in the epiphyseal cartilage
secrete matrix vesicles, which are small extracellular vesicles initiating mineralization, into the inter-
columnar septa but not the transverse partitions of the cartilage columns. Bone-specific blood vessels
invade the unmineralized transverse septum, exposing the mineralized cartilage cores. Many os-
teoblast precursors migrate to the cartilage cores, where they synthesize abundant bone matrices, and
mineralize them in a process of matrix vesicle-mediated bone mineralization. Matrix vesicle-mediated
mineralization concentrates calcium (Ca) and inorganic phosphates (Pi), which are converted into
hydroxyapatite crystals. These crystals grow radially and are eventually get out of the vesicles to
form spherical mineralized nodules, leading to collagen mineralization. The influx of Ca and Pi into
the matrix vesicle is regulated by several enzymes and transporters such as TNAP, ENPP1, PiT1,
PHOSPHO1, annexins, and others. Such matrix vesicle-mediated mineralization is regulated by
osteoblastic activities, synchronizing the synthesis of organic bone material. However, osteocytes
reportedly regulate peripheral mineralization, e.g., osteocytic osteolysis. The interplay between
cartilage mineralization and vascular invasion during endochondral ossification, as well as that of
osteoblasts and osteocytes for normal mineralization, appears to be crucial for normal bone growth.

Keywords: matrix vesicle; mineralization; bone; endochondral ossification; osteoblast

1. Introduction

The growth of long bone depends on endochondral ossification, which can be sequen-
tially divided into cartilage matrix mineralization, vascular invasion into the epiphyseal
cartilage to expose the mineralized cartilage matrix, osteoblastic migration into the miner-
alized cartilage cores, and bone deposition to form the primary trabeculae. Hypertrophic
chondrocytes play a key role in normal cartilage mineralization, and subsequently in endo-
chondral ossification. These hypertrophic chondrocytes secrete matrix vesicles, extracellular
small vesicles that initiate mineralization, and also produce vascular endothelial growth
factor (VEGF) allowing the vascular endothelial cells to invade the epiphyseal cartilage. Car-
tilage mineralization is involved in the modeling of long bones and their changes of shape
and size, i.e., the development and growth of the metaphyseal trabeculae. Finely tuned
interplays among chondrocytes, vascular endothelial cells, osteoclasts (chondroclasts), and
osteoblasts is apparently necessary for adequate endochondral ossification [1].

Bone is a mineralized tissue composed of calcium phosphates and organic materials
such as collagen and proteoglycans. There are two phases of bone mineralization: primary
and secondary. Primary mineralization is achieved by osteoblasts. Osteoblasts also produce
a large amount of matrix vesicles, which mineralize in nodules (globular assemblies of
hydroxyapatite crystals) and then extend into the collagen fibrils secreted by the osteoblasts.
In contrast to primary mineralization, secondary mineralization is the process whereby the

Endocrines 2023, 4, 66–81. https://doi.org/10.3390/endocrines4010006 https://www.mdpi.com/journal/endocrines
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mineral density of bone increases after primary mineralization. It is postulated that sec-
ondary mineralization is regulated through physical crystal maturation, and by the cellular
activities of osteocytes embedded in the bone matrix. However, the exact mechanism of
secondary mineralization is not yet fully understood.

Histological processes of primary mineralization in the bones can be divided into two
phases: matrix vesicle-mediated mineralization and collagen mineralization. In matrix
vesicle-mediated mineralization, osteoblasts appear to regulate the secretion speed and
the amount of matrix vesicle according to the synthesis of bone matrix. The discovery of
matrix vesicles was a breakthrough in the field of bone mineralization [2–8], and many
membrane transporters and enzymes related to matrix vesicle-mediated mineralization
have recently been discovered. In addition to matrix vesicle-mediated mineralization,
recent reports have suggested that osteocytes putatively regulate the mineralization in the
periphery. As osteoblasts and osteocytes are directly connected to each other by means
of their cytoplasmic processes, bone mineralization may be regulated by the interplay
of osteoblasts and osteocytes. Updated knowledge of the matrix vesicles and osteocytic
network in bone mineralization may deepen the understanding of mineral metabolism
in bones.

In this review, we present the ultrastructural and histological aspects of endochondral
ossification, matrix vesicle-mediated mineralization, and osteocytic regulation of bone
mineralization.

2. Histological Aspects on Endochondral Ossification

2.1. Cartilage Mineralization by Hypertrophic Chondrocytes

Epiphyseal cartilage can be divided into three distinctive zones: resting, proliferating,
and hypertrophic zones. Chondrocytes form the longitudinal columns in the proliferative
and hypertrophic zones, but the proliferative chondrocytes synchronously enlarge in the
hypertrophic phenotype [1]. Parathyroid hormone (PTH)-related peptide (PTHrP) has been
reported to regulate hypertrophic differentiation of chondrocytes by mediating the Indian
hedgehog (IHH)/PTHrP negative feedback [9]. IHH expressed in the prehypertrophic zone
(the upper region of the hypertrophic zone) stimulates PTHrP expression in the early differ-
entiation stage of chondrocytes. PTHrP promotes the proliferation activity of chondrocytes
by binding to the common receptor of PTH and PTHrP (PTH/PTHrP receptor) in the prolif-
erative zone. PTHrP alternatively inhibits the hypertrophic phenotype of chondrocytes, and
IHH expression is then turned off. In addition to IHH/PTHrP negative feedback, another
important regulatory factor in chondrocyte proliferation is fibroblast growth factor receptor
3 (FGFR3). Point mutations in FGFR3 cause achondroplasia and thanatophoric dysplasia
by continuous activation of the transcription factor Stat1 [10,11]. FGFR3 signaling has also
been proposed to increase the pool of proliferating cells by stimulating chondrocytes in the
resting zone and promoting their transit to the proliferative zone [12,13]. Thus, the action
of IHH/PTHrP and FGFR3 may be essential for chondrocyte proliferation and differentia-
tion [14]. Hypertrophic chondrocytes have large and translucent cell bodies and produce
type I and X collagens, tissue nonspecific alkaline phosphatase (TNAP), proteoglycan, and
osteopontin [15–19]. Hypertrophic chondrocytes do not proliferate but acquire mineraliza-
tion ability in the cartilage matrix. Hypertrophic chondrocytes also reportedly secrete VEGF,
an angiogenic molecule that has been implicated in matrix metabolism enabling vascular
invasion of the epiphyseal cartilage [20]. Hypertrophic chondrocytes of the epiphyseal
cartilage secrete matrix vesicles, in which crystalline calcium phosphates appear, forming
hydroxyapatite crystals that grow and eventually break through the membrane to form
mineralized nodules in the cartilage matrix. Hypertrophic chondrocytes deposit matrix
vesicles in the intercolumnar septae but not in the transverse partitions, consequently form-
ing mineralized longitudinal septae and unmineralized transverse partitions. The regular
distribution of mineralized cartilage matrix in the longitudinal intercolumnar septum al-
lows the vertical invasion of vascular endothelial cells, which infiltrate into the cartilage by
penetrating the unmineralized transverse partitions. After the formation of these calcified
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cartilage cores exposed to bone tissues, many osteoblast precursors migrate and attach to
the mineralized cartilage cores to deposit abundant organic bone matrices including type I
collagen, osteocalcin, osteopontin, and so forth, thereby forming the primary trabeculae.
Thus, the process of endochondral ossification involves a well-defined series of events
which include the invasion of vascular endothelial cells, osteogenic cell migration, new
bone deposition onto the cartilage core, and the formation of primary trabeculae.

2.2. Vascular Invasion at the Chondro-Osseous Junction

Vascular endothelial cells can invade the epiphyseal cartilage by piercing the incom-
pletely calcified transverse partition of the columns. We demonstrated endomucin-reactive
blood vessels invading the chondrocyte lacunae at the chondro-osseous junction [21]. Trans-
mission electron microscopic (TEM) observation verified that the vascular endothelial cells,
present in blood vessels close to the cartilaginous matrix, extend their fine cytoplasmic
processes into the matrix. The tips of the extended cytoplasmic processes showed fine
finger-like structures facing the cartilaginous matrix, suggesting that the apical region of
the invading endothelial cells may be partially open. In some observations, cell debris was
present inside the blood vessels facing the cartilaginous columns at the chondro-osseous
junction, while erythrocytes were found outside the blood vessels. Since the apical region
of invading blood vessels might be open, blood vessels could presumably invade the
cartilaginous matrix and exclude unnecessary impeditive materials (mainly cellular debris)
to avoid accumulation at the junction (Figure 1).

Figure 1. Vascular endothelial cells at the chondro-osseous junction. (a) Endomucin-immunoreactive
(brown color) blood vessels at the chondro-osseous junction under light microscope. (b–f) TEM
images of blood vessels at the chondro-osseous junction. Invading blood vessels are seen beneath
the chondrocytic lacunae. (c,d) When observed under higher magnification as shown in panel c,
fine cytoplasmic processes (arrows) are seen extending from the vascular endothelial cell, with
invaginations of the cell membranes in the superficial layer of the cartilaginous matrix. (e,f) Panel
e demonstrates cell debris, including erythrocytes from the blood vessels, and panel f reveals an
erythrocyte outside the vessel and cell debris in the vessels. (g) Schematic design of vascular invasion
at the chondro-osseous junction. HP: hypertrophic chondrocyte; BV: blood vessel, ob: osteoblast. Bar,
(a) 20 μm, (b) 10 μm, (c,e,f) 5 μm, (d) 1 μm.
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2.3. Osteoclasts’ Function at the Chondro-Osseous Junction

It is well known that osteoclasts, also referred to as chondroclasts, accumulate in the
chondro-osseous junction. Osteoclasts at the chondro-osseous junction show intense matrix
metalloproteinase (MMP)-9 immunoreactivity [22]. Additionally, MMP-9 immunoreactivity
is exhibited in the tips of the vascular endothelial cells facing the cartilaginous matrix,
unlike the other areas distant from the chondro-osseous junction [20]. Therefore, osteo-
clasts and vascular endothelial cells apparently synthesize MMP-9, which dissolves the
cartilaginous matrix [23,24]. Vascular invasion rather than osteoclastic resorption seems
essential during endochondral ossification. Studies have found that op/op mice, c-fos−/−
mice, and receptor activator of nuclear factor κβ ligand (Rankl)−/− mice preserve similar
lengths of long bones to those seen in their wild-type counterparts in murine models that
lack osteoclasts. However, without osteoclasts, the primary trabeculae form a disorganized
but highly connected meshwork in the long bones. As described by Marks and Odgren [25],
it seems likely that osteoclastic activity during endochondral ossification resorbs the ex-
cess mineralized cartilage matrices and scattered islets of mineralized cartilage in the
chondro-osseous junction, enabling the longitudinal arrangement of primary trabeculae.
Furthermore, another cell type, septoclasts, also referred to as perivascular cells, may also
be involved in vascular invasion during endochondral ossification [26–28]. Septoclasts
are positive for Dolichos biflorus agglutinin lectin histochemistry [26] and E-FABP [29,30],
featuring well-developed Golgi apparatus and several cytoplasmic lysosomes filled with
abundant cathepsin B [27]. We speculate that one major function of septoclasts is to remove
excess extracellular organic (non-mineralized) debris that would otherwise interrupt the
vascular invasion path into the cartilage, and it is unlikely that osteoclasts are designated
to resorb the excess mineralized matrices in the cartilage.

3. Ultrastructural Aspects of Matrix Vesicle-Mediated Mineralization in Bone

3.1. Formation of Crystalline Calcium Phosphates in Matrix Vesicles

The primary trabeculae resulting from endochondral ossification can be mineralized
by osteoblasts. Osteoblasts secrete matrix vesicles enveloped by a plasma membrane (rang-
ing 30–1000 nm in diameter) into the osteoid (incompletely mineralized areas beneath
the osteoblasts) [3]. Matrix vesicles are equipped with several enzymes and membrane
transporters on the plasma membrane and inside the vesicles, enabling calcium phosphate
nucleation and subsequent crystal growth. A crystalline calcium phosphate such as hydrox-
yapatite crystal [Ca10(PO4)6(OH)2] appears inside the matrix vesicles and grows radially,
eventually breaking out of the vesicle membrane to form mineralized nodules in a globular
assembly of radially oriented hydroxyapatite crystals with a small ribbon-like structure
approximately 25 nm wide, 10 nm high, and 50 nm long [31,32].

It seems likely that crystal nucleation begins on the inner leaflet of the vesicle mem-
brane, because the deposition of amorphous mineral crystals is initially observed on the
inner leaflet. Acidic phospholipids such as phosphatidylserine and phosphatidylinositol,
which have a high affinity for Ca2+, are abundantly present in the matrix vesicles and
consequently form a stable calcium phosphate–phospholipid complex associated with the
inner leaflet of the vesicle membrane [8]. Therefore, it is possible that such complexes may
play important roles in crystal nucleation in the matrix vesicles.

3.2. Mineralized Nodules Develop from Matrix Vesicles

After crystal formation, matrix vesicles develop mineralized nodules in a globular
assembly of needle-like hydroxyapatite crystals (Figure 2). The growth of mineralized
nodules appears to be regulated by a large amount of extracellular Ca/Pi and organic
materials in the osteoid. To allow the growth of mineralized nodules, many enzymes and
transporters on the vesicle membrane may participate in the accumulation of Ca and Pi on
the mineralized nodules. However, osteopontin and osteocalcin are suited to the function
of regulating mineralization, because they effectively inhibit calcium phosphate nucleation
and crystal growth [33,34]. Osteopontin is localized in the periphery of mineralized nodules,

6
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where it might block excessive mineralization [35]. Osteocalcin includes γ-carboxyglutamic
acid, which binds to mineral crystals [36–38]. When warfarin, an inhibitor of glutamine
residue γ-carboxylation, was administered in our previous study, numerous fragments of
needle-shaped mineral crystals were dispersed throughout the osteoid [39] (Figure 3), and
γ-carboxylase-deficient mice demonstrated similar abnormality, showing disassembled and
scattered crystal minerals in the bones [40]. It seems feasible that γ-carboxylated osteocalcin
may bind hydroxyapatite crystals to form and maintain the mineralized nodules.

Figure 2. Matrix vesicle-mediated bone mineralization by osteoblasts. (a,b) TEM observation of os-
teoblasts, osteocytes, and matrix vesicles. (a) Mature osteoblasts located on the bone surface (osteoid)
connected to osteocytes with their cytoplasmic processes (black arrow). (b) At a higher magnification,
many matrix vesicles and mineralized nodules are observed. Note the lipid bilayer of the vesicles
(white arrowheads) and calcium phosphate crystals (white arrow) in the inset. (c) Schematic design
of matrix vesicle-mediated bone mineralization. Bar, (a) 3 mm, (b) 400 nm. Panel C is modified from
ref [41].

Figure 3. Ultrastructure of dispersed mineral crystals in rats administered with warfarin. (a) TEM
image of mineralized nodules with globular assembled mineral crystals in the control rats. (b) The
rats administrated with warfarin demonstrate many dispersed mineral crystals (arrows) in the osteoid
under TEM. (c) Schematic design of forming mineralized nodules by osteocalcin. Bar, 2 mm. Panel C
is modified from ref [42].
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3.3. Enzymes and Membrane Transporter Necessary for Matrix Vesicle-Mediated Mineralization
in Bone

Matrix vesicles enable the influx of Ca2+ and phosphate ions (PO4
3−) by a variety

of enzymes and membrane transporters such as tissue nonspecific alkaline phosphatase
(TNAP) [6,43–50], ectonucleotide pyrophosphatase/phosphodiesterase 1(ENPP1) [51–53],
ankylosis (ANK) [54,55], phosphoethanolamine/phosphocholine phosphatase 1 (PHOS-
PHO1) [54–61], and annexins [62]. TNAP, a glycosylphosphatidylinositol-anchored enzyme
on the cell membrane, is one of the most important enzymes to initiate mineralization. In
bones and cartilages, ENPP1 cleaves the extracellular ATPs into AMPs and pyrophosphate
(PPi), and then TNAP hydrolyzes PPi, a phosphorus oxyanion with two phosphorus atoms
in a P-O-P linkage, consequently producing PO4

3−. The resultant PO4
3− is transported

into the matrix vesicles through sodium/phosphate co-transporter type III, also referred to
as PiT1. Alternatively, Ca2+ can be delivered into the matrix vesicles by passage through
annexins. TNAP is expressed not only by mature osteoblasts but also by preosteoblasts
(osteoblast precursors), and therefore has been used as an osteoblastic lineage marker.

3.3.1. TNAP

TNAP is localized on the cell membranes of hypertrophic chondrocytes, mature
osteoblasts, and preosteoblasts, as well as on the plasma membranes of matrix vesi-
cles [43,44]. However, TNAP is not uniformly localized on the cell membranes of mature
bone-synthesizing osteoblasts that possess cell polarity with distinct basolateral and secre-
tory (osteoidal) domains. In one study, although Ca2+ transport ATPase was restricted to
the osteoidal domain of the osteoblasts, TNAP was predominantly seen on the basolateral
domain of the cell membranes [63]. Thus, the membranous domains in bone that feature
an abundant TNAP are not matched to the region where TNAP actively serves for matrix
vesicle-mediated mineralization. Tnap−/− mice have previously been generated [64,65] to
mimic severe hypophosphatasia, with the implication that TNAP is involved in mineraliza-
tion. Tnap−/− fetuses and neonatal mice have intact bones, but gradually show growth
retardation and skeletal deformities. TNAP deficiency not only gives rise to hypomineral-
ization in the skeleton, but also markedly disrupts the alignment of mineral crystals [66].
Thus, TNAP is necessary for normal mineralization and the ultrastructural arrangement of
crystalline calcium phosphates in bone. In 2015, the development of the drug asfotase alfa
(Strensiq) based on the long-lasting research on TNAP shed a ray of light on the treatment
of hypophosphatasia caused by a hereditary mutation of Tnap gene [67,68].

3.3.2. ENPP1

ENPP1 cleaves the phosphodiester and pyrophosphate bonds of nucleotides and nu-
cleotide sugars. Analysis of the crystalline structure of ENPP1 showed that nucleotides
were accommodated in a pocket formed in the catalytic domain of this molecule, verifying
that extracellular ATPs are a substrate for ENPP1 [69]. In bone and cartilage, the catalytic
activity of ENPP1 generates PPi, which strongly inhibits mineralization by binding to hy-
droxyapatite crystals and disrupting their extension [51–53]. However, TNAP cleaves PPi
into PO4

3−, which is a component of crystalline calcium phosphates in bone. Therefore, bal-
anced interplay between ENPP1 and TNAP seems necessary for bone mineralization [70].
Alternatively, the lack of ENPP1 was proven to be related to the spontaneous mineralization
of infantile arteries and periarticular regions [71,72]. In a normal state, therefore, PPi pro-
duced by ENPP1 may regulate the growth of hydroxyapatite crystals. In our observations,
TNAP was mainly seen in mature osteoblasts and overlying preosteoblasts, while ENPP1
was detected in mature osteoblasts and osteocytes [73]. Genetic ENPP1 dysfunction lead-
ing to arterial mineralization may suggest that PPi deficiency or insufficiency can induce
osteoblastic differentiation in vascular smooth muscle cells. Enpp1−/− mice, also known
as tiptoe walking (ttw) mice, undergo ossification of the posterior longitudinal ligament
of the spine (OPLL) including progressive ankylosing intervertebral and peripheral joint
hyperostosis, as well as articular cartilage mineralization [74–78]. Despite the ectopic min-
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eralization, Enpp1−/− mice show reduced serum concentrations of Ca2+ and PO4
3− as well

as significantly elevated serum levels of fibroblast growth factor 23 (FGF23) [78,79]. FGF23
is an osteocyte-derived molecule that inhibits phosphate reabsorption and 1α-hydroxylase
synthesis in the kidney [80–82]. Hence, in Enpp1−/− mice, the induction of Fgf23 mRNA
expression, which increases the concentration of serum FGF23, may lead to reductions in
the concentrations of Ca2+ and PO4

3−.

3.3.3. ANK

ENPP1 can be found not only on the cell surface but also in cytoplasmic regions, gener-
ating PPi in both locations. ANK reportedly transports intracellular PPi to the extracellular
milieu, i.e., serves as a transmembrane PPi-channeling protein [54,55]. Therefore, it is
feasible that ANK-mediated extracellular PPi levels may provide an equivalent balance by
disallowing excessive or ectopic mineralization or hypomineralization in various tissues.
In previous reports, infants with Ank gene mutations exhibited a three to five-fold decrease
in extracellular PPi [54], while calcium pyrophosphate (CPP) crystal deposition (CPPD)
was elevated in the synovial fluid by gain-of-function mutations in human ANK genes [83].
Thus, local PPi production naturally inhibits hydroxyapatite deposition, blocking undesir-
able mineralization in articular cartilage and other tissues. However, with the loss of ANK
activity, extracellular PPi levels attenuate, intracellular PPi levels rise, and unregulated
mineralization occurs.

3.3.4. PHOSPHO1

PHOSPHO1 is an enzyme abundantly present in bone-forming mature osteoblasts and
hypertrophic chondrocytes [56]. Roberts et al. documented that PHOSPHO1 is restricted to
the mineralizing regions of the bone and growth plate and plays a role in the initiation of
matrix vesicle-mediated mineralization [57]. PHOSPHO1 is reportedly present not only
in the cytoplasmic regions of bone-forming osteoblasts and hypertrophic chondrocytes
but also in the matrix vesicles. PHOSPHO1 inside the matrix vesicles cleaves PO4

3−
from phosphatidylcholine and phosphoethanolamine at the inner leaflet of the vesicles’
plasma membranes [56–58]. A recent report suggested that phospholipase A2 as well as
ENPP6 are also included in matrix vesicles, acting in sequence to produce phosphocholine,
which PHOSPHO1 subsequently hydrolyzes into PO4

3− [84]. Thus, PHOSPHO1 plays
a pivotal role in the increased concentration of PO4

3− by cooperating with the PO4
3−

supply by means of ENPP1/TNAP interplay. Neonatal Phospho1−/− mice demonstrated
incomplete mineralization of the bone, often with spontaneous greenstick fractures [59,60].
Millán’s team demonstrated that PHOSPHO1 controls TNAP expression in mineralizing
cells and is essential for mechanically competent mineralization [59,61]. Taken together, the
PO4

3− supplementation necessary for matrix vesicle-mediated mineralization appears to
be derived at least in part from TNAP/ENPP1 interaction outside the matrix vesicles as
well as PHOSPHO1 activity inside the vesicles.

3.3.5. Annexins

Annexins are a group of proteins that show high affinity for Ca2+ and lipids, serving as
ion channels for the transport of Ca2+ into the matrix vesicles. Three annexins, annexin A2,
A5, and A6, that are abundantly present in vascular endothelial cells, heart, and skeletal
muscles, have been discovered in matrix vesicles [62,85–87]. In the initial process of matrix
vesicle-mediated mineralization, amorphous calcium phosphates are formed associated
with the inner leaflet of the plasma membranes of the matrix vesicles. The annexin A5
might serve as a Ca2+ ion channel inside the matrix vesicles. Consequently, transported
Ca2+ showed strong binding to phosphatidylserine in the inner leaflet of the membrane
enclosing the matrix vesicle, which is enriched with anionic lipids [88,89]. Thus, it is
feasible that annexin A5 might play an important role in Ca2+ transport and subsequent
Ca2+-dependent phosphatidylserine binding in the matrix vesicles. It is a possibility that
the Pi transported through PiT1 present in the membrane could also bind to Ca2+ trapped
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on the inner leaflet, to form amorphous calcium phosphates. Unexpectedly, Annexin a5−/−
mice did not show skeletal deformity or reduced mineralization, suggesting that other
annexins could compensate for the functions of annexin A5. However, further examination
is necessary to clarify the precise role of annexins in bone mineralization.

4. Regulation of Bone Mineralization by Osteocyte

4.1. Erosion of Bone Minerals in the Vicinity of Osteocytes

Osteocytes are located in bone cavities known as osteocytic lacunae, and connect to
neighboring osteocytes and osteoblasts on the bone surfaces via fine cytoplasmic processes
that run through osteocytic canaliculi [90]. Osteocytes interconnect their cytoplasmic pro-
cesses via gap junctions, thereby building functional syncytia referred to as the osteocytic
lacunar canalicular system (OLCS) [41]. Mature well-mineralized bone develops an OLCS
with an orderly arrangement, while immature bone has an irregular and disorganized
OLCS [41]. The osteocytic network has been speculated to have roles in multiple pro-
cesses including mechanical sensing, molecular transport, and regulation of peripheral
mineralization [41].

Belanger proposed the concept of osteocytic osteolysis in the 1960s [91], suggesting
that osteocytes have the potential not only to erode the peripheral bone minerals but also
reversibly to remineralize the bone (Figure 4). This notion was not immediately accepted,
however, many researchers have since observed that osteocytes and their canaliculi are in-
volved in the mineral maintenance of the bone matrix [92–99]. The occurrence of osteocytic
osteolysis has been reported in cases of PTH administration, including hyperparathy-
roidism [100,101], during lactation [96,102], in vitamin D receptor deficiency [103], and
with sclerostin treatment [104]. During lactation, osteocytes reportedly erode the surround-
ing bone matrix by exhibiting a pattern of gene expression similar to that of osteoclasts
during bone resorption, e.g., an elevation in tartrate-resistant acid phosphatase, cathepsin K,
carbonic anhydrase, Na+/H+ exchanger, ATPase H+ transporting lysosomal subunits, and
matrix metalloproteinase [96]. Using synchrotron X-ray microscopy, Nango et al. analyzed
the degree of bone mineralization in mouse cortical bone around the lacunar canalicular
network and reported the dissolution of bone mineral along the osteocyte canaliculi [105].
However, one criticism of the osteocytic osteolysis concept might be that the proteolytic
enzymes and acids secreted from the bone-resorbing osteoclasts pass through the osteocytic
canaliculi to reach distant osteocytes. Recently, using Rankl−/− mice, we have obtained mi-
croscopic findings that support the idea of osteocytic osteolysis [106]; osteocytic osteolysis
is independent of osteoclastic activity and is discernible in mature cortical bone showing a
regular distribution of the osteocytic network (Figure 5).

However, several reports have cautioned that (1) large osteocytic lacunae do not
always represent the signs of osteocytic osteolysis [107], (2) the vitamin D receptor is not
associated with osteocytic osteolysis [108], and (3) despite considerable research, osteocytic
osteolysis has continued to be looked upon with skepticism [109]. Nevertheless, many
researchers have attempted to elucidate whether osteocytic osteolysis would affect the
mechanical properties of bone, and to extend the concept from including merely osteolysis
to encompass a remodeling of the osteocytic network’s peripheral bone matrix. Recently,
Kaya et al. reported that changes in bone mechanical properties induced by lactation
and recovery appear to depend predominantly on the volume of osteocytic lacunae and
canaliculi, suggesting that tissue-level mechanical properties of cortical bone are rapidly
and reversibly modulated by osteocytes in response to physiological challenges [110].
Emami et al. have consistently reported notable canalicular changes following fracture that
could affect mechanical properties of bone [111]. Vahidi et al. reported that femoral fracture
in mice induced morphological changes of the canalicular network in the contralateral
limb, suggesting decreased rates of bone formation and mineralization in the osteocytic
lacunar canaliculi. They proposed that changes in canalicular remodeling by osteocytes
involve utilization of the mineral from the bones for callus formation and bone repair after a
fracture, but this process may also lessen bone quality and systemically elevate the fracture
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risk [112]. Osteocytes are the most abundant cells in bone, and the total area of osteocytes
and their cytoplasmic processes is much larger than the areas of bone-forming osteoblasts
or bone-resorbing osteoclasts. Therefore, osteocytes might be involved in the regulation of
mineralization.

Figure 4. Schematic representations of the two hypotheses: (a) osteocytic osteolysis and (b) regulation
of bone mineralization by PHEX/SIBLINGs. During PTH administration or lactation, osteocytes
secrete acids and proteolytic enzymes such as cathepsin K and MMPs to erode the surrounding bone.
However, osteocytic osteolysis is reversible, so once-eroded bone can be remineralized. In contrast,
SIBLINGs such as MEPE, DMP-1, and osteopontin are cleaved by cathepsin B to generate ASARM,
which is then phosphorylated to inhibit mineralization. Alternatively, PHEX blocks the inhibition
of mineralization.

4.2. Regulation of Mineralization by Mediating SIBLING Family

Osteocytes are known to produce many important extracellular molecules, including
fibroblast growth factor 23 (FGF23), small integrin-binding ligand N-linked glycoprotein
(SIBLING) family proteins, and phosphate-regulating gene with homologies to endopep-
tidases on the X chromosome (PHEX). Through these molecules, osteocytes can regulate
bone mineralization in two different manners: (1) systemic regulation of serum Pi by FGF23
in the kidney; and (2) local regulation of mineral crystal growth by PHEX/SIBLING family.

For systemic regulation of serum Pi, FGF23 secreted from osteocytes is circulated
to reach the kidneys, where it binds to the receptor complex of fibroblast growth fac-
tor receptor Ic (FGFR1c) and αklotho expressed in the proximal renal tubules, to inhibit
sodium/phosphate co-transporter type IIa/IIc (NaPi IIa/IIc). Since NaPi IIa/IIc reabsorb
phosphate ions in the proximal renal tubules, FGF23 reduces the serum Pi concentra-
tion [80–82]. Human X-linked hypophosphatemia (XLH), one of the FGF23-related causes
of hypophosphatemic rickets or osteomalacia in children and osteomalacia in adults, is
caused by loss-of-function mutations in PHEX resulting in the elevated circulation of FGF23
and markedly decreased bone mineralization. This may indicate that the osteocyte-derived
hormone FGF23, along with its function in the kidneys, may play a pivotal role in the
systemic regulation of bone mineralization.
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Figure 5. Nano-indentation by atomic force microscopy on bone matrix surrounding osteocytic
lacunae. (a,c) Topography of osteocytic lacunae in the femoral cortical bone of the PTH-administered
Rankl−/− mice. (b,d) Elastic modulus of the osteocytic lacunae in the femoral cortical bone of the
PTH-administered Rankl−/− mice. Red arrows along the white lines in a and b are matched with the
red arrows in the graphs (e,f). Note the slightly expanded diameters in the three-dimensional images
of the elastic modulus (compare the dotted circles in (c,d)), and that the index of the elastic modulus
is lower than the topography in the graph (black arrowheads). Bar, 20 mm.

In contrast to systemic regulation of serum Pi and bone mineralization, osteocytes
appear to regulate mineralization in the periphery of the osteocytic lacunae. Dentin matrix
protein-1 (DMP-1), which is secreted by osteocytes, has high potential to bind Ca2+ and
is postulated to play a role in the mineralization of the peripheral bone matrix of osteo-
cytes [113]. The SIBLING family includes DMP-1, matrix extracellular phosphoglycoprotein
(MEPE), osteopontin, bone sialoprotein (BSP), and dentin sialophosphoprotein (DSPP),
which are encoded by a gene located on human chromosome 4q21 and mouse chromo-
some 5q21 [114,115]. We considered the possibility that the interaction between PHEX
and the SIBLING family might regulate mineralization in the periphery of the osteocytic
lacunae (Figure 4). For instance, MEPE secreted by osteocytes is cleaved by cathepsin B
to release the carboxy terminal region, a novel functional domain referred to as the acidic
serine-rich and aspirate-rich motif (ASARM) [116,117]. The resultant ASARM peptides
are then phosphorylated to inhibit bone mineralization [117]. However, MEPE also binds
to PHEX, forming the MEPE-PHEX complex. In this situation, cathepsin B is unable to
cleave the MEPE-PHEX complex, which therefore blocks the synthesis of ASARM, so no
phosphorylated ASARM inhibits mineralization, and normal mineralization is thereby
attained [118]. It has been reported that the phosphorylated ASARM peptide of osteopontin
inhibits mineralization in a phosphorylation-dependent manner, and PHEX disturbs the
inhibition of mineralization [119]. These findings implicate the possibility that osteocyte-
derived SIBLINGs may regulate peripheral bone mineralization by cooperating with PHEX.
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This idea is supported by the observation that the absence of DMP-1 results in rickets or
osteomalacia in mice [120] and autosomal recessive hypophosphatemic rickets or osteoma-
lacia (ARHR) in human patients [121]. However, PHEX/SIBLINGs are usually associated
with congenital deformities, rickets, and osteomalacia, and therefore it is necessary to
elucidate whether PHEX/SIBLINGs play an important role in the physiological regulation
of bone mineralization in a healthy state.

5. Conclusions

During endochondral ossification, hypertrophic chondrocytes secrete matrix vesicles
into the intercolumnar septa but not the transverse partitions of the cartilage columns; this
allows vascular invasion into the epiphyseal cartilage and subsequent osteoblastic bone for-
mation in the mineralized cartilage core. Thus, endochondral ossification is finely tuned by
the cellular interplay at the chondro-osseous junction. To achieve matrix vesicle-mediated
mineralization, many enzymes and membrane transporters including TNAP, ENPP1, PiT1,
PHOSPHO1, annexins, and others are involved in the influx of Ca2+/Pi and the regulation
of calcium phosphate crystal growth. In addition to their role in osteoblastic primary miner-
alization, osteocytes have recently been shown to regulate bone mineralization, presumably
by controlling the synthesis of PHEX/SIBLING, as well as osteocytic osteolysis. Thus,
normal mineralization is maintained by the orchestrated activities of bone cells.
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Abstract: Phosphorus is essential for all living organisms. It plays an important role in maintaining
biological functions, such as energy metabolism, cell membrane formation, and bone mineraliza-
tion. Various factors in the intestine, kidneys, and bones regulate the homeostasis of the inorganic
phosphate (Pi) concentration in the body. X-linked hypophosphatemia (XLH), the most common
form of hereditary hypophosphatemic rickets, is characterized by an impaired mineralization of the
bone matrix, hypertrophic chondrocytes with hypophosphatemia, and active vitamin D resistance in
childhood. Phosphate-regulating gene with homologies to endopeptidases on the X chromosome
was recognized as the responsible gene for XLH. XLH is classified as fibroblast growth factor 23
(FGF23)-related hypophosphatemic rickets. The enhanced FGF23 stimulates renal phosphate wasting
by downregulating sodium-dependent Pi cotransporters, NaPi2a and NaPi2c proteins, in the proxi-
mal tubules. Recently, transmembrane protein (Tmem) 174 has been identified as a novel regulator
of phosphate transporters. This review introduces the role of Tmem174 in the Pi homeostasis in
the body.

Keywords: phosphate transporter; SLC34; Tmem174; kidney; bone; FGF23

1. Introduction

Phosphorus is available in many foods in both organic and inorganic forms [1–4].
Organic phosphate is naturally present in foods, whereas inorganic phosphate (Pi) is added
to processed foods. The absorption rate is approximately 60% for organic phosphate and
approximately 90% for inorganic phosphate [2,3].

In adults, approximately 85% of the body’s phosphorus is stored in the bones and
teeth, with an additional 10% found in skeletal muscle. Phosphorus accounts for about
1% of body weight. Pi is an essential nutrient for several biological functions, including
intracellular signal transduction, cell membrane formation, function, and energy exchange
in the body [5]. The regulation of blood Pi levels depends on the coordinated activity of
three major organs: intestines, kidneys, and bones. Furthermore, a transport system is
necessary to transfer Pi across hydrophobic cell membranes to achieve these functions [5].

Intestinal Pi absorption, bone formation, and renal Pi reabsorption maintain phospho-
rus balance. Factors such as dietary phosphorus amount, active vitamin D (1,25(OH)2D),
parathyroid hormone (PTH), and fibroblast growth factor 23 (FGF23) regulate Pi absorp-
tion/reabsorption [5]. Low Pi diets increase intestinal and renal Pi reabsorption. Active
vitamin D stimulates intestinal Pi absorption. In contrast, a high Pi diet promotes the
secretion of PTH from the parathyroid gland and FGF23 from the bone. In the kidney, PTH
binds to PTH receptors, and FGF23 binds to alfa-Klotho and FGF receptor 1 to inhibit Pi
resorption and stimulate urinary Pi excretion. In addition, FGF23 inhibits 1-α-hydroxylase
(cyp27b1) expression and decreases active vitamin D synthesis by increasing 24-hydroxylase
(cyp24a1) expression, thereby inhibiting intestinal Pi absorption.

Endocrines 2023, 4, 607–615. https://doi.org/10.3390/endocrines4030043 https://www.mdpi.com/journal/endocrines
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As mentioned above, bone acts as a reservoir of Pi. Pi can be resorbed from bone
into the extracellular space to maintain blood Pi level [6,7]. The release of phosphate into
the blood from bone resorption is thought to play a role in supporting the amount of
substrate needed to sustain ATP turnover in skeletal muscle and help maintain the high
rate of muscle protein synthesis and turnover [6]. This intestinal–kidney–bone–parathyroid
pathway contributes to regulating blood Pi levels [5].

The blood Pi concentration regulates the intracellular Pi in various tissues. Energy
metabolism factors, such as adenosine triphosphate/nicotinamide adenine dinucleotide,
are thought to contribute to Pi regulation. In this regard, hormones such as insulin and
glucagon regulate the tissue transfer of Pi, thereby affecting the blood Pi concentration.
Furthermore, the circadian rhythm of the blood Pi concentration has been reported to be
regulated by renal nicotinamide adenine dinucleotide metabolism, which is dependent
on food intake [8–10]. Pi absorption/reabsorption and movement of Pi into and out of
the cells are promoted by increasing or decreasing the expression levels of Pi transporters
localized at cell membranes.

2. Phosphate Transporter Classification in the Body

To date, 65 solute carrier (SLC) families are identified as being highly expressed
in critical metabolic organs contributing to homeostasis by regulating the transmem-
brane transportation of nutrients and metabolites (http://slc.bioparadigms.org/ accessed
on 19/08/2023) [11]. The SLC20, 34, 37, and 53 families are involved in the inorganic
monophosphate transport (Table 1).

Table 1. Phosphate transporters in SLC family.

Name Function Substrates

SLC20 Na+-phosphate cotransporter Phosphate
SLC34 Na+-phosphate cotransporter Phosphate
SLC37 Sugar-phosphate/phosphate exchanger Glucose-6-phosphate/phosphate
SLC53 Phosphate carriers Phosphate
SLC62 Pyrophosphate transporter Pyrophosphate
SLC63 Sphingosine-phosphate transporter Sphingosine-phosphate

SLC; solute carrier.

The SLC20 family of transporters includes PiT1 (SLC20A1) and PiT2 (SLC20A2). These
proteins were initially described as a family of cell surface receptors for the gibbon ape
leukemia virus and murine amphotropic retrovirus and are distributed throughout the
body [5].

The SLC20 family of transporters includes PiT1 (SLC20A1) and PiT2 (SLC20A2). These
proteins were initially described as a family of cell surface receptors for the gibbon ape
leukemia virus and murine amphotropic retrovirus and are distributed throughout the
body [5].

The SLC34 family of transporters includes NaPi2a (SLC34A1), NaPi2b (SLC34A2), and
NaPi2c (SLC34A3). NaPi2a and NaPi2c mainly play a role in renal Pi reabsorption, whereas
NaPi2b plays a role in intestinal Pi absorption and in several organs, including the lung
and placenta [5,10].

The SLC37 family includes four proteins, SLC37A1–4. In the SLC37 family, SLC37A4
is known as glucose-6-phosphate transporter 1 (G6PT1) that is strongly expressed in the
liver, kidney, and hematopoietic progenitor cells [12–15]. SLC37A4 is a glucose-6-phosphate
(Glc-6P)/Pi exchanger that is required to transport Glc-6P into the endoplasmic reticulum.
Gene mutations of SLC37A4 cause the glycogen storage disease non-1A type. However,
whether SLC37 is involved in Pi homeostasis in the cells and body remains unclear.

SLC53A1 (xenotropic and polytropic retrovirus receptor 1, XPR1) is thought to be a Pi
exporter and is ubiquitously expressed. Several studies have reported a correlation between
altered XPR1 expression/function and placental calcification, familial brain calcification,
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and Fanconi syndrome [16–21]. However, how XPR1 is also involved in regulating Pi
metabolism in cells and the body is unclear. Furthermore, XPR1 localization in the small
intestine and kidney is still unknown.

Previous studies have demonstrated that the SLC34 family regulates blood Pi levels,
whereas the SLC20 family is involved in bone and tissue calcification [5,10,18]. Further
studies are needed to investigate the role of other molecules.

3. Pi Transporters and Disease

Defects in SLC34A1 cause Fanconi syndrome and infantile hypercalcemia [22], and
defects in SLC34A2 cause alveolar microlithiasis, an autosomal recessive genetic disease
resulting in calcium phosphate stones in the alveoli [23–27]. NaPi2b is expressed in a
broader range of organs and cells than NaPi2a and NaPi2c [5]. However, no abnormal blood
Pi and calcium levels have been reported in patients with this gene mutation. Defects in
SLC34A3 cause hypophosphatemic rickets with hereditary hypercalciuria [28–31]. Defects
in SLC20A2 are involved in idiopathic basal ganglia calcification [32,33], and XPR1 is
associated with primary familial brain calcification [34].

The average Pi concentration in the blood is 2.5–4.5 mg/dL in adults, and proper bone
calcification occurs when maintained at this level [4,35–37]. Infants have a 50% higher blood
phosphate concentration than adults, and children have a 30% higher concentration [4,38].
This is likely because phosphate-dependent processes play a crucial role in growth. Blood
Pi levels below 2.5 mg/dL (hypophosphatemia) are associated with rickets and renal
stone disease, whereas Pi levels above 4.5 mg/dL (hyperphosphatemia) increase the risk of
vascular calcification [4,35,36]. Various factors contribute to abnormal Pi metabolism [35,36].
FGF23 overactivity causes hypophosphatemia, and conversely, a decreased FGF23 activity
causes hyperphosphatemia [18,35,36]. The primary target of the phosphaturic factor FGF23
is NaPi2a and NaPi2c in the kidney [18,35,36,39,40].

The main relationship between phosphate metabolism and α-Klotho is that membrane-
bound α-Klotho acts as a co-receptor for FGFR. In the absence of Klotho, the FGF23 signaling
pathway becomes disrupted, leading to hyperphosphatemia. In α-Klotho mutant mice, the
expression of NaPi2a and NaPi2c is upregulated at both the transcriptional and protein
levels [41]. On the other hand, in the small intestine of α-Klotho mutant mice, NaPi2b
is transcriptionally suppressed but its protein expression is increased [41]. In α-Klotho
knockout (KO) mice, an increase in the expression of NaPi2a and NaPi2c, or specifically
an upregulation of NaPi2c expression, has been reported [42–44]. In the small intestine of
α-Klotho KO mice, there is an observed increase in the expression of Pi transporters, not
only NaPi2b, but also PiT1, PiT2, and NaPi2c mRNA levels [42]. The exact mechanism
underlying these differences in Pi transporter expression between α-Klotho mutant mice
and α-Klotho knockout mice remains unclear.

The direct relationship between Pi transporters NaPi2a, NaPi2b, and membrane-bound
α-Klotho has also been reported in electrophysiological studies using Xenopus oocytes [45].
When NaPi2a or NaPi2b and full-length α-Klotho (membrane form) were expressed in
oocytes, the electrophysiological phosphate transport activity was significantly inhibited.
Furthermore, α-Klotho has been detected not only as a membrane-bound form, but also as
a soluble protein secreted into blood, urine, and cerebrospinal fluid. The secreted soluble
form of α-Klotho has been reported to function as a hormone with various roles, including
antioxidant stress, anti-inflammatory, and anti-aging effects, in different tissues [46]. The
relationship between the secreted form of α-Klotho and NaPi2a has been investigated
through studies using opossum kidney (OK) cells and brush border membrane vesicles
(BBMVs) [47]. In these studies, recombinant α-Klotho was added to either OK cells or
BBMV to examine the expression and Pi transport activity of NaPi2a. The results indicated
that the secreted form of α-Klotho directly induced the endocytosis of NaPi2a, leading to a
decrease in phosphate transport activity. These reports suggest that α-Klotho may regulate
NaPi2a or NaPi2b directly, independent of FGF23 or active vitamin D signaling. However,
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the direct relationship between the expression and functional activity of NaPi transporters
and α-Klotho has not been fully elucidated yet.

Chronic kidney disease (CKD) leads to hyperphosphatemia due to inadequate Pi
excretion by the kidneys. In addition, the mineral dysregulation associated with CKD
induces a pathological accumulation of Pi, leading to vascular calcification (VC) [48]. PiT-1
and PiT-2 Pi transporters are involved in developing vascular calcification caused by hy-
perphosphatemia during CKD [46,49]. VC is a severe complication of hyperphosphatemia,
causing cardiovascular morbidity and mortality. In previous studies, PiT-1 and PiT-2 have
been reported to regulate vascular smooth muscle cell (VSMCs) depolarization, Ca2+ influx,
oxidative stress, and calcium changes. Recently, the uptake of Pi into mitochondria via
the mitochondrial phosphate carrier protein (PiC), which SLC25A3 encodes in humans,
has been revealed as a critical molecular mechanism mediating pathological calcification
changes and superoxide generation in mitochondria [50].

Therefore, treating hyperphosphatemia in patients with CKD and dialysis is essential
because hyperphosphatemia affects patient outcomes. The target of hyperphosphatemia
treatment is intestinal Pi absorption. Intestinal NaPi2b, PiT1, and PiT2 inhibitors have
been developed [51–53]. EOS789, a pan-Pi transporter inhibitor, inhibits Pi absorption in
the intestine through a distinct mechanism compared to Pi binders, with low absorption,
minimal body accumulation, and potential for inhibiting Pi transport inhibition at low
doses [38–41]. Additionally, drugs that inhibit NaPi2a are specifically developed to treat
hereditary and acquired hyperphosphatemia [54,55].

4. A Novel Regulator of Phosphate Metabolism

Previous studies on patients with X-linked hypophosphatemia (XLH) and a murine
model of XLH (Hyp mice) classified XLH as FGF23-related hypophosphatemic rickets [35,36].
Enhanced FGF23 stimulates renal Pi wasting by downregulating the Na+-dependent Pi
cotransporters, NaPi2a and NaPi2c, in the proximal tubules [56–58]. Downstream signal-
ing from FGF23 disrupts the binding of NaPi2a by phosphorylating NHERF1 or Ezrin,
allowing it to enter the clathrin-coated vesicle system and induce endocytosis and reducing
NaPi2a protein expression [5,59]. This NaPi2a regulatory mechanism is rapid and may be
responsible for the rapid response that is essential for the regulation of blood Pi levels [5].
This regulation of NaPi2a degradation has not been observed for NaPi2c. Not all of this
mechanism has been clarified.

Recently, transmembrane protein (Tmem) 174 has been reported as a novel regula-
tor of NaPi2a degradation [60]. Tmem174 was identified as a molecule associated with
slc34a1 and slc34a3 gene expression through in silico analysis. Tmem174 had already been
identified, but its function details were unclear [49–51]. The mRNA sequences of human
(NM_153217), rat (NM_00102429), and mouse (NM_026685.2) were reported in the NCBI
database. The Tmem174 protein consists of 243 amino acids and has two transmembrane
domains (Figure 1A). Mouse Tmem174 mRNA was significantly higher in the kidney than
in other tissues (Figure 1B), and the protein is localized to the apical membrane of the
renal proximal tubules (Figure 1C) [60]. However, the Tmem174 function and role have
not been clarified. Tmem174 knockout mice fed with standard mouse chow showed an
oversecretion of PTH and FGF23 despite normal Pi levels in the blood and urinary Pi
excretion (Figure 2A–D) [60]. Renal NaPi2a expression was not suppressed, although
NaPi2c expression was markedly reduced in Tmem174 knockout mice compared with
wild-type (WT) mice (Figure 2E). Tmem174 binds to NaPi2a, but not to NHERF1 with-
out NaPi2a, and Tmem174 deficiency is limited to the control function of NaPi2a [60].
Tmem174 KO mice were shown to lead to PTH/FGF23 resistance in renal NaPi2a. For
example, vitamin D administration for Hyp mice restores serum Pi levels by causing FGF23
resistance to NaPi2a/NHERF1 [45,46]. In Tmem174 KO mice, dietary Pi loading caused
marked hyperphosphatemia and high levels of FGF23 compared to WT mice [48]. These
abnormal blood Pi and FGF23 levels in Tmem174 KO mice might be due to disrupted
NaPi2a internalization.
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Figure 1. Tissue expression and renal localization of mouse transmembrane protein 174 (Tmem174).
(A) The Tmem174 protein has 243 amino acids and is putatively 2 transmembrane domains. (B) Real-
time PCR of Tmem174 mRNA levels in several wild-type (WT) mice tissues. Internal control was
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Values are indicated as mean ± standard
error (SE). (C) Tmem174 (green), DAPI (blue), and Villin (red) immunofluorescence staining in kidney
sections of WT mice. Sections were prepared from mouse kidneys embedded in an optimal cutting
temperature compound and frozen. 1B and 1C are modified by Sasaki et al. [60], and there are no
issues with copyright.

Figure 2. Characterization of Tmem174 knockout mice fed standard mouse chow. (A) Plasma
Pi, (B) urinary Pi excretion, (C) plasma intact PTH, and (D) serum intact FGF23 levels of male
Tmem174 knockout mice fed standard mouse chow. Values are presented as mean ± SE. a’ p < 0.01 vs.
Tmem174+/+ mice. b’ p < 0.01 vs. Tmem174+/− mice. (E) Immunoblotting analysis of NaPi2 transporters
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protein expression in Tmem174+/+ and Tmem174−/− mice (8-week-old mice, n = 5 each). A 20 μg
brush border membrane vesicle was loaded in each lane. Actin was used as an internal control.
Values are presented as mean ± SE. #’ p < 0.01. All figures are modified from Sasaki et al. [60], and
there are no issues with copyright.

Tmem174 KO mice had an enhanced FGF23 induction from bone [48]. High serum
FGF23 levels cause the abnormal bone morphology observed in the Hyp mice, but Tmem174
KO mice did not show them. The reason may be that Tmem174 KO mice do not develop
hypophosphatemia. Further detailed studies are needed to elucidate the function of
Tmem174 in bone physiology. Tmem174 in the kidney is a novel regulator of Pi metabolism
that plays a demanding role in regulating NaPi2a protein expression and PTH and FGF23
secretion, which are important for regulating blood Pi levels. However, how Tmem174 is
involved in NaPi2a degradation and how it is involved in PTH and FGF23 secretion are
still unclear. A detailed analysis of this new network linking the kidneys (Tmem174), bones
(FGF23), and parathyroid glands (PTH) is still being conducted. Around the same time,
Tmem174 was discovered by Miyazaki-Anzai et al. using RNA-seq and RT-qPCR analysis
as a new Pi homeostasis regulator interacting with NPT2A [61]. Their analysis of knockout
mice yielded results similar to our report but showed vascular calcification in Tmem174
knockout mice. However, in our analysis, no vascular calcification was observed in the
knockout mice. The predicted role of Tmem174 in regulating plasma Pi concentrations is
summarized in Figure 3.

Figure 3. Summary: The putative role of Tmem174 in the regulation of plasma Pi concentrations.
Phosphaturic hormones, PTH, and FGF23 are secreted in response to Pi load and act on the kidney
to promote Pi excretion. The NaPi2a/NHERF1 complex is predicted to play an important role in
regulating PTH and FGF23 responsiveness by modulating NaPi2a localization levels at the apical
membrane of the proximal tubule in response to Pi deficiency or excess by Tmem174. The figure is
modified from Sasaki et al. [60], and there are no issues with copyright.

5. Conclusions

Since identifying Pi transporters in the late 1990s, extensive research has focused on
clarifying the underlying mechanisms regulating blood Pi levels and NaPi transporters.
Pi plays a variety of important functions in the body. Thus, the regulating mechanisms
of Pi transporters in energy production, signal transduction, and cell differentiation and
proliferation are important areas of focus for future research. Understanding the role of
Tmem174 may help treat hypophosphatemia, including XLH, and other diseases associated
with abnormal Pi metabolism.
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Abstract: Since phosphate is indispensable for skeletal mineralization, chronic hypophosphatemia
causes rickets and osteomalacia. Fibroblast growth factor 23 (FGF23), which is mainly produced
by osteocytes in bone, functions as the central regulator of phosphate metabolism by increasing
the renal excretion of phosphate and suppressing the production of 1,25-dihydroxyvitamin D. The
excessive action of FGF23 results in hypophosphatemic diseases, which include a number of genetic
disorders such as X-linked hypophosphatemic rickets (XLH) and tumor-induced osteomalacia (TIO).
Phosphate-regulating gene homologous to endopeptidase on the X chromosome (PHEX), dentin
matrix protein 1 (DMP1), ectonucleotide pyrophosphatase phosphodiesterase-1, and family with
sequence similarity 20c, the inactivating variants of which are responsible for FGF23-related hereditary
rickets/osteomalacia, are highly expressed in osteocytes, similar to FGF23, suggesting that they
are local negative regulators of FGF23. Autosomal dominant hypophosphatemic rickets (ADHR)
is caused by cleavage-resistant variants of FGF23, and iron deficiency increases serum levels of
FGF23 and the manifestation of symptoms in ADHR. Enhanced FGF receptor (FGFR) signaling
in osteocytes is suggested to be involved in the overproduction of FGF23 in XLH and autosomal
recessive hypophosphatemic rickets type 1, which are caused by the inactivation of PHEX and DMP1,
respectively. TIO is caused by the overproduction of FGF23 by phosphaturic tumors, which are often
positive for FGFR. FGF23-related hypophosphatemia may also be associated with McCune-Albright
syndrome, linear sebaceous nevus syndrome, and the intravenous administration of iron. This review
summarizes current knowledge on the pathogenesis of FGF23-related hypophosphatemic diseases.

Keywords: phosphate; fibroblast growth factor 23; osteocytes; rickets; osteomalacia

1. Introduction

Phosphorus is an essential nutrient that mediates the majority of biological processes,
including the integrity of cell membranes, the maintenance and inheritance of genetic infor-
mation, energy metabolism, and the regulation of protein function by phosphorylation [1].
In vertebrates, phosphorus also contributes to skeletal mineralization as a constituent of
hydroxyapatite (calcium-phosphate crystals). In the human adult body, approximately 90%
of total phosphorus is stored in bone, while the remainder is present in the soft tissues
and less than 1% in extracellular fluid [2]. In serum, the majority of phosphorus exists
as free ions of inorganic phosphate (Pi), such as HPO4

2− and H2PO4
−, at a ratio of 4:1 at

physiological pH [3]. Serum levels of Pi are influenced by age, dietary intake, serum pH,
and so on.

Since phosphate is indispensable for the formation of hydroxyapatite, its chronic
deficiency or wasting leads to impaired skeletal mineralization, namely, rickets in children
and osteomalacia in adults [4]. At the beginning of this century, fibroblast growth factor
23 (FGF23) was identified as the molecule responsible for autosomal dominant hypophos-
phatemic rickets (ADHR) and tumor-induced hypophosphatemic osteomalacia (TIO) [5,6].
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Since then, our understanding of the mechanisms underlying phosphate metabolism and
the pathogenesis of various related diseases has increased. This review discusses cur-
rent concepts on the role of FGF23 in phosphate homeostasis and the pathogenesis of
FGF23-related hypophosphatemic diseases.

2. Phosphorus Homeostasis

In mammals, the phosphate balance in postnatal life is maintained by its intestinal
absorption, renal excretion, and accumulation in and release from bone and soft tissue [1].
The insufficient absorption, excess renal excretion, or excessive shift of Pi to bone or soft
tissue may cause hypophosphatemia [7]. Since phosphate is indispensable for skeletal
mineralization, chronic hypophosphatemia leads to rickets and osteomalacia.

Pi absorption in the intestines is mediated by two processes: a passive, paracellular
diffusion process and an active, transcellular transport process. The latter is mediated by
the type IIb Na+/Pi co-transporter (NaPi-IIb), which is encoded by the SLC34A2 gene in
humans [8]. The expression of NaPi-IIb in the intestines is up-regulated by the low dietary
intake of Pi and 1,25-dihydroxyvitamin D (1,25(OH)2D), an active metabolite of vitamin
D [9,10]. A dietary deficiency of phosphate is rare because the majority of foods contain
large amounts of phosphate. However, the insufficient action of vitamin D decreases the
absorption of Pi in the intestines.

In the kidneys, the majority of Pi filtered in the glomeruli is mainly reabsorbed by
type IIa and IIc Na+/Pi co-transporters (NaPi-IIa and NaPi-IIc) localized at the brush
border membrane (BBM) of the proximal tubules [11–13]. NaPi-IIa and NaPi-IIc are en-
coded by the SLC34A1 and SLC34A3 genes, respectively, in humans. Inactivating variants
in the SLC34A3 gene cause hereditary hypophosphatemic rickets with hypercalciuria
(HHRH) [14]. HHRH is characterized by renal Pi wasting, hypophosphatemia, increased
levels of serum 1,25(OH)2D, and secondary hypocalciuria. On the other hand, inactivating
variants in the SLC34A1 gene have been shown to cause Fanconi renotubular syndrome
2, infantile hypercalciuria 2, and nephrolithiasis/osteoporosis associated with hypophos-
phatemia [1].

Endocrine factors including 1,25(OH)2D, parathyroid hormone (PTH), and FGF23
play critical roles in phosphate homeostasis. As described above, 1,25(OH)2D increases the
intestinal absorption of Pi by up-regulating NaPi-IIb [10]. PTH increases the renal excretion
of Pi by decreasing the amounts of NaPi-IIa and NaPi-IIc that localize in the BBM [15–17].
FGF23 functions as the central regulator of phosphate metabolism, as described in the
following section.

3. Roles of FGF23 in Mineral Metabolism

FGF23 is a 32-kDa protein that consists of 251 amino acids including a 24-amino acid
signal peptide at its N terminus [6]. It is mainly produced by osteoblast lineage cells,
particularly osteocytes, which terminally differentiate from osteoblasts and are embedded
within the bone matrix [18]. In adult bone, osteocytes make up more than 90% to 95% of all
bone cells. Although the location and inaccessibility of osteocytes in the mineralized bone
matrix delayed our understanding of their cellular functions, studies conducted in the last
few decades have revealed their roles in bone homeostasis. Osteocytes are essential for
controlling the bone mass in postnatal life by sensing mechanical strain and regulating the
formation and resorption of bone [19]. They also produce sclerostin, an inhibitor of Wnt/β-
catenin signaling. Mechanical strain reduces the production of sclerostin by osteocytes,
which in turn enhances Wnt/β-catenin signaling and increases bone formation [20]. In
addition, mouse studies suggested that the receptor activator of nuclear factor kappa B
ligand produced by osteocytes controls the postnatal bone mass [21]. The expression of
FGF23 by osteocytes indicates that they also play critical roles in phosphate homeostasis.

FGF23 belongs to the FGF19 subfamily together with FGF19 and FGF21, based on
their unique features among FGFs [22]. Members of the FGF19 family exert their effects on
distant target organs and tissues in an endocrine manner, and their low binding affinity
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to heparin/heparan sulfate has been suggested to confer endocrine functions due to less
binding to heparan sulfate surrounding their producing cells and their entry into the
circulation [22]. Members of the FGF19 subfamily require the single-pass transmembrane
protein Klotho, αKlotho for FGF23, and βKlotho for FGF19 and FGF21, for their signal
transduction through an FGF receptor (FGFR) [22–24]. A previous study demonstrated
that the N-terminal domain of FGF23 bound to FGFR while its C-terminal domain bound
to αKlotho [22].

Since FGF23 requires αKlotho together with FGFR to exert its effects, organs and tis-
sues expressing both αKlotho and FGFR, such as the kidneys, parathyroid glands, placenta,
and choroid plexus, may be the physiological targets of FGF23 [25,26]. In the kidneys, which
are the main target, FGF23 increases urinary Pi excretion by suppressing the expression of
NaPi-IIa and NaPi-IIc. In addition, FGF23 decreases the production of 1,25(OH)2D by sup-
pressing the renal expression of Cyp27b1 encoding 25-hydroxyvitamin D 1α-hydroxylase
and increasing that of Cyp24a1 encoding 25-hydroxyvitamin D-24-hydroxylase, which leads
to a reduction in the absorption of Pi in the intestines [6] (Figure 1).

Figure 1. Effects of FGF23 on kidneys. FGF23 produced in bone binds to FGFR and αKlotho in
the kidneys and suppresses the renal expression of NaPi-IIa and NaPi-IIc Na+/Pi co-transporters,
which increases urinary Pi excretion and reduces serum Pi levels. In addition, FGF23 decreases
the production of 1,25(OH)2D by the down-regulation of 25-hydroxyvitamin D-1α-hydroxylase
(1αOHase) and up-regulation of 25-hydroxyvitamin D-24-hydroxylase (24OHase), which reduces the
intestinal absorption of Pi and further lowers serum Pi levels.

The findings of animal studies have suggested that FGF23 suppresses the production
and secretion of PTH in both αKlotho-dependent and -independent manners [27,28]. Since
1,25(OH)2D and PTH have been shown to increase the expression of FGF23 [29–32], these
factors counter-regulate with FGF23 to maintain phosphate homeostasis. The findings
of mouse studies have indicated that maternal FGF23 exerts its effects on the placenta to
increase the expression of Cyp24a1; however, it does not alter placental Pi transport [33].

FGF23 is inactivated by cleavage between Arg179 and Ser180 via a subtilisin-like
proprotein convertase, which recognizes the motif R176XXR179/S180 [34]. FGF23 is O-
glycosylated at Thr178 by the enzyme UDP-N-acetyl-α-D-galacosamine:polypeptide N-
acetylgalactosaminyltransferase 3 (GalNAc-T3), which is suggested to prevent cleavage
by the subtilisin-like proprotein convertase [35]. Inactivating mutations in the GALNT3
gene encoding GalNAc-T3 result in the cleavage of intact FGF23 before secretion, and the
resultant deficiency of intact FGF23 causes hyperphosphatemic familial tumoral calcinosis
(HFTC), a rare autosomal recessive disease characterized by hyperphosphatemia, normal
or elevated levels of serum 1,25(OH)2D, and ectopic calcification [36,37]. Inactivating
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mutations in the FGF23 gene itself and the KLOTHO gene encoding αKlotho were also
found to be responsible for HFTC [38–40].

Both Fgf23-knockout mice and Klotho-deficient mice exhibit hyperphosphatemia with
increased renal Pi reabsorption and elevated serum 1,25(OH)2D levels, which resemble
the features in patients with HFTC [25,41]. These mutant mice also show severe growth
retardation with abnormal skeletal phenotype and short lifespan. Interestingly, Fgf23-
knockout mice display a marked accumulation of osteoid despite hyperphosphatemia [41].
Although mechanisms for this counterintuitive observation remain unclear, it may suggest
the effects of FGF23 to be independent of phosphate metabolism.

4. Pathogenesis of FGF23-Related Hypophosphatemic Diseases

4.1. FGF23-Related Hypophosphatemic Diseases

Since the FGF23-αKlotho axis plays a central role in phosphate homeostasis, its dis-
ruption causes hyperphosphatemic conditions, as described in the previous section. On
the other hand, the excessive action of FGF23 underlies various hypophosphatemic dis-
eases, which are characterized by urinary phosphate wasting, hypophosphatemia, and
inappropriately low levels of serum 1,25(OH)2D [42,43]. Phosphate is indispensable for
skeletal mineralization; therefore, chronic hypophosphatemia due to excessive FGF23 leads
to rickets in children and osteomalacia in adults. The impaired production of 1,25(OH)2D
contributes to the resistance of FGF23-related hypophosphatemic rickets/osteomalacia to
native vitamin D. FGF23-related hypophosphatemic rickets/osteomalacia include various
conditions such as genetic diseases (Tables 1 and 2). The following sections will describe
the pathogenesis of each condition.

Table 1. FGF23-related hypophosphatemic diseases and their causes.

Disorder Causes Incidences

ADHR Activating variants of FGF23 Very rare

XLH Inactivating variants of PHEX 1:20,000 live birth

ARHR1 Inactivating variants of DMP1 Very rare

ARHR2 Inactivating variants of ENPP1 Very rare

Raine syndrome Inactivating variants of FAM20C Very rare

Osteoglophonic dysplasia Activating variants of FGFR1 Very rare

Jansen’s metaphyseal chondrodysplasia Activating variants of PTH1R Very rare

TIO Phosphaturic mesenchymal tumor, FN1-FGFR1,
FN1-FGF1 fusion genes

Most frequent among the acquired
disorders

McCune-Albright Syndrome GNAS somatic activating variants in bone lesions Very rare

Linear sebaceous nevus syndrome KRAS/HRAS/NRAS somatic activating variants
in skin/bone lesions Very rare

I.V. administration of iron preparations Saccharated ferric oxide, iron polymaltose Very rare

4.2. Autosomal Dominant Hypophosphatemic Rickets (ADHR)

ADHR (OMIM #193100) is caused by missense variants in the FGF23 gene. Since the
responsible variants occur at Arg176 or Arg179 within the RXXR/S motif recognized by
subtilisin-like proprotein convertase, the resultant mutant FGF23 protein is resistant to
cleavage-mediated inactivation [5]. However, this disease shows incomplete penetrance.
Patients with ADHR variants do not always have high serum levels of intact FGF23, and the
disease may occur with an early or delayed onset and variable expressivity [44]. Late-onset
ADHR primarily manifests in post-pubertal women who are prone to iron deficiency [45].
Serum iron levels were previously shown to negatively correlate with serum levels of
both the C-terminal fragment of FGF23 and intact FGF23 in ADHR patients; however,
serum iron levels also negatively correlated with C-terminal FGF23 levels in healthy control
subjects, whereas no relationship was observed with intact FGF23 levels [45]. Farrow et al.
generated FGF23-knock-in mice carrying the R176Q ADHR point mutation (ADHR mice)
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and found that a low-iron diet increased bone FGF23 mRNA levels and the serum levels
of both intact and C-terminal FGF23 with hypophosphatemia in ADHR mice. On the
other hand, wild-type mice fed the low-iron diet showed normal serum levels of intact
FGF23 and phosphate, but an elevated level of the C-terminal fragment of FGF23 [46].
Furthermore, the chelation of iron up-regulated the expression of Fgf23 in a cultured
osteoblastic cell line, which involved hypoxia-inducible factor 1α. Collectively, these
findings suggest that iron deficiency increases the expression of Fgf23 in bone and also
that the FGF23 protein is cleaved in iron deficiency to maintain normal serum levels of
FGF23 and normophosphatemia in control subjects, whereas the cleavage resistance of
mutant FGF23 leads to the accumulation of intact FGF23 and hypophosphatemia in ADHR
subjects [46].

Table 2. Clinical features of FGF23-related hypophosphatemic diseases.

Disorder Clinical Features

ADHR Renal Pi wasting, hypophosphatemia, low or normal serum 1,25(OH)2D levels,
rickets/osteomalacia, incomplete penetrance, often delayed onset

XLH Renal Pi wasting, hypophosphatemia, low or normal serum 1,25(OH)2D levels,
rickets/osteomalacia, short stature, bone deformity, dental problems, enthesopathy

ARHR1 Renal Pi wasting, hypophosphatemia, low or normal serum 1,25(OH)2D levels,
rickets/osteomalacia, short stature, bone deformity, dental problems, enthesopathy

ARHR2 Renal Pi wasting, hypophosphatemia, low or normal serum 1,25(OH)2D levels,
rickets/osteomalacia, short stature, bone deformity, dental problems, enthesopathy

Raine syndrome
Osteosclerosis of early onset, poor life prognosis in most cases, characteristic face, renal Pi

wasting, hypophosphatemia, low or normal serum 1,25(OH)2D levels, rickets/osteomalacia,
short stature, bone deformity, dental problems, enthesopathy

Osteoglophonic dysplasia Multiple radiolucent areas in metaphysis, rhizomelic short stature, characteristic face, renal Pi
wasting, hypophosphatemia, low or normal serum 1,25(OH)2D levels

Jansen’s metaphyseal
chondrodysplasia

Short-limbed short stature, usually hypercalcemia, skull sclerosis, renal Pi wasting,
hypophosphatemia, low or normal serum 1,25(OH)2D levels

TIO Renal Pi wasting, hypophosphatemia, low or normal serum 1,25(OH)2D levels,
rickets/osteomalacia, improved by tumor resection

McCune-Albright Syndrome Fibrous dysplasia, café-au-lait skin pigmentation, endocrinologic abnormalities, renal Pi
wasting, hypophosphatemia, low or normal serum 1,25(OH)2D levels

Linear sebaceous nevus syndrome Linear sebaceous nevus, abnormalities in central nervous system, ocular anomalies, bone
defects, renal Pi wasting, hypophosphatemia, low or normal serum 1,25(OH)2D levels

I.V. administration of iron
preparations

Renal Pi wasting, hypophosphatemia, low or normal serum 1,25(OH)2D levels,
rickets/osteomalacia, improved by discontinuation of the responsible drugs

4.3. X-Linked Hypophosphatemic Rickets (XLH)

XLH (OMIM #307800) is the most common form of hereditary hypophosphatemic
rickets. Patients with XLH have elevated serum levels of FGF23, which result in urinary
Pi wasting, hypophosphatemia, and inappropriately low levels of 1,25(OH)2D [47]. XLH
was initially called vitamin D-resistant rickets because of a poor response to treatment
with native vitamin D at dosages that cure vitamin D-deficient rickets. XLH is caused by
inactivating variants in the phosphate-regulating gene homologous to endopeptidase on the X
chromosome (PHEX) located at Xp22.1, showing X-linked dominant inheritance [48]. Similar
to FGF23, PHEX is expressed in osteoblast lineage cells and is more highly expressed in
osteocytes [18,49]. Although its structure suggests that the product of PHEX functions as a
cell surface-bound, zinc-dependent protease, its physiological substrates remain elusive.
In hypophosphatemic Hyp mice, which harbor a large deletion in the Phex gene and are
widely used as a model for XLH, the expression of Fgf23 in osteocytes was found to be
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increased [18,50]; however, FGF23 did not serve as a substrate for PHEX [51]. Therefore,
the regulation of FGF23 by PHEX may be indirect and involve other molecule(s).

Since PHEX is highly expressed in osteocytes, in an attempt to clarify abnormalities
in Phex-deficient osteocytes, we previously compared the gene expression profiles of
osteoblasts and osteocytes in Hyp mice and wild-type littermates [18]. As osteoblasts mature
into osteocytes, the expression of dentin matrix protein 1 (Dmp1) and family with sequence
similarity 20c (Fam20c), which are responsible for autosomal recessive hypophosphatemic
type 1 (ARHR1) and Raine syndrome (RNS), respectively, increased in both Hyp and
wild-type cells, and these genes were up-regulated in Hyp cells, similar to Fgf23 [18].
These findings indicated the critical roles of osteocytes in phosphate homeostasis and
also suggested complex abnormalities in Phex-deficient osteocytes. We found that the
expression of the genes encoding canonical FGF ligands (Fgf1 and Fgf2), their receptors
(Fgfr1-3), and early growth response 1, which is a target for FGFR activation, was also up-
regulated in Hyp osteocytes, indicating enhanced FGFR signaling [18]. Furthermore, Martin
et al. suggested enhanced FGFR signaling in Hyp bone [52], and Xiao et al. demonstrated
that the conditional deletion of Fgfr1 in osteocytes and mature osteoblasts partially restored
the overproduction of FGF23 and ameliorated hypophosphatemia and rickets [53]. The
regulation of FGF23 production by FGFR signaling is also supported by osteoglophonic
dysplasia, which is a rare skeletal dysplasia caused by activating mutations in FGFR1 that
is frequently associated with elevated serum FGF23 levels and hypophosphatemia [54].

Enhanced FGFR signaling in Phex-deficient osteocytes is of interest based on previ-
ous findings suggesting that FGFR plays a critical role in the transduction of signaling
evoked by increased extracellular Pi [55–57]. In various cell types, treatment with high
extracellular Pi activated FGFR for the regulation of gene expression. In an osteoblastic cell
line, treatment with an FGFR inhibitor abolished the up-regulation of Dmp1 by increased
extracellular Pi [56]. In HEK293 cells, the knockdown of FGFR1 diminished the Pi-induced
phosphorylation of ERK1/2 [55]. More recently, the activation of FGFR1 by extracellular Pi
was shown to increase the expression of Galnt3 in bone, leading to an elevated serum level
of FGF23 in mice [57]. Collectively, these findings suggest that FGFR1 is involved in the
sensing of Pi availability. In consideration of this role of FGFR and enhanced FGFR signal-
ing in the osteocytes of Hyp mice, abnormal Pi sensing may be involved in the pathogenesis
of XLH.

Matrix extracellular phosphoglycoprotein (MEPE) is a member of the SIBLING (small
integrin-binding ligand, N-linked glycoproteins) family, and was initially cloned from
the tumor of a patient with TIO [58]. A genome-wide association study proposed MEPE
as a factor influencing bone mineral density in humans [59]. MEPE contains an acidic
serine-aspartate rich MEPE-associated motif (ASARM) consisting of 23 residues at the C
terminus. ASARM peptides released from MEPE by cathepsin-mediated cleavage have
been shown to inhibit mineralization. Rowe et al. demonstrated that PHEX bound to
the ASARM motif in MEPE and the released ASARM peptide and its serum levels were
elevated in Hyp mice [60,61]. The ASARM motif is also present in other SIBLING proteins,
such as DMP1 and osteopontin, and PHEX may bind to these proteins at these motifs [58].
A previous study implicated ASARM peptides released from these SIBLING proteins in
defective mineralization in XLH [62].

Growth retardation is often observed in patients with XLH: however, the underlying
mechanisms have not yet been elucidated in detail. A study published by Fuente et al.
demonstrated marked alterations in the structure, dynamics, and maturation of growth
plate cartilage in growth-retarded young Hyp mice [63]. In the growth plates of Hyp mice,
both proliferation and apoptosis rates of chondrocytes were reduced, and the hypertrophy
and maturation of chondrocytes were severely disturbed. The spatial organization of the
chondro-osseous junction and the primary spongiosa trabeculae were markedly deformed.
These alterations in the growth plates might be the mechanisms for the growth retardation
in Hyp mice. The authors also found an enhanced activation of the extracellular signal-
regulated kinase (ERK)1/2 signaling pathway in the Hyp growth plates, implying an
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involvement of FGF23 in these abnormalities [63]. Reduction in caspase-mediated apoptosis
of hypertrophic chondrocytes was also reported in rachitic mice with low-phosphate diet-
induced hypophosphatemia as well as in Hyp mice, which suggests that hypophosphatemia
impairs apoptosis of hypertrophic chondrocytes, leading to rickets [64].

Although chondrocytes do not express αKlotho, which is required for FGF23 to
activate its downstream signaling pathways at physiological concentrations, soluble forms
of αKlotho are present in serum and cerebrospinal fluid [65] and have been implicated in
the regulation of FGF23 signaling in cells without the transmembrane form of αKlotho [66].
We previously demonstrated that FGF23 suppressed the linear growth of mouse metatarsal
cartilage in cultures in the presence of soluble αKlotho by decreasing the proliferation of
chondrocytes, which suggests that suppressed chondrocyte proliferation by FGF23 plays a
causative role in the growth retardation associated with XLH [67].

Since the placenta expresses FGFR1 and αKlotho, high levels of FGF23 in pregnant
women with XLH may affect their fetuses. We previously investigated this issue using
pregnant Hyp female mice [33]. Hyp and wild-type female mice were mated with wild-type
male mice, and the pregnant mothers and their male fetuses were subjected to analyses.
FGF23 levels were higher in Hyp mothers than in wild-type mothers. Hyp fetuses and
wild-type fetuses were obtained from mating between Hyp females and wild-type males.
FGF23 levels in Hyp fetuses were approximately 20-fold higher than in their mothers,
while wild-type fetuses from Hyp mothers had low levels of FGF23, as did fetuses from
wild-type mothers, suggesting that FGF23 does not cross the placenta [33]. The expression
of Cyp24a1 was higher in the placentas of fetuses from Hyp mothers than in those of fetuses
from wild-type mothers, which resulted in decreased levels of plasma 25-hydroxyvitamin
D in fetuses from Hyp mothers. Therefore, increased levels of circulating FGF23 in Hyp
mothers may exert direct effects on the placenta during pregnancy and alter fetal vitamin
D metabolism via the regulation of Cyp24a1 expression [33]. Further studies are needed to
clarify whether similar phenomena occur with pregnancy in human patients with XLH.

The enthesis is a tissue that forms at the site of insertion of a tendon to bone and
consists of a bony eminence, mineralized fibrocartilage, unmineralized fibrocartilage, and a
tendon. It optimizes the transfer of mechanical force from muscle to bone, which is required
for efficient movements [68]. Enthesopathy is a pathological change at the insertion of
tendons and ligaments. Mineralizing enthesopathy is one of the complications of XLH and
other types of FGF23-related hypophosphatemia and accounts for a high morbidity rate
in adult patients [69]. Karaplis et al. previously reported that a transgenic mouse model
overexpressing a secreted form of the human FGF23[p.R176Q] variant, which is resistant to
cleavage, displayed mineralizing enthesopathy of the Achilles and planar facial insertions,
suggesting the involvement of FGF23 in the development of mineralizing enthesopathy [70].
More recently, Liu et al. investigated the cellular and molecular mechanisms involved in the
development of mineralizing enthesopathy in Hyp mice and reported that Achilles tendon
entheses of Hyp mice showed the expansion of hypertrophic-appearing chondrogenic
cells. In comparison with the entheses of wild-type mice, Hyp entheses exhibited the
expansion of cells expressing the chondrogenic marker gene Sox9 and enhanced bone
morphogenetic protein and Indian hedgehog signaling pathways, both of which play
critical roles in chondrocyte differentiation [71]. Although oral phosphate salts and active
vitamin D metabolites are administered as conventional medical treatments for XLH to
correct their deficiencies, it does not prevent or ameliorate enthesopathies [70]. Burosumab,
a humanized monoclonal neutralizing antibody to FGF23, has recently become available as
a new treatment for XLH [47]. In Japan, burosumab has been approved for the treatment of
all types of FGF23-related hypophosphatemic rickets/osteomalacia. In pediatric patients
with XLH, improvements in the severity of rickets and biochemical parameters were greater
in patients treated with burosumab than in those who continued conventional therapy [72].
Further studies are needed to clarify the effects of burosumab on the prevention and
treatment of enthesopathies.
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4.4. Autosomal Recessive Hypophosphatemic Rickets Type 1 (ARHR1)

ARHR1 (OMIM #241520) is caused by inactivating variants of the DMP1 gene [73,74].
DMP1 is an extracellular matrix protein belonging to the SIBLING family and is highly
expressed in osteocytes as well as in dentin. Patients with ARHR1 manifest elevated FGF23
levels, hypophosphatemia, inappropriately low 1,25(OH)2D levels, and skeletal hypomin-
eralization, similar to patients with XLH. Dmp1-null mice reproduced the phenotype of
ARHR1 and exhibited defective osteocyte maturation and the up-regulated expression of
Fgf23 in osteocytes [73,74]. Although the pathogenesis of ARHR1 remains largely unknown,
the findings of studies using Phex-deficient Hyp mice and Dmp1-null mice suggest that the
overproduction of FGF23 is attributable to enhanced FGFR signaling in bone in both mouse
models [52].

4.5. Autosomal Recessive Hypophosphatemic Rickets Type 2 (ARHR2)

ARHR2 (OMIM #613312) also belongs to FGF23-related hypophosphatemic rickets
and is caused by inactivating variants in the ectonucleotide pyrophosphatase phosphodiesterase-1
(ENPP1) gene [75,76]. ENPP1 encodes an enzyme that produces pyrophosphate (PPi), a
potent inhibitor of mineralization, and inactivating variants in ENPP1 are also responsible
for hypermineralization disorders, such as generalized arterial calcification in infancy [77].
The ectoenzyme tissue non-specific alkaline phosphatase (TNSALP) facilitates skeletal
mineralization by degrading PPi to produce Pi. Although PPi may regulate the production
of FGF23, patients with hypophosphatasia, which is caused by inactivating variants in
TNSALP, had normal levels of FGF23 despite elevated extracellular levels of PPi [78].
Therefore, the mechanisms by which ENPP1 deficiency results in the overproduction of
FGF23 remain unclear. Since inactivating variants in ENPP1 cause conditions characterized
by ectopic calcification and FGF23-related hypophosphatemia, a close relationship may
exist between ectopic calcification and the overproduction of FGF23.

4.6. Raine Syndrome (RNS)

FAM20C, also known as DMP4, encodes a kinase that phosphorylates various secreted
proteins. The proteins phosphorylated by FAM20C include FGF23 and members of the
SIBLING family, such as DMP1, osteopontin, and MEPE [34,79]. Inactivating variants in
the FAM20C gene are responsible for RNS (OMIM #259775). RNS is an autosomal recessive
disease that is characterized by craniofacial malformation, osteosclerotic bone dysplasia,
and a poor prognosis [80]. Surviving patients with mild RNS manifest hypophosphatemia
due to elevated levels of FGF23 and dental anomalies [81,82]. Fam20c-null mice exhibited
elevated levels of serum FGF23, hypophosphatemia, and dental anomalies [83]. These
mice also showed low expression levels of Dmp1 in osteocytes, which suggested that the
down-regulated expression of DMP1 plays a causal role in the overproduction of FGF23
in RNS [83]. However, the overexpression of Dmp1 failed to rescue the defects in Fam20c-
null mice [84]. A previous study reported that FAM20C phosphorylated FGF23 on Ser180,
which inhibited the O-glycosylation of FGF23 on Thr178 by GalNAc-T3 and accelerated
cleavage [34]. Therefore, inactivating variants in FAM20C may increase FGF23 levels by
inhibiting its cleavage.

4.7. Tumor-Induced Osteomalacia (TIO)

TIO is a rare paraneoplastic syndrome characterized by urinary phosphate wasting,
hypophosphatemia, and osteomalacia. Responsible tumors are generally benign, slow-
growing phosphaturic mesenchymal tumors (PMT) [85]. The overproduction of FGF23 by
tumors was previously shown to enhance the renal excretion of Pi and induce hypophos-
phatemia, low 1,25(OH)2D levels, and osteomalacia, which were cured by the surgical
removal of the responsible tumor [6,86]. Lee et al. identified the fusion genes Fibronectin 1
(FN1)-FGFR1 and FN1-FGF1 in subgroups of PMT and showed that immunoreactivity for
FGFR1 was positive in 82% of PMT [87,88]. These findings suggest the involvement of the
FGF/FGFR signaling pathway in the development of PMT.
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4.8. Other Causes of FGF23-Related Hypophosphatemia

McCune-Albright syndrome (MAS, OMIM #174800) is characterized by polyostotic
fibrous dysplasia, café-au-lait skin pigmentation, and precocious puberty, and is caused by
a somatic activating variant in GNAS1 encoding the subunit of the stimulatory G protein.
MAS is clinically heterogeneous and may manifest various endocrinological abnormalities.
Some patients with MAS exhibit hypophosphatemia, which results from the overproduction
of FGF23 by abnormal skeletal progenitor cells in the bone lesions of fibrous dysplasia [89].
Serum levels of FGF23 in MAS patients correlate with disease activity [89], and significant
hypophosphatemia only occurs in patients with a severe disease burden. A previous study
suggested that the ratio of the C-terminal fragment of FGF23 to intact FGF23 was elevated
by accelerated cleavage in the bone lesions of fibrous dysplasia [90].

Linear sebaceous nevus syndrome, also called Schimmelpenning-Feuerstein-Mims
(SFM) syndrome (OMIM #163200), is characterized by congenital linear nevus sebaceous
and abnormalities in neuroectodermal organs and is caused by somatic variants in RAS
genes, including KRAS, HRAS, and NRAS, which are detectable in skin lesions [91,92].
Hypophosphatemia due to elevated levels of FGF23 is rarely associated with SFM syndrome.
Lim et al. suggested that the source of FGF23 in SFM syndrome was bone lesions carrying
RAS variants rather than skin lesions [93].

Osteoglophonic dysplasia (OMIM #166250) is a rare autosomal dominant disease
characterized by rhizomelic dwarfism, non-ossifying bone lesions, craniosynostosis, and
face abnormalities, and is caused by activating variants in the FGFR1 gene. As discussed
earlier, this disease may be associated with FGF23-related hypophosphatemia, indicating
the involvement of FGFR1 in the regulation of FGF23 production [54].

Jansen’s metaphyseal chondrodysplasia (OMIM #156400) is an autosomal dominant
disease caused by an activating variant in the PTH type 1 receptor (PTH1R) gene [94].
Previous studies reported that FGF23-related hypophosphatemia may be associated with
Jansen’s metaphyseal chondrodysplasia [95]. This finding suggests that PTH signaling
stimulates FGF23 production, which is also supported by the findings of several in vivo
and in vitro studies [31,32,96].

FGF23-related hypophosphatemic rickets/osteomalacia may also be associated with
the intravenous administration of saccharated ferric oxide or iron polymaltose [97,98]. The
mechanisms by which these drugs cause the overproduction of FGF23 remain unclear; how-
ever, their discontinuance rapidly restores elevated FGF23 levels and hypophosphatemia.

5. Conclusions

FGF23-related hypophosphatemia is characterized by urinary Pi wasting, hypophos-
phatemia, and inappropriately low levels of 1,25(OH)2D, and includes various types of
hereditary rickets/osteomalacia, such as XLH, and acquired diseases, including TIO. The
molecules responsible for hereditary rickets/osteomalacia are highly expressed by os-
teocytes, indicating that these cells play a central role in phosphate homeostasis. Since
inactivating variants of PHEX, DMP1, ENPP1, and FAM20C lead to the overproduction
of FGF23, these molecules appear to function as negative regulators of FGF23. Although
the mechanisms underlying the overproduction of FGF23 remain unclear in most FGF23-
related hypophosphatemic diseases, enhanced FGFR signaling may be involved in the
overproduction of FGF23 in XLH and ARHR1 as well as in TIO. Since FGFR1 is suggested
to be involved in Pi sensing, abnormalities in Pi sensing may play a role in the pathogenesis
of these diseases.
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Abstract: Twenty-five years ago, a pathogenic variant of the phosphate-regulating endopeptidase
homolog X-linked (PHEX) gene was identified as the cause of X-linked hypophosphatemic rickets
(XLH). Subsequently, the overproduction of fibroblast growth factor 23 (FGF23) due to PHEX defects
has been found to be associated with XLH pathophysiology. However, the mechanism by which
PHEX deficiency contributes to the upregulation of FGF23 and the function of PHEX itself remain
unclear. To date, over 700 pathogenic variants have been identified in patients with XLH, and
functional assays and genotype–phenotype correlation analyses based on pathogenic variant data
derived from XLH patients have been reported. Genetic testing for XLH is useful for the diagnosis.
Not only have single-nucleotide variants causing missense, nonsense, and splicing variants and small
deletion/insertion variants causing frameshift/non-frameshift alterations been observed, but also
gross deletion/duplication variants causing copy number variants have been reported as pathogenic
variants in PHEX. With the development of new technologies including next generation sequencing,
it is expected that an increasing number of pathogenic variants will be identified. This chapter aimed
to summarize the genotype of PHEX and related analyses and discusses the pathophysiology of
PHEX defects to seek clues on unsolved questions.

Keywords: X-linked hypophosphatemic rickets; phosphate-regulating endopeptidase homolog
X-linked; fibroblast growth factor 23; genotype–phenotype correlation; multiplex ligation-dependent
probe amplification; nonsense-mediated decay; cryptic splice site; mosaicism; zinc-binding site;
truncating variant

1. Introduction

Previously, genetic linkage analyses have revealed the pathogenic variants of the
gene associated with the disorder X-linked hypophosphatemic rickets (XLH) located in
Xp22 [1]. In 1995, the HYP consortium defined the XLH locus using a positional cloning
approach and identified the phosphate-regulating endopeptidase homolog X-linked (PHEX)
gene in this region [2]. Hyp, Gy, and Ska1 mice have been identified as model mice for
studying XLH, and it was later revealed that these mice harbor pathogenic variants in
the mouse Phex homolog [3–5]. XLH is inherited in an X-linked dominant manner, with
complete penetrance. The female-to-male ratio is approximately 2:1, and there is no male-
to-male transmission. Genetic testing for XLH is available and can be used for differential
diagnosis, especially when the inheritance pattern is unclear [6]. To date, 729 different PHEX
variants available on the Human Gene Mutation Database (HGMD, http://www.hgmd.
cf.ac.uk/ac/index.php, accessed on 7 May 2022) have been reported as a cause of XLH.
Recently, a new PHEX variant database (PHEX Locus Specific Database [LSDB] sponsored
by UltraGenyx Pharmaceutical Inc.: https://www.rarediseasegenes.com/, accessed on
7 May 2022) has been established using four data sources including an old database [7],
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results from a sponsored genetic testing program [8], unpublished variants identified in
previous burosumab clinical studies, and published variant data collected in a literature
review [9]. The number of reported PHEX pathogenic variants is increasing.

Patients with XLH have hypophosphatemia, phosphaturia, and low or inappropriately
normal 1, 25-dihydroxy vitamin D (1,25[OH]2D) levels caused by high levels of fibroblast
growth factor 23 (FGF23) [10]. In renal tubules, FGF23 increases phosphate excretion in
urine by downregulating type 2a and 2c sodium phosphate cotransporters, which reabsorb
phosphate. In vitamin D metabolism, FGF23 downregulates 1-alpha-hydroxylase, which
converts 25 hydroxy-vitamin D to 1,25(OH)2D, the active form of vitamin D. FGF23 also
upregulates 24-hydroxylase, which converts 1,25(OH)2D to 24, 25-dihydroxy vitamin D,
an inactive form of vitamin D. Therefore, excess FGF23 suppresses vitamin D activity and
phosphate absorption from the intestine, which also contributes to hypophosphatemia in
patients with XLH [11–13]. In addition to PHEX, the pathogenic variants of dentin matrix
protein 1 (DMP1), FGF23, ectonucleotide pyrophosphatase phosphodiesterase-1 (ENPP1),
and FAM20C can lead to the overproduction of FGF23 and cause hypophosphatemic
rickets [14–19].

Although it has been shown that PHEX deficiency leads to the overproduction of
FGF23, which contributes to the pathogenesis of XLH, the mechanism by which an ab-
normality in PHEX causes an increase in FGF23 levels remains to be elucidated. Rowe
et al. showed that PHEX bound to matrix extracellular phophoglycoprotein (MEPE), which
belongs to a group of extracellular matrix proteins (small integrin-binding ligand, N-linked
glycoproteins [SIBLINGs]) involved in bone mineralization. MEPE contains an acidic
serine–aspartate-rich MEPE-associated motif (ASARM) and the ASARM peptide released
from MEPE negatively affects mineralization and phosphate uptake [20]. The ASARM
motif is also present in other SIBLINGs including DMP1 and osteopontin. Martin et al.
reported that the degradation of SIBLINGs and release of ASARM peptides were respon-
sible to the impaired mineralization in XLH [21]. Hyp mice harboring deletions in the 3′
region of Phex have high levels of FGF23 and hypophosphatemia with inappropriately
normal 1,25(OH)2D levels similar to that in patients with XLH [22]. Fgf23 mRNA expression
is increased in Hyp mouse bones and in osteoblasts and osteocytes isolated from these
mice [22,23]. Sitara et al. generated hyperphosphatemic Fgf23 null mice and crossed them
with hypophosphatemic Hyp mice and showed the same phenotype [24], which suggested
both defects are involved in the same pathway. These findings indicate that FGF23 may
function downstream of PHEX; however, the precise mechanism is not fully understood.
PHEX is predominantly expressed in osteoblasts, osteocytes, and odontoblasts, but not in
kidney tubules [25], and it encodes a protein that structurally resembles the M13 family
of membrane-binding metalloproteases. Neutral endopeptidase 24.11 or neprilysin (NEP)
and endothelin converting enzyme-1 [2] belong to this family of metalloproteases, which
are type II integral membrane glycoproteins containing a large extracellular domain that
retains catalytic activity [25]. It has been postulated that the large extracellular domain of
PHEX contains a zinc-binding motif which is essential for the catalytic activity in NEP [2].
Since the members of this family are known to cleave small peptides, FGF23 was initially
considered to serve as a substrate for PHEX and degraded by PHEX [26]. However, several
studies have revealed that FGF23 is not a substrate for PHEX [27–29], and the endogenous
PHEX protein substrate remains to be verified. To identify any clues to clarify the function
of PHEX and the pathogenesis of how PHEX deficiency causes XLH, we reviewed data on
the PHEX genotype based on published papers.

2. Pathogenic Variants of the PHEX Gene

We reviewed 97 papers that were obtained from the HGMD database, including
55 case reports in which pathogenic variants of PHEX were described. Among these reports,
252 missense or nonsense, 117 splicing, 155 small deletions, 86 small insertions or duplica-
tions, 13 deletion/insertions (delins), 80 gross deletions, 16 gross insertions, 4 regulatory,

44



Endocrines 2022, 3

and 6 complex rearrangement variants have been reported to cause XLH. The analyses of
pathogenic variants other than those in case reports are summarized in Table 1.

Table 1. List of studies describing PHEX genotypes other than case reports.

Author Year Probands
Variant
Positive

Variant
Positivity
Rate (%)

Variants Reference

Rowe 1997 106 NR 83 NR [30]
Francis 1997 43 33 77 26 [31]
Holm 1997 22 9 41 9 [32]
Dixon 1998 68 31 46 31 [33]

Filisetti 1999 22 22 100 22 [34]
Tyynismaa 2000 20 19 95 18 [35]
Popowska 2000 35 35 100 29 [36]

Holm 2001 41 22 54 20 [37]
Christie 2001 11 [a] 1 NA NR [38]

Cho 2005 17 8 47 7 [39]
Song 2007 15 9 60 8 [40]

Ichikawa 2008 26 26 100 18 [41]
Gaucher 2009 118 93 79 NR [42]

Clausmeyer 2009 71 [b] 37 52 28 [43]
Morey 2011 36 36 100 34 [44]
Ruppe 2011 46 27 59 27 [45]

Jap 2011 9 5 56 5 [46]
Quinlan 2012 46 38 83 24 [47]

Beck-Nielsen 2012 24 21 88 20 [48]
Kinoshita 2012 27 26 96 17 [49]

Lee 2012 6 6 [c] NA 4 [50]
Durmaz 2013 6 6 100 6 [51]

Yue 2014 9 9 100 10 [52]
Capelli 2015 26 22 84 19 [53]
Zhang 2015 13 9 69 9 [54]

Rafaelsen 2016 19 15 79 13 [55]
Li 2016 18 18 100 17 [56]

Guven 2017 9 7 78 7 [57]
Acar 2018 15 12 80 12 [58]

Chesher 2018 35 35 100 37 [59]
Gu 2018 86 7 NA NR [60]

Marik 2018 32 8 25 NR [61]
Hernández-Frías 2019 22 22 [c] NA NR [62]

Zhang 2019 216 216 [c] NA 166 [63]
Lin 2020 76 61 80 51 [64]

Zheng 2020 53 53 [c] NA 47 [65]
Baroncelli 2021 24 24 100 NR [66]
Ishihara 2021 28 28 [c] NA 23 [67]
Jiménez 2021 17 17 100 16 [68]

Lin 2021 105 105 [c] NA 88 [69]
Park 2021 50 47 94 48 [70]

Rodríguez-Rubio 2021 39 39 [c] 83 NR [71]
[a] The authors analyzed only probands for which no pathogenic variant was identified in the PHEX coding
region. [b] All patients were counted. [c] The authors evaluated only probands for which pathogenic variants
were confirmed. NA: not applicable. NR: not reported.

From these data, pathogenic variants of PHEX has been found to be located across
the entire gene [44], which is consistent with data from the PHEX LSDB [9]. Sarafrazi
et al. described the mapping data of PHEX pathogenic variants [9]. After excluding
reports in which only genetic variants confirmed probands were analyzed, the median
positive rate of genetic analysis was 83% (interquartile range: 59.3, 100). Rush et al. re-
ported that approximately 10% of clinically diagnosed XLH patients had no variant of
PHEX in a hypophosphatemia genetic testing program [8]. Owing to the high positivity
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rate, genetic testing for XLH is useful for diagnosis. Not only single nucleotide variants
causing missense, nonsense, and splicing variants and small deletion/insertion variants
causing frameshift/non-frameshift alteration, but also gross deletion/duplication vari-
ants causing copy number variants (CNV) have been reported as pathogenic variants
of PHEX [43,44,48,49,53,57–59,63,64,67]. The CNV ranges from 3.8–23% in these reports.
Sanger sequencing-based entire gene analysis and gene panel tests are performed as a
genetic testing tool for PHEX. Multiplex ligation-dependent probe amplification (MLPA)
often complements these methods to detect CNV [72]. Since a certain number of CNV
has been reported in XLH, MLPA should be considered if any variants are not identified
by Sanger sequencing or gene panel testing. Advances in next generation sequencing
(NGS)-based whole exome or whole genome sequencing are reducing the cost and time
taken for sequencing [72]. In PHEX analysis, whole exome sequencing has been used in
certain studies [68,73,74]. It is expected that NGS-based methods will eventually replace
conventional sequencing methods.

2.1. Mosaicism

In some studies, several mosaicism cases have been found only in male patients
with XLH [43,63,64,75–77]. In a Chinese cohort study, de novo mosaic variants have been
identified in 6.15% of probands [64]. Lin et al. reported the first case of isolated germline
mosaicism in which a heterozygous pathogenic variant was initially detected in the PHEX
gene in a girl with XLH and was not found in her healthy parents based on gDNA from
peripheral blood. Since her father had an occasional abnormality in his serum phosphate
level, they conducted an additional genetic analysis using gDNA from eight different
tissues of the father. They found the same pathogenic variant with the proband only in the
sperm, while there was no variant in the hair, oral epithelium, saliva, nail, cuticle, whole
blood, or urine [75]. Since the penetrance of XLH is considered to be 100%, the inheritance
pattern can be determined from family history. However, the possibility of an isolated
germline mosaic should be considered during genetic counseling [64]. Notably, the PHEX
mosaic variants have been found in male patients alone. Since female patients usually
harbor heterozygous pathogenic variants, mosaicism in women may be missed. In contrast,
male patients usually have hemizygous variants and the mosaicism is apparent seen in
heterozygous variants and can be detected.

2.2. Splice Site Variants

Using the HGMD database, 117 variants affecting mRNA splicing were identified.
Almost all of these variants are located at the splicing junctions of the first two or last
two nucleotides at the beginning or end of the exon, respectively. These variants result
in exon skipping; if the number of nucleotides in the deleted exon is not a multiple of
three, this alteration leads to a frameshift and produces a truncated protein owing to a
new stop codon [72]. However, several PHEX variants have been reported to be located
outside the canonical splicing junction. To clarify the effect of these variants on splicing,
BinEssa et al. investigated 13 previously reported variants located outside the splicing
junction consisting of canonical GT-AG dinucleotide splice donor or acceptor sites. The
constructs were transfected into HEK293 cells and pre-mRNA splicing was analyzed using
a reverse transcription polymerase chain reaction (RT-PCR) and sequencing. They found
that 8 out of 13 variants, including c.1701-16T>A, result in complete exon skipping, and two
variants (c.436+6T>C and c.1586+6T>C) cause a partial splicing error (60% exon skipping
occurred in both variants). The c.1645+5G>A and c.1645+6 variants lead to 72 bp intron
retention by activating the cryptic splice donor site located 70 bp downstream from the
canonical splice donor site. Notably, c.437-3C>G resulted in an in-frame deletion due to
activation of the adjacent cryptic splice acceptor site. The authors concluded that non-
canonical spice site variants should not be missed when they are located within 50 bp
from the exon–intron boundary [78]. Zou et al. described the c.633+12del variant of
PHEX as a pathogenic variant for XLH. They analyzed PHEX mRNA extracted from the
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peripheral blood leukocytes of a patient and revealed that c.633+12del leads to a frameshift
resulting from alternative splicing using a cryptic donor splice site. They concluded that
the c.633+12del variant activates nearby cryptic 5′ splice sites [79]. Such variants located in
deep intron should be evaluated because they can alter mRNA transcription.

2.3. Nonsense Mediated mRNA Decay (NMD)

Many nonsense variants lead to disease by degrading mRNA via NMD [80–82]. Most
pathogenic variants of PHEX detected in XLH are nonsense, frame-shift, splice site, and
delins variants, which may result in either truncated proteins or degradation of mRNA
via NMD [83]. NMD can be activated via several mechanisms. If a premature stop codon
is located >50–55 nucleotides upstream from a final exon–exon junction, with an exon
junction complex located approximately 24 nucleotides upstream of the junction, it is
sufficiently far from the stop codon and cannot be removed by the terminating ribosome
and NMD can occur [82]. However, Li et al. identified the p.Trp403* variant of an XLH
family member located 939 nucleotides upstream from the last exon–exon junction, and
they revealed that the variant does not undergo mRNA decay by showing that mRNA
expression level was not reduced [84]. Functional analysis, as discuss later, is needed
to determine whether NMD actually occurs in each nonsense variant. It is important to
determine whether mRNA-containing pathogenic variants are degraded by NMD when
we discuss the phenotype–genotype correlation. Therefore, the accumulation of such data
is valuable.

2.4. c.*231A>G Variant

Four variants causing regulatory abnormalities have been reported: c.*231A>G [41,85,86],
c.349+11149A>T, c.1482+3997G>A, and c.1646-9276T>G [62]. Ichikawa et al. initially
reported six XLH probands harboring c.*231A>G, a novel non-coding single nucleotide
substitution variant located in the 3′-untranslated region (UTR) and 3 bp upstream of the
putative polyadenylation signal. They also conducted allele-specific PCR in 440 healthy
individuals and showed that no controls harbor c.*231A>G. Although this variant has
been postulated to affect posttranscriptional transport and translation of mRNA, they did
not perform functional analysis to determine whether it can alter the polyadenylation of
PHEX mRNA [41]. Mumm et al. reported that all individuals with c.*231A>G have exon
13–15 duplication [87]. Rush et al. suggested that exon 13–15 duplication may contribute
to the pathogenesis of XLH in these patients because one patient carried the duplication
without *231A>G [8]. However, it is possible that *231A>G may facilitate the duplication of
exon 13–15 and indirectly contribute to the pathophysiology of XLH. Further investigations
are required to clarify the pathogenicity of *231A>G.

3. Functional Analysis Based on Pathogenic Variants Associated with XLH

Functional analyses of pathogenic variants have been conducted in certain studies.
Based on the amino acid sequence of PHEX, it has been hypothesized that PHEX is a
transmembrane glycoprotein containing a short N-terminal cytoplasmic region, single
N-terminal transmembrane region, and large extracellular C-terminal domain [88]. The
PHEX protein is thought to contain multiple glycosylation, enzymatic active, and zinc-
binding sites [9]. Although the precise function of PHEX has not been determined, the
glycosylation status, endopeptidase activity, and intracellular trafficking have been investi-
gated in mutant PHEX via functional analysis because it is homologous to the M13 zinc
metallopeptidases, which function as extramembrane endopeptidases [89]. Sabbagh et al.
generated three disease-causing missense variant PHEX cDNAs via PCR mutagenesis,
including p.Cys85Arg, p.Gly579Arg, and p.Ser711Arg, identified in patients with XLH.
They transfected wild-type and mutant PHEX cDNAs into HEK293 cells and showed
that these mutants were not appropriately glycosylated because they were fully sensitive
to endoglycosidase H digestion. They also showed that these mutants accumulate in
the endoplasmic reticulum (ER) and targeting to the plasma membrane is disrupted [88].
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Zheng et al. also analyzed 10 PHEX variants in the expression of mutant proteins, cellu-
lar trafficking, and endopeptidase activity. They showed that certain nonsense variants,
including p.Arg567*, p.Gln714*, and p.Arg747*, are not degraded by NMD and produce
mutant proteins with relatively lower molecular weights that have trafficking defects. They
also evaluated seven non-truncating variants and revealed that p.Cys77Tyr, p.Cys85Ser,
p.Ile281Lys, p.Ile333del, p.Ala514Pro, and p.Gly572Ser mutants accumulate in cells and
are not secreted into the medium, whereas the p.Gly553Glu mutant is normally secreted;
however, the endopeptidase activity is reduced [65]. Since this variant has been predicted
as a pathogenic variant using the American College of Medical Genetics interpretation
software [90,91], their results indicated that such defects in endopeptidase activity can
result in XLH pathogenesis. Li et al. identified a novel missense variant (p.Phe727Leu) in
PHEX in patients with XLH and revealed that the mutant is glycosylated inappropriately.
They showed that the intracellular transport is blocked and the mutant protein is retained
in the ER. Finally, they measured the concentration of FGF23 in the conditioned medium
and reported that the level of FGF23 is elevated in the medium with mutant transfected
cells when compared to that in the control sample [74]. These findings suggested that
those PHEX deficiencies, including abnormalities in glycosylation, can cause an increase of
FGF23 expression.

Li et al. reported a p.Trp403* variant in a large Chinese family with XLH. To evalu-
ate the function of this variant, they examined the p38 mitogen-activated protein kinase
(MAPK) and extracellular signal-regulated kinase 1/2 (ERK1/2) signaling pathways, be-
cause Greenblatt et al. showed that these pathways are involved in osteoblastic differentia-
tion and maintenance of bone structure and function [92]. They overexpressed wild-type
or mutant PHEX in HEK293 cells and confirmed that phosphorylation of p38 MAPK is
significantly decreased in cells transfected with mutant PHEX, while the phosphorylation
of ERK1/2 is comparable. Based on these data, they concluded that this variant of PHEX
causes XLH by downregulating the p38 MAPK signaling pathway [84]. Further studies are
needed to confirm whether defects in the p38 MAPK signaling are derived from mutant
PHEX and cause XLH.

4. Genotype–Phenotype Relationship

4.1. Gene Dosage Effect

Previously, comprehensive clinical studies on untreated adults with XLH suggested
that radiographic abnormalities are generally more severe in men than in women, which is
explained by X-chromosome inactivation [93]. Theoretically, heterozygous females should
have a less severe phenotype because approximately half of the normal alleles remain,
whereas males have none [56]. However, it is not clear whether such a gene dosage effect is
involved in the XLH phenotype. To analyze the genetic influences on the XLH phenotype,
several studies have evaluated the effect of sex on disease severity (Table 2).

Holm et al. tested the skeletal and dental phenotypes and found no significant corre-
lation between these parameters. They then sub-grouped the population into prepuberty
and postpuberty and found a trend toward more severe dental disease in males in the
postpubertal group (male: 10, female: 15; p = 0.064) [37]. Morey et al. compared the clinical
features between men and women with XLH independent of the PHEX pathogenic variant
type and reported that women develop nephrocalcinosis to a lower extent than in men
(p = 0.03) [44]. However, the gene dosage effect has not been verified, even in a relatively
large population [63].

4.2. Location of Pathogenic Variant

To test the hypothesis that patients harboring pathogenic variants located at the N-
terminal side have a relatively more severe phenotype, Holm et al. assigned patients into
groups with variants at the N-terminal and C-terminal regions, and compared the severity
of the phenotype. In this study, the authors found no significant differences in skeletal and
dental severities [37]. Several studies performed similar analyses (Table 3).
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Table 2. Summary of gene dosage effect analyses.

Author Year
Subject

(Male, Female)
Analyzed Phenotype p Value Reference

Whyte 1996
30 (7, 23)

serum Pi 0.34

[94]

serum ionized Ca 0.89
serum Ca 0.99

serum Ca2+×Pi 0.30
serum ALP 0.075
serum iPTH 0.91

urinary Ca/Cr 0.65
urinary Pi/Cr 0.51

% TRP 0.79
Tmp/GFR 0.59

27 (9, 18) height z-score 0.11

Holm 2001
76 (26, 50) skeletal severity 0.145

[37]60 (19, 41) dental severity 0.272

Cho 2005 8 (3, 5)
biochemical parameters

skeletal severity
dental severity

n.s. [39]

Song 2007 9 (1, 8) no description n.s. [40]
Morey 2011 46 (11, 35) nephrocalcinosis 0.03 [44]

Quinlan 2012 23 (11, 12) height z-score n.s. [47]

Zhang 2019

139 (46, 93) serum Pi 0.251

[63]

174 (60, 114) onset age for any signs 0.284
150 (55, 95) age for first walking 0.844
124 (46, 78) onset age for lower limb deformity 0.817

164 (59, 108) height z-score 0.094
47 (19, 28) RSS 0.850

230 (72, 158) serum i-FGF23 0.696

Ishihara 2021

26 (5, 21) RSS 0.11

[67]

24 (4, 20) serum iFGF23 0.54
29 (6, 23) height z-score 0.23
29 (6, 23) serum phosphate 0.47
28 (5, 23) serum ALP 0.048
27 (7, 23) Tmp/GFR 0.47

Rodríguez-Rubio 2021 48 (15, 33)
clinical manifestation
growth impairment

biochemical parameters
n.s. [71]

Ca, calcium; Pi, phosphate; ALP, alkaline phosphatase; iPTH, intact parathyroid hormone; TRP, tubular reabsorp-
tion of phosphorus; Tmp/GFR, tubular maximum phosphate reabsorption per glomerular filtration rate; RSS,
rickets severity score; n.s., not significant, FGF23, fibroblast growth factor 23. The value smaller than 0.05 should
be highlighted with bold font.

Zhang et al. analyzed the severity of XLH in patients harboring pathogenic variants
in the first 649 amino acids (N-terminal) and those with variants located from 650 amino
acids to 3′ ends (C-terminal), similar to the study of Holm et al. They found that patients
with variants in the N-terminal region showed relatively more severity with any signs at an
earlier age (p = 0.015) and had higher serum i-FGF23 levels (p = 0.045) [63]. In contrast, other
studies did not show significant differences in any of these parameters. Lin et al. evaluated
a large population and stratified them using the same method as that of Holm et al. and
Zhang et al.; however, there was no significant difference in onset age and serum i-FGF23
levels [69]. Further studies with relatively larger sample sizes are needed to determine the
effect of the location of pathogenic variants on the phenotype.

4.3. Truncating and Non-Truncating Variants

Nonsense, frameshift, and splicing variants result in truncating mutants which may
cause more severe functional defects than those caused by non-truncating mutants due to
missense variants. To assess the influence of the type of variant on the phenotype, several
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studies have compared the severity of phenotypes between truncating and non-truncating
variants (Table 4).

Table 3. Summary of analyses on PHEX variant location.

Author Year
Subject

(N Terminal, C Terminal)
Analyzed Phenotype p Value Reference

Holm 2001
23, 6 skeletal severity 1.000

[37]22, 5 dental severity 0.621

Song 2007 2, 7
onset age n.s.

[40]skeletal severity 0.083
dental severity n.s.

Zhang 2019

113, 26 serum Pi 0.573

[63]

141, 33 onset age for any signs 0.015
119, 31 age for first walking 0.478
104, 20 onset age for lower limb deformity 0.055
132, 25 height z-score 0.692
37, 10 RSS 0.711
187, 46 serum i-FGF23 0.045

Baroncelli 2021 24 [a]

dental severity

n.s. [66]
height z-score

skeletal severity
biochemical parameters

Lin 2021 105, 24

onset age 0.360

[69]

height z-score 0.759
serum Pi 0.286

serum ALP 0.077
serum i-FGF23 0.485

RSS 0.538

[a] No subject number of subgroup (N-terminal and C-terminal) described. Pi, phosphate; ALP, alkaline phos-
phatase; RSS, rickets severity score; n.s., not significant; PHEX, phosphate regulating endopeptidase homolog
X-linked. The value smaller than 0.05 should be highlighted with bold font.

As predicted from the mutant structure caused by pathogenic variants, Morey et al. re-
ported that truncating variants lead to a relatively more severe phenotype in the percentage
of tubular reabsorption of phosphorus (%TRP) and 1,25(OH)2D levels [44]. Jiménez et al.
detected the severity of height z-score in patients harboring truncating variants [68]. Never-
theless, other studies that analyzed a relatively larger number of subjects showed no signifi-
cant difference in phenotypes between truncating and non-truncating variants [63,65,69,70].
Thus, the influence of variant type seems to be limited.

4.4. Preservation of Zinc-Binding Sites in Mutant PHEX

PHEX has a high amino acid sequence homology with NEP. Since NEP is a zinc-
dependent metalloprotease, it has been postulated that PHEX also possesses a zinc-binding
site and functions as a zinc-dependent metalloprotease [2,30,95–97]. We hypothesized that
the preservation of the zinc-binding site structure is effective in improving the severity of
XLH; we predicted three-dimensional structures of mutant PHEX and sub-grouped them
with and without zinc-binding sites. Notably, the level of serum i-FGF23 was significantly
higher in patients with variants that cause defective zinc-binding sites than that in patients
with variants which preserve the three-dimensional structure of the zinc-binding site of
PHEX [67]. Although a relatively larger sample size should be evaluated, these data may
indicate the importance of zinc-binding sites and help clarify the function of PHEX.
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Table 4. Summary of analyses on PHEX variants.

Author Year
Subject

(Truncating,
Non-Truncating)

Analyzed Phenotype p Value Reference

Holm 2001
21, 8 skeletal severity 0.112 [37]20, 7 dental severity 1.000

Cho 2005 5, 3
biochemical parameters

n.s. [39]skeletal severity
dental severity

Song 2007 3, 6
onset age

n.s. [40]skeletal severity
dental severity

Morey 2011

28, 6 onset age 0.08

[44]

24, 6 height z-score 0.11
24, 6 serum Pi 0.53
22, 5 % TRP 0.028
16, 6 1,25(OH)2D 0.013
14, 6 25(OH)D 0.30
20, 6 serum PTH 0.06
22, 6 serum ALP 0.48

Rafaelsen 2016 21 [a]
height z-score

n.s. [55]skeletal severity
dental severity

Zhang 2019

107, 32 serum Pi 0.674

[63]

143, 31 onset age for any signs 0.641
121, 29 age for first walking 0.235

106, 18 onset age for lower limb
deformity 0.312

133, 34 height z-score 0.379
42, 5 RSS 0.724

184, 49 serum i-FGF23 0.777

Zheng 2020

39, 14 height z-score 0.42

[65]39, 14 serum Pi 0.94
38, 13 Tmp/GFR 0.42
39, 14 serum ALP 0.37

Park 2021 39, 9 [a]

onset age 0.561

[70]

height z-score 0.793
serum Pi 0.672
serum Ca 0.750

serum ALP 0.916
serum 25(OH)D 0.023

serum PTH 0.235
%TRP 0.362

Tmp/GFR 0.362
urine Ca/Cr 0.644

Baroncelli 2021 24 [b]

dental severity

n.s. [66]height z-score
skeletal severity

biochemical parameters

Jiménez 2021 17 [b]

height z-score <0.05

[68]onset age n.s.
serum i-FGF23 n.s.

skeletal severity n.s.

Ishihara 2021

21, 4 RSS 0.53

[67]

19, 4 serum i-FGF23 0.60
22, 6 height z-score 0.29
22, 6 serum Pi 0.25
21, 6 serum ALP 0.49
21, 5 Tmp/GFR 0.35

Lin 2021 124, 29

onset age 0.996

[69]

height z-score 0.510
serum Pi 0.925

serum ALP 0.700
serum i-FGF23 0.695

RSS 0.895

[a] The detailed number of subjects with defects has not been described. [b] No subject number of subgroups (trun-
cating and non-truncating) described. Ca, calcium; Pi, phosphate; ALP, alkaline phosphatase; PTH, parathyroid
hormone; Cr, creatinine; TRP, tubular reabsorption of phosphorus; Tmp/GFR, tubular maximum phosphate reab-
sorption per glomerular filtration rate; RSS, rickets severity score; n.s., not significant; PHEX, phosphate-regulating
endopeptidase homolog X-linked. The value smaller than 0.05 should be highlighted with bold font.
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5. Conclusions

Twenty-five years have passed since the pathogenic variant of PHEX was determined
to cause XLH. Subsequently, PHEX impairment has been found to lead to the elevation
of FGF23 level, which is involved in the pathogenesis of XLH. To date, a novel treatment
to inhibit excessive FGF23 levels has been developed and clinically approved. Although
our understanding of the pathophysiology of XLH and the development of therapeutic
strategies based on molecular pathology are remarkable, the function of PHEX itself remains
unclear. Further investigations associated with the PHEX genotype, including functional
assays and genotype–phenotype analyses are expected to provide clues to this unsolved
problem and lead to further elucidation of the pathophysiology of XLH.
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Abstract: Adult X-linked hypophosphatemia (XLH) patients present with specific symptoms, includ-
ing enthesopathies (e.g., ossification of longitudinal ligaments (OPLL), osteophytes around large
joints, and enthesopathy in the Achilles tendons), early osteoarthritis, the development of severe sec-
ondary and tertiary hyperparathyroidism (SHPT/THPT), and the subsequent progression of chronic
kidney disease (CKD). In addition, these patients exhibit the typical phenotypes of osteomalacia,
such as pseudofracture and fracture in weight-bearing bones, odontitis, and tooth abscesses. The
mechanism underlying enthesopathy development is unknown; however, a common underlying
mechanism among XLH and autosomal recessive hypophosphatemic rickets (ARHR1/2) due to
mutations in PHEX, DMP1, and ENPP1 is assumed. Clarification of the pathogenesis and drug
discovery for this complication is an urgent issue, as many adult XLH patients suffer subsequent
debilitating nervous symptoms or impingement syndrome, and existing treatments are ineffective.
Severe SHPT and THPT are associated with conventional therapy, including active vitamin D and
phosphate supplementation, and complicated and careful adjustment of dosages by experienced
clinicians is required to avoid SHPT/THPT. Burosumab is a very effective therapy without risk for
the development of SHPT/THPT. However, indications for this drug should be carefully consid-
ered, along with cost-effectiveness, guidelines or recommendations, and the health care system of
each country.

Keywords: X-linked hypophosphatemia; fibroblast growth factor 23; osteomalacia; enthesopathy;
secondary hyperparathyroidism; tertiary hyperparathyroidism; chronic kidney disease; oral disease;
quality of life; burosumab

1. Introduction

X-linked hypophosphatemia (XLH) is a genetic disease caused by inactivating muta-
tions of the phosphate-regulating endopeptidase gene (PHEX). Symptoms that develop
during childhood are typical rachitic phenotypes, including leg deformity, short stature,
odontitis, tooth abscesses, and craniosynostosis. In contrast, adult XLH patients present
variable symptoms, including complications resulting from its treatment, such as enthe-
sopathy, early osteoarthritis, secondary/tertiary hyperparathyroidism (SHPT/THPT), and
chronic kidney disease (CKD), in addition to characteristic phenotypes for osteomalacia,
such as pseudofracture and fracture in weight-bearing bones [1,2]. Some clinicians be-
lieve that treatment could be terminated after epiphyseal closure even among patients
with severe XLH; however, adult XLH patients are currently recognized to be at risk of
pseudofractures and fractures in weight-bearing bones due to low turnover even with
normal to high bone mineral density (BMD) [3,4]. The mechanism for the development
of enthesopathy in adults with XLH is unknown, and even among adult XLH patients
treated with active vitamin D and phosphate supplementation or burosumab, remarkable
enthesopathies sometimes develop, and these patients experience significant difficulty in
activities of daily life (ADL) and lower quality of life (QOL) with nervous symptoms due to
ossification of the posterior longitudinal ligament (OPLL), ossification of the ligamentum
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flavum (OLF), and other ossification-related nerve entrapment, or impingement syndromes
in the hip, and the development of osteoarthritis [4].

Treatment for adult XLH with active vitamin D and inorganic phosphate is very
difficult, as well as for child patients with XLH, because excess of this treatment is associ-
ated with the development of SHPT/THPT and subsequent nephrotic diabetes insipidus,
prerenal renal failure, postrenal renal failure, and the progression of CKD [5]. Therefore,
the transition of XLH patients to specialized clinicians is vital, especially when patients
are treated with conventional therapy, although there are a limited number of specialists
for bone and mineral disorders in adults. Burosumab is an anti-fibroblast growth factor
(FGF) 23 humanized monoclonal antibody developed by a pharmaceutical company in
collaboration with our laboratory, which led to the improvement of phosphate metabolism
in children with XLH and adults with XLH up to 96 weeks in clinical studies [6–11]. A
beneficial effect of burosumab on pseudofracture and fracture healing was confirmed in
the clinical studies, and, theoretically, it is protective against the progression of CKD, as
burosumab enables patients to withdraw phosphate preparation, although its effect on the
prevention or improvement of enthesopathy and early osteoarthritis is unknown.

In this review article about the adult presentation of XLH, the estimated underlying
mechanisms for the development of adult XLH-specific problems, including enthesopa-
thy, early osteoarthritis, SHPT/THPT, and CKD, are illustrated, and the recommended
indication and selection of pharmaceuticals and detailed adjustment procedure of dosage
according to previous publications and personal experience are introduced.

2. Diagnosis of Adult XLH

Mild cases of undiagnosed XLH are infrequently suspected among adults with pseud-
ofractures and fractures in weight-bearing bones or remarkable enthesopathies in the spinal
ligament, around the hip joints, and in the Achilles tendons, with concomitant chronic hy-
pophosphatemia. To accelerate an accurate diagnosis, appropriate treatment and prevention
of additional pseudofracture, fracture, and dental disorders, clinicians should suspect low
turnover disorders such as FGF23-related hypophosphatemia, including XLH and tumor-
induced osteomalacia, Fanconi syndrome, vitamin D deficient osteomalacia, mild vitamin
D dependent rickets (e.g., heterozygous mutation in CYP3A4), mild hypophosphatasia
(e.g., heterozygous mutation in ALPL), mild osteogenesis imperfecta (e.g., Sillence type I),
and mild osteopetrosis (e.g., dominant negative type of heterozygous mutation in CLCN7).
These ailments should be suspected among adult patients who develop pseudofractures
and fractures in weight-bearing bones (costa, pelvis, femoral head subchondral fragility
fracture, diaphyses of femur/tibia/fibula, calcaneus, and metatarsal) spontaneously, with
low-power trauma, with relatively short-term use of anti-resorptive reagents for osteoporo-
sis (e.g., ≤5 years), among adult patients who develop odontitis, tooth abscesses, necrosis
of the jaw spontaneously, or with relatively short-term use of anti-resorptive reagents
for osteoporosis.

In Japan, once chronic hypophosphatemia with the relevant symptoms of rickets/
osteomalacia is recognized, measurement of serum intact fibroblast growth factor (FGF) 23
(Determinar CL FGF23; Minaris Medical, Tokyo, Japan) is encouraged to determine the eti-
ology of hypophosphatemia, with a cutoff value of 30 pg/mL to discriminate FGF23-related
hypophosphatemic rickets/osteomalacia and others, which was revealed to possess high
sensitivity and specificity [12–14]. Among adult patients with osteomalacia accompanied by
FGF23 values of 30 pg/mL or more, diagnosis of XLH is strongly supported by the presence
of one or more of the following symptoms: mildly short stature, leg deformity (genu varum,
genu vulgus), enthesopathy, or X-linked inheritance of rickets/osteomalacia. However,
even among these cases, genetic diagnosis of PHEX mutation is recommended, if available,
in an effort to make an accurate diagnosis [15]. In the cases of adult-onset FGF23-related
hypophosphatemic osteomalacia without any of the symptoms above, the possibilities
of tumor-induced osteomalacia, intravenous infusion of iron preparation-induced osteo-

68



Endocrines 2022, 3

malacia, and alcohol-induced FGF23-related hypophosphatemic osteomalacia should be
explored [16–18].

3. Symptoms of Adult XLH

3.1. Pseudofracture and Fracture

As stated above, some clinicians used to believe that treatment could be terminated
after epiphyseal closure, probably due to the normal or relatively high bone mineral density
detected in the majority of adults with mild XLH [3,4]. Normal-to-high BMD observed
in patients with mild XLH might stem from suppressed osteoclastic function and is prob-
ably due to the excessive ossification caused for the same reason XLH patients tend to
develop enthesopathy [4]. However, the risk of pseudofractures and fractures in weight-
bearing bones (costa, pelvis, femoral head subchondral fragility fracture, diaphyses of
femur/tibia/fibula, calcaneus, and metatarsal) is usually not correlated with BMD and
is strongly associated with low turnover of bone (e.g., also shown in other hypophos-
phatemic rickets/otsteomalacia, hypophosphatasia, osteogenesis imperfecta, osteopetrosis,
and long-term use of anti-osteoclastic reagents), as accumulated micro bone cracks with
delayed healing in weight-bearing bones eventually lead to pseudofracture and fracture.
Therefore, the treatment for hypophosphatemia should be continued among adult XLH
patients with typical rachitic phenotypes, including short stature, leg deformity, or a past
history of surgical correction of leg deformity, with continuously elevated bone-specific
alkaline phosphatase (BAP) in the absence of treatment [1,2]. Figure 1a,b show typical
femoral pseudofractures developed after years of treatment cessation and surgically treated
fractures in the diaphysis of the femur and bilateral tibiae developed under conventional
therapy (Figure 1). To detect tiny pseudofractures, X-rays in multiple directions, bone
scintigraphy (99mTc-methylene diphosphonate/hydroxymethylene diphosphonate), and
T2-weighted fat-suppressed magnetic resonance imaging (MRI) are beneficial.

 

 
(a) (b) 

Figure 1. Pseudofracture and fracture in the femurs and tibiae in adult XLH patients. (a) Pseudofrac-
tures developed spontaneously in both femurs in an adult XLH patient after years of conventional
therapy cessation. (b) Fractures developed spontaneously in the left femur and both tibiae in an adult
XLH patient with conventional therapy.
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To prevent the development of pseudofracture and fracture, long periods of strenuous
exercise and labor (e.g., long period of walking, stomping exercise for osteoporosis, or
weightbearing exercise/labor) should be avoided in adult XLH patients with uncontrolled
chronic hypophosphatemia manifested by elevated BAP, and patients should be encour-
aged to visit their attending clinician immediately when warning pain is recognized in
the diaphysis of the femur/tibia/fibula. Adult XLH patients with new pseudofracture or
fracture should be treated with conventional therapy or burosumab. It is recommended
that patients who developed pseudofracture or fracture under treatment with conven-
tional therapy consider changing the treatment to burosumab. When a surgical procedure
is unavoidable for the developed pseudofracture/fracture, medical treatment should be
provided for 1 to 3 months before surgery to prevent the loosening of prosthesis or the de-
velopment of additional pseudofracture/fracture around prosthesis, unless urgent surgery
is required [2].

Please note that anti-resorptive reagents (bisphosphonates and denosumab) are con-
traindicated for patients with uncontrolled low bone turnover disorders, including adult
XLH, as these reagents aggravate low bone turnover and increase the risk of developing
pseudofracture and fracture in weight-bearing bones, tooth abscesses, and necrosis of
the jaw. If coexisting osteoporosis is suspected in postmenopausal females with XLH or
older patients with XLH, anti-osteoporotic treatment should not be initiated until osteo-
malacia improvement by normalization of BAP with conventional therapy or burosumab
is confirmed.

Based on retrospective case reviews, conventional therapy with active vitamin D and
phosphate preparation is suggested to be beneficial to prevent and heal pseudofractures
and fractures in weight-bearing bones; however, this speculation has not been proven,
as there are no prospective trials. On the other hand, burosumab treatment improved
pseudofractures and fractures in adult XLH patients in clinical trials [7,9,19].

3.2. Muscle Weakness

In 2013, Veilleux et al. reported that muscle force in the lower extremities in 13 XLH
patients (6 to 60 years old) was significantly decreased despite normal muscle size in com-
parison with age- and sex-matched control participants [20]. Clinicians tend to ascribe this
muscle weakness in XLH patients to the direct effect of hypophosphatemia on myocytes.
However, the observed muscle weakness was also explained by bone pain due to osteomala-
cia and inefficient transduction of muscle contraction due to leg deformity or impingement
syndrome stemming from enthesopathy. Of note, rapidly induced hypophosphatemia is
not associated with muscle weakness [21]. The effect of conventional therapy on muscle
weakness is inconclusive as there is no prospective trial, and burosumab was associated
with an increased distance of 6 min in walk tests, although this might be associated with the
improvement of pseudofractures and fractures [11]. Further clinical studies are warranted
to clarify whether there is a direct effect of hypophosphatemia on myocytes.

3.3. Dental Health

Uncontrolled rickets/osteomalacia is evidently associated with a high risk of peri-
odontitis, odontitis, and tooth abscesses in children and adults [22,23]. The underlying
mechanism for this might be the accumulation of microcracks with delayed healing in
the enamel and dentin that penetrate from the pit on the surface to the pulp, similar to
how pseudofractures and fractures develop in weight-bearing bones. Orthodontic treat-
ment sometimes results in the loss of permanent teeth in XLH patients with uncontrolled
osteomalacia. Early intervention with conventional treatment was reported to have a
prophylactic effect on the development of these dental diseases, although this finding
was not discovered in a prospective trial [24,25]. In the post hoc analysis of a 64-week,
open-label, randomized controlled study with 61 children aged 1 to 12 years with XLH,
dental abscesses occurred in 3 of 12 (25%) younger (<5 years) children with conventional
therapy, while 0 of 20 (0%) younger children from the burosumab group developed dental
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abscesses. However, in older (5–12 years) children with XLH, dental abscesses presented
more frequently with burosumab than with conventional therapy (9/29 (31%) vs. 2/32
(6%)) [26]. Based on the results of this study, burosumab seems to possess weaker protective
effects or, at least, not more intense protective effects, against the development of dental
abscesses compared to conventional therapy; however, a longer duration study is needed.

The effect of burosumab on dental health in XLH patients has not yet been reported.

3.4. Enthesopathy

We examined the prevalence of enthesopathies in 25 adult XLH patients (18 to 72 y)
and revealed a high prevalence of OPLL (32%), osteophytes around the hip joints equivalent
to a Kellgren–Lawrence grade of 2 and more (96%), and enthesopathies in the Achilles
tendon (72%), which explained that XLH is an obvious genetic condition in which patients
are prone to developing enthesopathies [4]. Normal to high BMD in adult XLH patients
was also reported in the same article and was attributed to the same osteogenic nature of
XLH [4]. In some adult XLH patients, neurological symptoms due to OPLL and limited
range of motion (ROM) in the hip and intervertebral joints severely lowered ADL and
QOL [27]. Figure 2a–c are typical images of OPLL, osteophytes around the hip joint, and
enthesopathy in the Achilles tendon present in adult XLH patients (Figure 2).

 

 
 

(a) (b) (c) 

Figure 2. Enthesopathies in adult XLH patients. (a) Severe ossification of the posterior longitudinal
ligament and ossification of the anterior longitudinal ligament presented in an adult XLH patient.
(b) A large osteophyte developed around the left hip joint in an adult XLH patient, causing severe
impingement syndrome. (c) Enthesopathy developed in the right Achilles tendon in an adult
XLH patient.

Currently, the precise mechanism for the development of enthesopathy in adult XLH
patients (typically over 30 years old) is unknown. It has been recognized that enthesopathy
is also frequently present in patients with other inherited FGF23-related hypophosphatemic
rickets, including autosomal recessive hypophosphatemic rickets 1 and 2 caused by ho-
mozygous mutations in DMP1 and ENPP1, respectively, although other types of inherited
or acquired FGF23-related hypophosphatemia are not associated with the development of
enthesopathy [28,29]. Recently, we reported that haploinsufficiency of ectonucleotide py-
rophosphatase/phosphodiesterase (ENPP1) with heterozygous or compound heterozygous
mutations of ENPP1 is also associated with milder phenotypes of enthesopathy, manifested
by OPLL and diffuse idiopathic skeletal hyperostosis (DISH) [30]. This means that the
enthesopathy present in patients with XLH and ARHR1/2 is not a consequence of chronic
hypophosphatemia or high levels of serum FGF23, and there is a common mechanism
to develop enthesopathy among XLH and ARHR1/2. Therefore, unfortunately, conven-
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tional treatment did not exert a prophylactic effect on the development of enthesopathy
or improve enthesopathy [25]. In my view, burosumab is suspected to be ineffective in
the prevention or improvement of enthesopathy, as other conditions with highly elevated
FGF23, such as advanced CKD patients on renal replacement therapy, are not associated
with increased risk for enthesopathy, although this finding will not be conclusive until the
results of a long-term study with burosumab are reported. Severe neurologic symptoms,
such as paraparesis due to OPLL, are an indication for surgical decompression of the
spinal cord.

ENPP1 is a membranous enzyme that metabolizes adenosine triphosphate (ATP) into
adenosine monophosphate (AMP) and inorganic pyrophosphate (PPi). PPi was identified
to antagonize the formation of hydroxyapatite. Thus, lowering plasma PPi is the candidate
mechanism for the development of enthesopathy in patients with homozygous, compound
heterozygous, or heterozygous ENPP1 mutations [31,32]. Furthermore, Maulding et al.
reported that low plasma PPi levels were identified in Hyp mice, the model mouse for
XLH [33]. Therefore, one possible explanation for this tendency to develop enthesopathy in
adult XLH patients is the involvement of lowered PPi, albeit the PPi levels in XLH patients
have not been reported.

3.5. Osteoarthritis

Early osteoarthritis is the other debilitating symptom commonly recognized among
adult XLH patients. Development of early osteoarthritis is partly due to abnormal mechan-
ical loading stemming from leg deformity, although it is not fully explained by this [34].
Existence of enthesopathy and excessive ossification in adults with XLH might be asso-
ciated with the development of early osteoarthritis. We reported the prevalence of hip
osteoarthritis (Kellgren–Lawrence grade ≥2, 3) to be 96% and 88%, respectively, and the
prevalence of knee osteoarthritis (Kellgren–Lawrence grade ≥2, 3) to be 68% and 36%,
which is markedly higher than the general population [4]. Figure 3a,b are typical images of
osteoarthritis in the hip and knee joints presented in a 29-year-old male and 30-year-old
female with XLH, respectively (Figure 3). As in the case with enthesopathy, conventional
therapy did not improve or prevent the development of osteoarthritis in the adults with
XLH, while the effect of burosumab on this complication is indecisive.

 
 

(a) (b) 

Figure 3. Early osteoarthritis in adult XLH patients. (a) Osteoarthritis with a Kellgren–Lawrence
grade of 3 in the left hip joint of a 29-year-old male XLH patient. (b) Osteoarthritis with a Kellgren–
Lawrence grade of 3 in the right knee joint of a 30-year-old female XLH patient.
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3.6. SHPT/THPT

XLH patients tend to develop SHPT (hyperparathyroidism with the value of calcium
less than the middle of the reference range) due to low 1,25(OH)2D stemming from exces-
sive action of FGF23 and exogenous supplementation of inorganic phosphate. SHPT is an
undesired phenotype in XLH patients because hyperparathyroidism stimulates osteoclastic
activity, leading to bone loss in addition to rickets/osteomalacia, and accelerates hypophos-
phatemia as parathyroid hormone (PTH) decreases the expression of sodium–phosphate
cotransporter independent of FGF23. Additionally, we recently reported that PTH directly
stimulates the transcription of FGF23 in an osteocytic cell line [35]. Furthermore, a handful
of XLH patients who already suffer from SHPT develop THPT (hyperparathyroidism with
the value of calcium greater than or equal to the middle of the reference range), which
is an equivalent clinical condition to primary hyperparathyroidism (PHPT) that causes
hypercalciuria and nephrotic diabetes insipidus, leading to repetitive episodic prerenal and
postrenal renal failure and progression of CKD.

In 2019, DeLacey et al. reported that among 84 patients with XLH (40 adults, 44 chil-
dren), 83.3% had SHPT or THPT, and THPT developed in 16.7% of patients [5]. Seventy-five
percent (6/8) of the patients who underwent parathyroidectomy for THPT experienced
persistent or recurrent THPT, which explains why other parathyroid cells are also ready
to convert into autonomous PTH-producing cells in XLH patients who once developed
THPT [5]. We are now analyzing the relationship between the highest or cumulative dose
of phosphate supplementation and the development of SHPT or THPT in a large cohort
of XLH patients in Japan and Korea [36]. To prevent the development of severe SHPT
and THPT, the dosage of conventional treatment with active vitamin D and phosphate
supplementation should be adjusted with great care by experienced clinicians, and the
change in treatment to burosumab should be considered for XLH patients who develop
severe SHPT or THPT, as burosumab is not supposed to be associated with the development
of severe SHPT and THPT as it enables patients to be freed from phosphate preparation.
Once THPT is developed, immediate cessation of conventional therapy and initiation of an
allosteric modulator of the calcium sensing receptor should be considered until parathy-
roidectomy conduction occurs, and treatment for hypophosphatemia should be resumed
with burosumab afterward. Detailed guidance for conventional therapy recommended
by the author is described in “Section 6.2. Conventional therapy (active vitamin D and
phosphate supplementation).”

3.7. CKD

Some adult XLH patients with conventional treatment experience CKD progression
uncommon for their age or for those with other medical conditions, and very rarely,
patients need renal replacement therapy. The main reason for the progression of CKD
in patients with adult XLH is described in “Section 3.5. SHPT/THPT” above; that is,
the main reason is hypercalciuria and nephrotic diabetes insipidus due to conventional
therapy, leading to repetitive episodic prerenal and postrenal renal failure, which often
follows development of THPT. In fact, in the article by DeLacey et al. introduced in the
previous section and including 84 XLH patients, nephrocalcinosis and CKD G3 and over
(eGFR < 60 mL/min/1.73 m2) were more prevalent in patients with THPT than in patients
without THPT (60% vs. 18.6% and 35.7% vs. 1.5%, respectively) [5]. Therefore, to prevent
the progression of CKD, adequate handling of severe SHPT and THPT by experienced
clinicians is necessary, and appropriate water consumption and intake of salt should be
recommended among XLH patients treated with conventional therapy, especially in those
with febrile and gastrointestinal disorders or who labor and spend leisure time in the hot
sun over a long period. Please note that the dosage of active vitamin D and phosphate
supplementation needs to be decreased as CKD progresses; otherwise, a persistent excessive
dose of conventional therapy might be associated with the development of THPT and
further progression of CKD. The correlation between the highest or cumulative dose of
phosphate supplementation and active vitamin D and the progression of CKD to stage
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G3 and over is also under examination in a large cohort of XLH patients in Japan and
Korea [37]. The use of burosumab is thought to be protective against the progression
of CKD, as patients can disregard phosphate preparations; however, its protectiveness
remains unclear until the result of a long-term study is reported.

3.8. Hypertension and Left Ventricular Hypertrophy

A high prevalence of elevated blood pressure (27.3%, 6/22) unmatched to age has
been reported in a small cohort of adult XLH patients, and this characteristic could be the
consequence of the progression of CKD. A cohort study with a larger number of adult XLH
patients is necessary to address this issue [38]. The effects of conventional therapy and
burosumab on the prevention of development and progression of hypertension and left
ventricular hypertrophy are unknown.

3.9. Hearing Loss

The prevalence of hearing loss among XLH patients varies from 16% to 76% depending
on the population or method of evaluation [39]. In 25 adult XLH patients with a median
age of 39 (range 18–60) years from our hospital, 8 (32%) patients presented with hearing
impairment. Seven cases had a sensorineural pattern, and one case had both sensorineural
and conductive patterns [4]. The precise mechanism of hearing loss in XLH patients
has not been clarified; however, temporal bone malformation due to osteomalacia and
endolymphatic hydrops stemming from hypophosphatemia have been suggested to be the
causes [38]. There has been no report suggesting a beneficial effect of conventional therapy
or burosumab to prevent or improve hearing impairment in adults with XLH.

4. QOL of Adult XLH

There are several reports about the QOL of adult XLH patients [39–41]. In 2019,
Skrinar et al. reported that among 232 adult patients with XLH, 97% had bone or joint
pain/stiffness, 44% had a history of fractures, 46% had osteophytes, 27% had enthesopathy
in the Achilles tendon, and 19% had spinal stenosis. In addition, the mean scores for
age-specific patient-reported outcomes (PROs) evaluating pain, stiffness, and physical
function were worse than those of the control population [39]. In 2020, Seefried et al.
conducted a systematic literature review including 91 articles and 44 congress abstracts,
revealing that XLH had a substantial and wide-ranging negative impact on health-related
quality of life (HRQOL), particularly relating to physical function and pain measured by
the 36-item Short-Form Health Survey (SF-36), Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC), and Brief Pain Inventory (BPI) [40]. We evaluated the
HRQOL in Japanese and Korean patients with XLH, including 32 adult patients; this
investigation revealed that among adult XLH patients, 59.4% had bone pain, 65.6% had
joint pain, 9.5% had CKD G3 or higher, 15.6% had nephrocalcinosis, 15.6% had SHPT or
THPT, and 6.3% underwent parathyroidectomy [41]. In our study, the SF-36, WOMAC, and
BPI also revealed lower QOL in adult XLH patients [41]. In fact, it is hard to distinguish
if musculoskeletal pain is due to enthesopathy, osteoarthritis, bone pain, or pain from
myalgias among adult patients with XLH. However, given the higher prevalence of reported
joint pain (65.6%) than that of bone pain (59.4%) observed in our study, (1) early initiation of
pharmaceutical intervention to prevent leg deformity and (2) exploration of the mechanism
for the development of enthesopathy and early osteoarthritis to develop new treatment
options to conquer these debilitating complications are important to further improve the
QOL among adult XLH patients.

5. Transition of XLH Patients

Clinical follow-up of XLH patients should be transferred from pediatricians to adult en-
docrinologists or rheumatologists when patients are approximately 18 to 20 years of age to
encourage independence from their caregivers and facilitate the care of other adult-specific
medical problems. At the time of transition, patients need to be educated or re-educated
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about XLH, including the genetic information. XLH patients should be followed by experi-
enced clinicians, as stated above, in the institutions where multidisciplinary care, which
involves physical and occupational therapy, dental care, pain clinics, etc., can be offered.
For more information about the transition of XLH, please refer to the well-organized
mini-review by Dahir et al. [42]. Most importantly, XLH patients should be referred to
experienced clinicians, although there are too few endocrinologists, rheumatologists, and
medical geneticists worldwide specializing in bone metabolic disorders and skeletal dys-
plasia to meet demand. Therefore, the need for an increased number of endocrinologists,
rheumatologists, and medical geneticists who are educated about bone metabolic disorders
and skeletal dysplasia is one of the urgent issues to resolve in this field.

6. Treatment of Adult XLH

6.1. Indication and Selection of Treatment

The indication and selection of conventional treatment and burosumab among adult
XLH patients might be influenced by the health care system of each nation. In Japan, I
suggest the indication and selection of pharmaceutical treatment in adult XLH patients
as described in Table 1; this information reflects my personal opinion based on my own
experience with adult XLH patients (Table 1). The severity of the symptoms among adult
XLH patients varies widely even between family members sharing the same mutation,
and treatment for hypophosphatemia is not necessarily required among patients with
mild symptoms defined by a normal value of BAP, stature ≥−1.0 SD, lack of genu varum
and genu valgus, and no history of pseudofracture/bone pain, fracture in weight-bearing
bones, or odontitis/tooth abscesses without treatment. In contrast, adult XLH patients
with severe phenotypes should be treated with burosumab, which is more effective than
conventional therapy. In my opinion, severe phenotypes are defined by short stature
(<−2.0 SD), deviation of mechanical axis of the leg into zone 3 or greater [43], history of
corrective surgery on the leg, history of pseudofracture/bone pain in weight-bearing bones,
odontitis, tooth abscesses more than twice without any treatment, more than once under
conventional therapy, or more than once but requiring surgery, and history of fracture in
weight-bearing bone. The indication for conventional treatment is between the indications
for observation and burosumab. Additionally, I recommend changing the treatment ap-
proach to include burosumab for adult XLH patients who develop uncontrolled SHPT or
THPT with conventional treatment and patients with moderate symptoms (between mild
and severe symptoms) and eGFR < 45 mL/min/1.73 m2 to prevent further progression
of CKD.

Table 1. Suggested indication and selection of therapy for adult XLH patients.

Observation Conventional Therapy Burosumab

BAP (≤upper limit of the reference range) BAP (>upper limit of reference range)
with eGFR ≥ 45 mL/min/1.73 m2

BAP (>upper limit of the reference range)
with conventional treatment

Stature (≥−1.0 SD) Short stature (−2.0 ≤ −1.0 SD) with
eGFR ≥ 45 mL/min/1.73 m2 Short stature (<−2.0 SD)

Mechanical axis of the leg within
zone 1 [43]

Deviation of the mechanical axis of the
leg into zone 2 [43] with

eGFR ≥ 45 L/min/1.73 m2

Deviation of the mechanical axis of the
leg into zone 3 or greater [43] or history of

corrective surgery for leg deformity

No history of pseudofracture/bone
pain/fracture in weight-bearing bone or

odontitis/tooth abscesses

Pseudofracture/bone pain in
weight-bearing bone or odontitis/tooth

abscess once
with eGFR ≥ 45 mL/min/1.73 m2

Pseudofracture/bone pain in
weight-bearing bone or odontitis/tooth
abscesses more than two times or more

than once with conventional treatment or
once requiring impending surgery

No response or trivial response to
burosumab Fracture in weight-bearing bone
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Table 1. Cont.

Observation Conventional Therapy Burosumab

Severe adverse event with burosumab

Uncontrolled severe SHPT with
conventional treatment

(e.g., peak intact PTH ≥ twice the upper
limit of the reference range);

THPT;

Patients with symptoms described in the
“conventional therapy”

and eGFR < 45 mL/min/1.73 m2;

Severe adverse event with conventional
therapy

Please note that enthesopathy cannot be improved by therapeutically targeting the
increase in serum phosphate. Supplementation of natural vitamin D preparation (ergocal-
ciferol, cholecalciferol) or encouraged intake of natural vitamin D from diet targeting serum
25OHD of 30 ng/mL and higher is recommended in XLH patients to avoid detriment to
the bone due to vitamin D deficiency.

6.2. Conventional Therapy (Active Vitamin D and Phosphate Supplementation)

Treatment of XLH patients with conventional therapy is the tricky part of patient
management, as inadequate and careless dosage adjustment results in the development
of SHPT/THPT and consequent irreversible progression of CKD. Thus, clinicians should
always prioritize prevention of the development of severe SHPT and THPT as long as
patients are treated with conventional therapy.

In Japan, a powdered preparation is used, containing 330 mg of monobasic sodium
phosphate monohydrate (NaH2PO4/H2O) and 119 mg of dibasic sodium phosphate anhy-
drous (Na2HPO4) in a packet, which is equivalent to 100 mg of inorganic phosphate. Other
formulae of phosphate preparations (e.g., K-Phos, neutraphos) are also used to treat XLH
patients [1]. Relatively frequent adverse events associated with phosphate preparation
include nephrocalcinosis, abdominal pain, nausea, vomiting, and diarrhea, among others,
in addition to the aforementioned SHPT, THPT, acute kidney injury, and progression of
CKD. Active vitamin D-associated adverse events include nephrocalcinosis, hypercalciuria,
thirst, appetite loss, abdominal pain, nausea, vomiting, diarrhea, and constipation, among
others, in addition to acute kidney injury and progression of CKD.

The range of daily dosages of conventional therapy described in the consensus state-
ment introduced by specialists from European countries (calcitriol: 0.50 to 0.75 μg, alfacalci-
dol: 0.75 to 1.5 μg, phosphate supplementation: 750 to 1600 mg) appears very appropriate
from the viewpoint of preventing severe SHPT and THPT [2]. Calcitriol should be taken
twice daily due to its shorter half-life compared to alfacalcidol, which is taken once daily.
Active vitamin D should precede phosphate supplementation by approximately one week,
and treatment with phosphate supplementation should always be accompanied by active
vitamin D to prevent the development of severe SHPT and THPT [1,2]. Importantly, the
serum phosphate level peaks approximately 1.5 h after the intake of phosphate supple-
mentation and goes back to the trough value 2 to 3 h after intake [44]. Thus, phosphate
supplementation should be taken four or more times daily to maximize the antihypophos-
phatemic effect and minimize the risk of developing SHPT/THPT.

I propose laboratory tests, including serum phosphate, calcium, albumin, intact PTH,
creatinine, and BAP, with blood samples drawn 1 to 2 h after the intake of phosphate
supplementation to detect the peak value of serum phosphate and intact PTH because
these values are associated with bone mineralization and risk for the development of severe
SHPT/THPT. These effects and risks cannot be inferred from the trough value of serum
phosphate and intact PTH.
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In our facility, conventional therapy usually starts with 1.0 μg of alfacalcidol, and 1 to
2 weeks later, phosphate supplementation is initiated with 200 mg four times daily. In the
dose-adjusting phase, laboratory data are followed every one to four weeks, and phosphate
supplementation is adjusted by 100 mg increments until the peak phosphate level stably
settles within the lower 50% of the reference range. Most importantly, we do not attempt to
adjust conventional therapy to increase trough phosphate levels within the reference range,
as this is strongly associated with the development of SHPT/THPT and consequent pro-
gression of CKD [1]. Additionally, in adult XLH patients with eGFR < 45 mL/min/1.73 m2,
lower dosages of active vitamin D and phosphate are required to maintain the peak serum
phosphate level in the target range, and often only a small dose of active vitamin D (e.g., 0.25
to 0.50 μg of alfacalcidol) or no medication is required among adult XLH patients with
eGFR < 30 mL/min/1.73 m2, although the change in treatment to burosumab should be rec-
ommended to prevent the further progression of CKD in case phosphate supplementation
is still required (e.g., uncontrolled BAP) in patients with eGFR < 45 mL/min/1.73 m2. In the
maintenance phase, laboratory data are followed every 3 to 6 months, and normalization
of BAP is the ideal goal of treatment, as it directly reflects the ossification status of the
bone. However, in treatment-naive XLH patients with active osteomalacia, BAP initially
increases in response to treatment up to 3 to 6 months, indicating the recommencement
of mineralization, and then decreases to the basal value approximately 6 to 12 months
after the initiation of treatment. Thus, dose adjustment of conventional therapy targeting
normalization of BAP should be considered after 12 to 18 months. Changing treatment to
burosumab should be considered in patients with uncontrolled BAP.

Once again, the prioritized agenda alongside conventional treatment is the prevention
of severe SHPT and THPT; therefore, the dosage of phosphate should be immediately
decreased by 100 mg or more for a period of time once overadjustment of peak phosphate
(e.g., within the upper 25% of the reference range or more) or severe SHPT (e.g., peak intact
PTH ≥ double the upper limit of the reference range) is observed. Then, if an increase
in phosphate supplementation is required in patients who have developed severe SHPT,
escalation of active vitamin D by 0.25 μg for calcitriol and 0.25 to 0.5 μg for alfacalcidol
should precede an increase in phosphate supplementation by 1 to 2 weeks. In patients
who develop THPT (hyperparathyroidism with the value of calcium > the middle of the
reference range), conventional therapy should immediately be terminated to prevent the
progression of CKD; in addition, patients should try their best to avoid dehydration, and
immediate initiation of an allosteric modulator of calcium sensing receptors (e.g., cinacalcet,
evocalcet) is recommended until parathyroidectomy is performed after examination with
ultrasound and 99mTc-sestamibi (MIBI) scintigraphy. In cases with THPT, all recognizable
parathyroid glands by ultrasound and MIBI scintigraphy should be removed, as persis-
tenting THPT and recurrence of THPT after parathyroidectomy occur very frequently
(75%) among XLH patients [5]. In patients who developed THPT with contraindication
for surgery (e.g., severe cardiopulmonary disorder, oldest-old patients), allosteric modula-
tion of calcium sensing receptors should be continued, and in these patients, additional
anti-osteoporotic treatment should be considered after the surrogate marker of osteoma-
lacia (e.g., BAP) is well-controlled, because increased intact PTH persists with allosteric
modulation of the calcium sensing receptor [45]. It is recommended to change treatment
to burosumab in XLH patients with uncontrolled severe SHPT undergoing conventional
therapy or who have developed THPT. Supplementation of active vitamin D or replacement
therapy with recombinant 1-84 PTH is required in addition to treatment of hypophosphatemia
in patients in whom all parathyroid glands have been removed due to THPT. Please refer to
Table 2 for guidance for conventional treatment for adults with XLH (Table 2).
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Table 2. Suggested guidance of conventional therapy for adult XLH patients.

Priority Event Action

Initiation of treatment

Start with active vitamin D
(0.50 μg b.i.d. for calcitriol or 1.0 μg s.i.d. for alfacalcidol)

After 1 to 2 weeks, start phosphate supplementation
(800 mg q.i.d.)

Range of dosage
Calcitriol: 0.50 to 0.75 μg b.i.d., alfacalcidol: 0.75 to

1.5 μg s.i.d.
Phosphate supplementation: 750 to 1600 mg q.i.d.

Initial phase

Adjust phosphate supplementation for a period of time by
100 mg

Goal: peak phosphate 1 within lower 50% of the reference
range; laboratory test: every one to four weeks

Maintenance phase
(after 12 to 18 months)

Adjust phosphate supplementation for a period of time by
100 mg

Goal: BAP within the reference range
Laboratory test: every 3 months

Uncontrolled BAP: change the treatment to burosumab

High
Severe SHPT

(peak intact PTH ≥ 2 ×
upper limit of the reference range)

Immediately decrease phosphate supplementation by
100 mg or more

Increase active vitamin D (0.25 μg daily for calcitriol and
0.25 to 0.5 μg daily for alfacalcidol)

After 1 to 2 weeks, increase phosphate supplementation
Uncontrolled severe SHPT: change the treatment

to burosumab

High

Development of THPT
(hyperparathyroidism with the

value of calcium ≥ the middle of
the reference range)

Immediately quit conventional therapy
Initiate allosteric modulation of calcium sensing receptor

Try to prevent dehydration
Conduct parathyroidectomy for all recognizable glands,
otherwise continue allosteric modulation of the calcium

sensing receptor in patients with contraindication
for surgery

Change the treatment to burosumab afterward

High
Overadjustment of peak

phosphate within upper 25% of
the reference range or over

Immediately decrease phosphate supplementation by
100 mg or more

High Progression of CKD
to eGFR < 45 mL/min/1.73 m2

Decrease conventional therapy
Change the treatment to burosumab in patients who still

need phosphate supplementation (uncontrolled BAP with
active vitamin D).

1 Peak phosphate: phosphate level 1 to 2 h after phosphate supplementation.

6.3. Burosumab

Burosumab has been reported to be associated with improvement in persistent pseud-
ofractures and fractures; the results of PROs in adult XLH patients show that most of them
were treated with conventional treatment beforehand [7,9,11,19]. Consequently, the initiation
of or change to burosumab should be considered among adult XLH patients with severe
symptoms (Table 1). In addition, given that burosumab repairs dysfunctional phosphate
metabolism in patients with XLH to a physiologically corrected state by counteracting excess
action of FGF23, burosumab should not be associated with the development of SHPT/THPT
and subsequent progression of CKD. Therefore, initiation of burosumab should also be con-
sidered in patients with CKD (e.g., eGFR < 45 mL/min/1.73 m2), and a change in treatment
from conventional therapy to burosumab should be considered among adult XLH patients
with uncontrolled severe SHPT or a history of the development of THPT (Table 1). However,
medical economic efficacy should always be considered independently for this kind of expen-
sive orphan drug according to the guidelines/recommendations or the health care system of
each country [2].

The initial dosage of burosumab for adult XLH patients is decided worldwide to be
1.0 mg/kg body weight (maximum dose of 90 mg) by subcutaneous injection every four
weeks, and concomitant use of active vitamin D and phosphate supplementation are not
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recommended or are prohibited unless other coexisting medical conditions require active
vitamin D (e.g., hypoparathyroidism after parathyroidectomy of all parathyroid glands).
In the initial phase, the response to burosumab should be confirmed 1 to 2 weeks after the
injection (peak phosphate), as the phosphate level returns to baseline four weeks after the
last injection (trough phosphate) in a considerable number of patients. Trough phosphate
level should be controlled within the lower half of the reference range, and dosage of
burosumab should be decreased by 0.2 to 0.3 mg/kg in patients with trough phosphate
levels within the higher half of the reference range. Burosumab should be suspended until
phosphate values fall below the normal range in the case of phosphate levels over the
reference range; treatment may be restarted at approximately half the initial starting dose.
Adverse effects tightly associated with the use of burosumab are injection site reactions,
and there are no reports of the development of antagonizing antibodies [7,9,11,19].

When no response or only a trivial response is observed at 1 to 2 weeks after injection
(peak phosphate), coexisting vitamin D deficiency should be examined by measuring 25OHD.
If the patient develops uncontrolled severe SHPT with conventional therapy, and the treatment
is changed to burosumab, the response to burosumab (peak phosphate) might improve after
3 to 6 injections, as intact PTH decreases because stimulation of FGF23 transcription by PTH
is alleviated [35]. THPT is also associated with a diminished response to burosumab, and
immediate initiation of allosteric modulators of calcium sensing receptors (e.g., cinacalcet,
evocalcet) and subsequent parathyroidectomy are recommended along with careful prevention
of dehydration. If no response or trivial response to burosumab continues after these problems
are ruled out or adequately addressed, changing the treatment to conventional therapy should
be considered. Please refer to Table 3 for guidance for burosumab treatment for adults with
XLH (Table 3).

Table 3. Suggested guidance for the use of burosumab for adult XLH patients.

Priority Event Action

Initiation of treatment

1.0 mg/kg body weight (up to 90 mg) subcutaneous
injection every four weeks

Response to burosumab should be confirmed by
peak phosphate 1;

Concomitant use of active vitamin D and phosphate
supplementation is not recommended or is

prohibited unless another medical condition
requires it

Trough phosphate 2 within
the higher half of the

reference range

Decrease burosumab dose by 0.2 to 0.3 mg/kg
Subsequently, fine tune burosumab dose by 0.1

mg/kg to target trough phosphate within lower half
of the reference range

High Trough phosphate over the
reference range

Suspend burosumab until phosphate values fall
below the normal range

Restarted burosumab at approximately half the
initial starting dose

No or trivial response at peak
phosphate

Rule out vitamin D deficiency by measuring 25OHD
Severe SHPT: continue burosumab 3 to 6 times and

confirm improvement in peak phosphate
Continuing no response or trivial response after

problems above are ruled out or
addressed; change treatment to

conventional therapy
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Table 3. Cont.

Priority Event Action

High THPT

Initiate allosteric modulation of the calcium
sensing receptor

Try to prevent dehydration
Conduct parathyroidectomy for all recognizable

glands, otherwise continue allosteric
modulation of the calcium sensing receptor in

patients with contraindication for surgery
1 Peak phosphate: phosphate level 1 to 2 weeks after the last injection of burosumab. 2 Trough phosphate:
phosphate level 4 weeks after the last injection of burosumab.

7. Remaining Problems and Future Research Topics in Adult XLH Patients

The etiology for the development of enthesopathy and early osteoarthritis needs to be
elucidated to develop treatment options, as these complications remarkably debilitate ADL
and QOL in a large number of adult XLH patients. Associations between the development
of severe SHPT or THPT, progression of CKD, the highest dosage, cumulative dosage of
phosphate supplementation, and dosage of active vitamin D needs to be elucidated to create
more detailed guidelines for conventional therapy. The mode of administration and dosage of
burosumab should be reconsidered, as some of adult XLH patients are obviously undertreated
with the current dosage (maximum 1.0 mg/kg body weight) and mode of administration
(once every four weeks). The effects of burosumab on oral health and the development or
progression of osteoarthritis and enthesopathy have been inconclusive, and we are awaiting
the results of long-term observational studies. The impact of burosumab on pregnancy and
fetal development must also be clarified.

8. Conclusions

The development of burosumab has been a game changer in the treatment of adult
XLH patients, as conventional therapy is associated with undertreatment of osteomalacia, the
risk of the developing severe SHPT or THPT, and the progression of CKD. However, there
are problems remaining to be addressed, specifically among adults with XLH; of these, the
complications of debilitating enthesopathy and early osteoarthritis warrant special attention
and must be addressed urgently.
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Abstract: X-linked hypophosphatemia (XLH) is the most common genetic form of rickets and
osteomalacia and is characterized by growth retardation, deformities of the lower limbs, and bone
and muscular pain. Spontaneous dental abscesses caused by endodontic infections due to dentin
dysplasia are well-known dental manifestations. When dentin affected by microcracks or attrition
of the enamel is exposed to oral fluids, oral bacteria are able to invade the hypomineralized dentin
and pulp space, leading to pulp necrosis, followed by the formation of a periapical gingival abscess.
Without appropriate dental management, this dental manifestation results in early loss of teeth and
deterioration in the patient’s quality of life. Early specific dental intervention and oral management
in collaboration with medical personnel are strongly recommended for XLH patients. Importantly,
dental manifestations sometimes appear before the diagnosis of XLH. Dentists should be alert for
this first sign of XLH and refer affected children to a pediatrician for early diagnosis. A humanized
monoclonal antibody for FGF23 (burosumab) is a promising new treatment for XLH; however, the
effects on the dental manifestations remain to be elucidated. The establishment of fundamental dental
therapy to solve dental problems is still underway and is eagerly anticipated.

Keywords: X-linked hypophosphatemia; dentin dysplasia; pulp infection; periapical abscess; medical
and dental collaboration

1. Introduction

X-linked hypophosphatemia (XLH; OMIM# 307800) is the most common genetic form
of rickets and osteomalacia and is characterized by growth retardation, deformities of the
lower limbs, and bone and muscular pain [1–3]. Sequence variations in the phosphate
regulating endopeptidase homolog X-linked (PHEX) gene lead to overproduction of fibrob-
last growth factor 23 (FGF23), resulting in renal phosphate wasting and impaired skeletal
mineralization [4]. The incidence of XLH is estimated to be approximately 1 in 20,000 [5].

Spontaneous dental abscesses caused by endodontic infections due to dentin dysplasia
are well-known dental manifestations [6–8]. Without appropriate dental management, this
dental manifestation of XLH finally results in early loss of teeth and reduced quality of
life [9,10]. Early specific dental intervention and ongoing oral management in collaboration
with medical professionals are strongly recommended for XLH patients [9,11]. Moreover,
this dental manifestation sometimes appears before the diagnosis of XLH [12–14]; dentists
should be aware of this first sign of XLH and refer affected children to a pediatrician for
early diagnosis.

A combination of active vitamin D and phosphate salts is the conventional medical
therapy for patients with XLH [15,16]. A humanized monoclonal antibody for FGF23
(burosumab) is a new and promising treatment for XLH [15–17].

This review summarizes the manifestations and management of XLH from a dental
perspective.
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2. Dental Manifestations of XLH

Harris and Sullivan first described dental findings in 1960, after XLH was first reported
in 1930 [18]. XLH is caused by loss-of-function sequence variations in PHEX [1–3]. PHEX
sequence variations cause hypophosphatemia indirectly, through the increased expression
of FGF23 [4]. A high serum FGF23 concentration impairs renal phosphate reabsorption,
thereby increasing phosphate excretion. FGF23 also decreases phosphate absorption in the
intestine by suppressing serum 1,25-dyhydroxyvitamin D [1,25(OH)2D] levels. The lack of
phosphate leads to a mineralization defect of bone and teeth [7,8,19,20]. PHEX protein is
also expressed in osteoblasts, osteocytes, and odontoblasts in addition to the kidney [19].
PHEX has been proposed to dynamically regulate FGF-23 expression in bone and teeth [20].
The hard mineralized tissue of teeth is composed of enamel, dentin, and cementum [21],
and is supported by alveolar bone. Dentin is produced by the mineralization of the organic
matrix synthesized and secreted by odontoblasts [22]. Inorganic phosphate and calcium
are essential for the mineralization of teeth and bone. Abnormal mineralization of dentin is
the main cause of dental problems in XLH patients [23–28].

A spontaneous formation of a periapical gingival abscess or fistula around a visibly
healthy tooth with no evidence of dental caries or trauma is a typical dental manifestation of
XLH (Figure 1) [6–8]. Owing to microcracks or attrition of the enamel, dentin is exposed to
the bacteria abundant in the oral cavity, which invade the hypomineralized dentin and pulp
space leading to pulp necrosis and periapical gingival abscess formation (Figure 2) [6–8].
Abscess formation is more commonly found in primary teeth than in permanent teeth [6],
possibly because the enamel of primary teeth is half as thick as that of permanent teeth,
and less hard, so the dentin is more easily exposed [29,30]. The frequency of occurrence of
dental abscesses in children with XLH is reported to range from 25% to 70% [6,19,31–33].
Primary incisors are affected more often than canines, and first and second molars are
occasionally involved [6,9]. Teeth in the mandible and maxilla are equally likely to develop
an abscess [31]. For XLH, the different expression in the two sexes is not as well-established.
The features of XLH are the same in males and females [34]. On the other hand, some
reports indicate that XLH is an X-linked dominant disorder and symptoms are mediated
by lyonization, and dental manifestations are more severe in male than female individuals,
as they also are in bone [7,31]. The dental phenotype is associated with the severity of the
disease [35]. The younger the patient when the first abscess appears, the more severe the
dental manifestations [13]. An abscess on one tooth indicates that at least one other tooth is
likely to be affected [31].

Figure 1. Clinical and radiographic dental manifestations of X-linked hypophosphatemia (XLH).
(A) Oral photograph of male patient aged 4 years 4 months showing a periapical gingival abscess
(white arrow) corresponding to the primary maxillary left central incisor. (B) Periapical radiograph
showing radiolucency (black arrow) around the periapical region of the primary maxillary left central
incisor.
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Figure 2. Illustration of the mechanism of gingival abscess formation in a tooth of an X-linked
hypophosphatemia (XLH) patient.

The principal dental defects are seen in dentin both radiographically and histologically.
Prominent pulp horns, a large pulp chamber suggesting taurodontism, and thin dentin are
recognized radiographically (Figure 3) [6–8,13]. A wide predentin layer (the first layer of
the non-mineralized matrix), interglobular dentin, and tubular dentinal defects extending
from the pulp to the enamel are detected histologically (Figure 4) [6,23–25]. The pulp color
can sometimes be observed on the lingual side of the primary incisors due to the thin dentin
(Figure 5) [14]. Additionally, an absence of secondary dentin formation in the wall of the
pulp chamber after root formation has been reported [36].

The dentin defects found in XLH patients are sometimes accompanied by a thinner
layer of enamel [8], although the structure of enamel is normal [7,26]. The thin enamel tends
to wear faster and expose the poorly mineralized dentin, leading to pulpal infection [7].
Additionally, delayed eruption, short roots, root resorption, a poorly defined lamina dura,
and a hypoplastic alveolar ridge were recognized in a patient with XLH [7]. Whether
caries activity is higher in children with XLH compared with healthy subjects is unknown;
however, caries progresses easily via the thin enamel and poorly mineralized dentin [7].
Children with XLH often present with delayed dental development, abnormal eruption
patterns, and increased frequency of specific malocclusions (Figure 6). An open bite or
impacted or ectopic eruption of maxillary canines due to delayed maxillary growth in
relation to mandibular growth has been reported [37–39].
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Figure 3. Panoramic radiographs. (A) Female X-linked hypophosphatemia (XLH) patient aged
3 years 11 months. The square on the upper right is an enlargement of the primary mandibular left
molar region. Wide pulp chambers (asterisks) and prominent pulp horns (arrowheads) can be seen.
(B) Healthy age-matched female.

Figure 4. (A) Contact microradiograph of a ground section of a primary tooth of a patient with
X-linked hypophosphatemia (XLH) showing a tubular defect from the enamel–dentin junction to the
pulp (arrow). (B) Contact microradiograph of a ground section of a primary tooth of a patient with
XLH showing interglobular dentin (arrowheads). (C) Histopathological image of a decalcified section
of a permanent tooth of a patient with XLH aged 20 years (H-E staining) showing interglobular
dentin (arrowheads). E: enamel; D: dentin; P: pulp.
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Figure 5. Intraoral photograph of the mandibular arch of a male X-linked hypophosphatemia (XLH)
patient aged 3 years 3 months. The pink color of the pulp can be seen through the enamel on the
lingual side of the primary mandibular incisors (arrows).

Figure 6. Crowding in the anterior region of a male X-linked hypophosphatemia (XLH) patient aged
10 years 1 month.

Endodontic infections due to poor dentin mineralization are also recognized in perma-
nent teeth [40] (Figure 7). However, maxillofacial cellulitis is rare in adults with XLH [8].
Endodontically affected teeth are common in XLH patients, and the number of affected
teeth increases significantly with age [41]. More than 60% of adults with XLH have experi-
enced more than five dental abscesses [42]. The most commonly affected teeth are incisors
and canines, followed by molars and premolars [41]. The order in which teeth are affected
is determined not only by the time of eruption but also by the rate of natural attrition as a
result of mastication [7]. High prevalence and severity of periodontitis are often recognized
in adult patients with XLH [43]. Nearly 80% of adult XLH patients are reported to have
moderate or severe periodontitis [44]. Periodontitis is a major cause of tooth loss in adults
with XLH [8].
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Figure 7. Panoramic radiograph of the permanent dentition of a male X-linked hypophosphatemia
(XLH) patient aged 21 years who underwent root canal treatment of the mandibular left central
incisor associated with a cystic swelling (arrow). The square on the upper right is an enlargement
of the primary mandibular left molar region. Wide pulp chambers (asterisks) and prominent pulp
horns (arrowheads) can be seen.

3. Oral Management of XLH

There is no fundamental treatment for dentin dysplasia in XLH. Early detection and
management of pulp infection improve the prognosis of the tooth [7,8]. Short-term periodi-
cal dental check-ups are required for XLH patients [19,45–47]. The consensus statement
of XLH recommends twice-yearly dentist visits [2]. The principle of dental management
in XLH patients is to preserve pulp vitality [7]. Professional tooth cleaning, application of
topical fluoride, and fissure sealing are recommended [7,13,19,33,45]. Pit and fissure sealing
of the enamel is effective in preventing the invasion of oral bacteria [7,8,13,19,45]. Exposed
dentin due to attrition or cracking of the enamel should be repaired as soon as possible [14].
The bonding strength of adhesive composite restorations is assumed to be reduced due
to mineralization defects in the dentin. Prolonged etching times or a total etch system
increases the risk of pulp irritation; therefore, a self-etch system is recommended [13,45].

The crucial purpose of oral management of XLH is to protect vital pulp from being
infected by oral bacteria. The vitality of the tooth should be carefully monitored [7].
Early coronal restoration of teeth at high risk is strongly recommended, especially in
patients who are diagnosed early with many abscesses [35]. Composite resin crowns in the
anterior region, stainless steel crowns for primary teeth and immature permanent teeth, and
permanent crowns for permanent teeth in the posterior region are recommended [35,48,49].
Full ceramic crowns should be avoided because of the extensive tooth reduction required
when compared with metal crowns [7]. Large pulp chambers and prominent pulp horns
should be considered during the preparation of the tooth to prevent exposure or irritation
of the pulp [7,13].

When apical periodontitis is detected, a periapical radiograph is taken, and the dentist
must decide whether to perform endodontic treatment or extract the tooth. Systemic
antibiotics are used in cases of acute abscess [8]. Primary teeth play an important role
as space maintainers for permanent successors, and dentists should preserve them for
as long as possible until replacement [50]. Early extraction before replacement leads to
loss of space for the eruption of permanent teeth [50]. Space maintenance is necessary
after the extraction of primary teeth before replacement [50]. Obturation of the root canal
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system in XLH patients should aim to fill any voids to achieve maximal density, due to
the increased risk of reinfection of the root canal because of dentin dysplasia [7]. The use
of thermoplasticized techniques using a virtually insoluble sealer is recommended for
permanent teeth [7]. Working length should be determined accurately, taking into account
the short roots commonly found in XLH patients [7]. In contrast, for primary teeth, the
use of calcium hydroxide and iodoform (Ca(OH)2/iodoform), which are absorbed during
root resorption, is recommended [51]. Additionally, for permanent teeth undergoing root
formation, Ca(OH)2 or mineral trioxide aggregate (MTA) is recommended before obturation
to promote apexification [7,52,53].

Once the pulp starts to become necrotic, the blood supply stops, and the devital-
ized tooth tends to break down [54]. Teeth with broken roots are indicated for extrac-
tion [55]. Prosthetic crowns are necessary for teeth that have undergone root canal treat-
ment (Figure 8). The thin dentin perforates easily and does not support restorative posts
for prosthetic crowns in permanent teeth [7,13]. The application of posts in the roots should
be avoided to prevent root fracture [7,13].

Figure 8. Treatment of a male X-linked hypophosphatemia (XLH) patient aged 8 years 3 months
involved full coverage of the primary mandibular second molars with stainless steel crowns (arrows)
after root canal treatment associated with a cystic swelling.

There is no established orthodontic treatment for XLH patients [56]. Traumatic or-
thodontic forces sometimes cause pulp necrosis [46]. It is important to prevent traumatic
forces during orthodontic treatment of XLH patients. Orthodontic treatment involves the
movement of teeth and extensive remodeling of the alveolar bone [8]. This treatment
sometimes results in the loss of permanent teeth in XLH patients with uncontrolled rickets
of the jaw [57]. Optimizing conventional medical treatment of XLH is considered manda-
tory before the initiation of orthodontic treatment [2,8]. A longer period of retention and
observation is necessary in cases with abnormal bone remodeling to confirm the stability
of the resulting occlusion [58]. The high frequency of permanent tooth loss secondary
to endodontic infections or periodontitis often leads to the need for dental implants [2].
Several reports have described cases of XLH patients who have had dental implants [46,59].
Standard surgical protocols in adults with XLH who are not receiving conventional ther-
apy resulted in a decreased success rate compared with healthy control individuals [2].
Some studies reported that the interruption of conventional therapy in XLH may have a
negative influence on bone healing around implants [8]. Dental implant surgery should be
performed after 3–6 months of medical treatment, which should be continued for 6 months
following the implant surgery [2]. The healing time should be extended up to 6 months [2].
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4. Dental Effects of Conventional Therapy or Burosumab in XLH

The conventional medical therapy of XLH has consisted of oral phosphate and active
vitamin D supplementation [15,16]. However, this therapy has certain limitations related
to efficacy and safety [15]. A humanized monoclonal antibody for FGF23 (burosumab) was
recently approved as a promising treatment for XLH [15–17].

Early intervention with conventional therapy is reported to have a beneficial effect
on dental status [60–66]. The missing and filled teeth index of patients treated since early
childhood is similar to that of the healthy, age-matched controls [62]. This therapy im-
proves dentin mineralization and formation, reducing the size of the dental pulp canal
and chamber in both the primary and permanent dentitions [8,62]. Dentin mineraliza-
tion of permanent teeth especially, which mineralize after birth, can be restored by the
treatment [65]. The primary dentition usually shows more severe symptoms than the
permanent dentition [64]. This can also be explained by the low levels of calcium and
phosphorus during odontogenesis of the primary dentition [64]. However, this therapy
cannot completely eliminate dentin dysplasia [67]. Remaining defects may result from
the early exposure of odontoblasts and the surrounding osteoblasts to hypophosphatemia
before the commencement of conventional therapy, and from intrinsic cell disturbances
linked to the genetic alteration [62]. Additionally, unlike bone, dentin is not remodeled and
is not involved in the regulation of calcium and phosphate metabolism [22]. The effects
of burosumab on the dentition of XLH patients has not yet been reported. A post hoc
analysis of a 64-week, open-label, randomized controlled study of 61 children with XLH
aged 1–12 years revealed that dental abscesses occurred in 3 of 12 (25%) younger (<5 years)
children in the conventional therapy group, while 0 of 20 (0%) younger children from the
burosumab group developed dental abscesses [68]. However, in older children (5–12 years)
with XLH, dental abscesses presented more frequently with burosumab (8/15, 53%) than
with conventional therapy (0/20, 0%). Dental caries, which were reported more frequently
in the burosumab group (9/29, 31%) than the conventional therapy group (2/32, 6%),
occurred slightly more often in older than younger children who received conventional
therapy (2/20, 10% vs. 0/12, 0%), and slightly more often in younger than older children
who received burosumab (5/14, 36% vs. 4/15, 27%). On the basis of the results of this study,
the protective effects of burosumab seem to be weaker, or at least not more intense, against
the development of dental abscesses compared with conventional therapy; however, a
longer duration study is needed.

5. Importance of Medical and Dental Collaboration in XLH

Without appropriate dental management, spontaneous periapical gingival abscess
formation in XLH patients finally leads to early loss of teeth and a reduced quality of
life [10,32]. Early oral management soon after diagnosis and follow-up throughout life by
dentists are recommended for XLH patients [19,45–47]. There is a need for a system in
which medical doctors explain the importance of oral care to parents of children with XLH
and ensure they find appropriate dental care [2]. The alveolar bone status is particularly
important when XLH patients receive orthodontic treatment or dental implants [2]. Dentists
should consult with the patient’s medical doctor about the status of rickets control with
medical treatment [2,8].

Primary incisors emerge into the oral cavity at around 6 months of age, and the
primary dentition is complete by the age of 2 years [69]. Most XLH patients are diagnosed
at approximately 1–2 years of age when their delayed walking or bowed legs are observed
by pediatricians [3,70]. Spontaneous periapical abscesses sometimes lead to an XLH
diagnosis [12–14]. Pediatric dentists must never overlook dental abscesses in teeth that
appear to be intact. A system should be established by which dentists can immediately
refer patients to pediatricians when this first dental sign of XLH is observed.
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6. Conclusions

Renal phosphate wasting in XLH leads to a mineralization defect of teeth, but not
bone [1–3]. The main dental manifestations are periapical gingival abscesses, which are
derived from endodontic infections caused by poorly mineralized dentin [6–8]. Medical and
dental collaboration is important in the treatment of XLH, and dental symptoms should be
followed-up as the patient ages [1–3,8,9]. The establishment of fundamental dental therapy
to treat dental manifestations is still underway and is eagerly anticipated.
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Abstract: X-linked hypophosphatemia (XLH) is the most common form of inherited disorders
that are characterized by renal phosphate wasting, but it is a rare chronic disease. XLH presents
in multisystemic organs, not only in childhood, but also in adulthood. Multidisciplinary team
management is necessary for the care of patients with XLH. Although XLH has often been perceived
as a childhood disease, recent studies have demonstrated that it is a long-term and progressive disease
throughout adulthood. In the past 20 years, the importance of the transition from pediatric care to
adult care for patient outcomes in adulthood in many pediatric onset diseases has been increasingly
recognized. This review describes transitional care and team management for patients with XLH.

Keywords: X-linked hypophosphatemia; transition; team management; transfer

1. Introduction

X-linked hypophosphatemia (XLH) is the most common form of inherited disorders
that are characterized by renal phosphate wasting. XLH presents with a number of symp-
toms, not only in childhood, but also in adulthood. Despite the long-term and progressive
disease burden continuing to adulthood, XLH is often perceived as a rare childhood dis-
ease [1–3]. A lack of recognition of the symptoms and signs of XLH in adulthood delays
adequate intervention. Although the clinical manifestations of XLH may persist or recur in
later life, standard clinical practice involves the discontinuation of conventional treatment
when skeletal growth is completed. This is due to limited evidence for the benefits of
continuing conventional treatment into adulthood [3,4]. The resumption of treatment based
on symptoms results in gaps in care. Seamless follow-ups are needed. Moreover, since
XLH presents in a number of organs, the multidisciplinary management of patients with
XLH is essential to improve health outcomes. Therefore, appropriate transition is critical
for patients with XLH. This review describes transitional care and team management for
patients with XLH.

2. Team Management

XLH is a multisystem disorder with musculoskeletal and non-musculoskeletal com-
plications (Table 1). The musculoskeletal complications of XLH include rickets, impaired
growth, bone deformities, osteomalacia, bone pain, pseudofractures, enthesopathies,
osteoarthritis, dental abscesses, muscle weakness, and gait abnormalities [5–7]. Non-
musculoskeletal symptoms include delayed motor development, Chiari malformation, a
diminished quality of life, and hearing loss. Several manifestations are more specific to
either children or adults. Growth retardation, craniosynostosis, rickets, and delayed motor
development are observed in children with XLH, whereas pseudofractures, osteoarthritis,
extraosseous calcification—including enthesopathy and spinal stenosis, hearing loss, and
disability appear in adulthood. Clinical practice recommendations for the diagnosis and
management of XLH advocate regular check-ups for patients by multidisciplinary teams
which are organized by an expert in metabolic bone disorders [1,5]. Several excellent studies
on the management of XLH have recently been published [8–15]. Since clinical, biochemical,
and radiographic features vary between individuals, monitoring and treatment need to
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be personalized based on a patient’s clinical manifestations, medical history, and stage of
development [5,16]. Recommendations for follow-ups, the treatment and management of
orthopedic conditions, dental health, hearing, and neurosurgical complications in patients
with XLH have been described in detail and summarized [5]. XLH management goals
have been summarized as follows: initiate and continue medical therapy; prevent and
resolve rickets with early treatment; minimize the risk of developing skeletal deformities;
monitor and improve growth and growth velocity; use guided growth procedures; ensure
an understanding of therapies and self-administration; psychological, psychosocial, and
mental well-being support; ongoing dental care; ongoing physical activity; healthy lifestyle
and mobility; the ability to navigate healthcare and insurance systems; corrective surgeries
as indicated; therapy self-administration; reproductive health; knowledge of XLH risks
and symptoms; self-advocacy; education about therapies, including new developments;
monitoring for spinal stenosis and enthesopathy; resolving pseudofractures; and prevent-
ing fractures [1]. A survey using online public open consultations with patients with XLH
indicated that the disease burden becomes complicated and multifactorial with an increase
in psychological issues [17].

Table 1. Clinical features and disease burden [6,16].

Bone, growth plate Rickets * or osteomalacia, short stature

Cartilage Early osteoarthritis

Kidney Nephrocalcinosis, nephrolithiasis, chronic kidney disease,
hypertension

Cardiovascular system Hypertension, possible left ventricular hypertrophy

Ligament and tendons Enthesopathy

Muscle Muscle weakness, pain, stiffness

Skull Craniosynostosis *, Arnold-Chiari type 1 malformations

Spine Spinal stenosis

Teeth Dental necrosis with severe abscesses, periodontitis, tooth loss

Ear Hearing loss

QoL-related burden
Pain, physical deformities, dental complications, muscle
weakness, stiffness, fatigue, mood alterations/depression,
surgical procedures

*, specific to children.

Experts in metabolic bone diseases are commonly endocrinologists, nephrologists, and
geneticists (pediatric and/or adult) who liaise with a patient’s local health care providers
(HCPs) (internist, general practitioner, pediatrician, and advanced practice providers),
radiologists, orthopedic surgeons, physical therapists, rheumatologists, and dentists. As
needed, the following professionals may be involved in patient care: neurosurgeons,
otolaryngologists, ophthalmologists, audiologists, orthodontists, dieticians, rehabilitation
specialists, pain management specialists, genetic counselors, occupational therapists, and
social workers or psychologists [1]. Since XLH presents with a number of symptoms and
signs in addition to the musculoskeletal system, the expert in metabolic bone diseases needs
to be at the center of patient care and coordinate and collaborate with other professionals.
Evidence for the disease burden of XLH during adulthood, as early as 20 years of age, is
accumulating [2,18–24]. In addition, a new therapy targeting FGF23 has been developed
and applied to clinical practice for children and adults [25–27]. The appropriate transition
and effective transfer from pediatric HCPs to adult HCPs is essential for patients with XLH.

3. Transition

Increased survival from a wide range of chronic illnesses has resulted in greater
numbers of children with disabilities reaching 20 years of age [28]. In 2002, a consensus
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statement by the American Academy of Pediatrics (AAP), the American Academy of
Family Physicians (AAFP), and the American College of Physicians (ACP)—American
Society of Internal Medicine was published, and the statement mentioned the importance of
facilitating the transition of adolescents with special health care needs into adulthood [29].
In 2011, the AAP, AAFP, and ACP with the authoring group published a clinical report
entitled “Supporting the Health Care Transition (HCT) from Adolescence to Adulthood
in the Medical Home” [30]. This report describes the process for transition preparation,
planning, tracking, and completion for all youths and young adults (AYAs) beginning
in early adolescence and provides a structure for training and continuing education to
understand the essence of adolescent transition. In 2018, the clinical report was updated
to provide more practice-based guidance on key elements of the transition; however, the
policy and algorithm was not changed [31]. HCT is defined as “the process of moving from
a child model to an adult model of health care with or without a transfer to a new clinician”.
The purpose of HCT is to decrease the numbers of patients that are lost to follow-ups and
improve the quality of care through organized navigation that is provided to AYA patients
and their caregivers. Patients that are lost to the follow-up do not receive appropriate
practice management. Experts in XLH are commonly endocrinologists, nephrologists, and
geneticists, although this depends on the countries and institutes that see patients with
XLH. In general, geneticists are thought to see patients in both childhood and adulthood,
rather than endocrinologists and nephrologists, who are usually either pediatric- or adult-
specific. In some situations, a clinician that is familiar with pediatric and adult patients
with XLH may continue to follow the patients through their life and provide them with
proper medical care.

Transition barriers, including a fear of a new health care system and/or hospital, inad-
equate planning, and system difficulties, are experienced by AYAs and their families [31].
The greatest barrier mentioned is the difficulties that are associated with leaving their
pediatric clinicians with whom they have had a long-standing relationship. Clinicians also
find many transition barriers, such as communication and/or consultation gaps, training
limitations, care delivery, care coordination, staff support gaps, a lack of patient knowledge
and engagement, and a lack of comfort with adult care. The most common impediments
are the lack of communication and coordination and the different practice behaviors be-
tween clinicians. Core elements in HCT consist of transition policy, transition tracking
and monitoring, transition readiness, transition planning, transfer and/or integration into
adult-centered care, and transition completion and ongoing care with adult clinicians. The
process of HCT may be divided into three stages: (1) setting the stage: the initiation of HCT
planning and a transition readiness assessment; (2) moving forward: the ongoing provision
of HCT services; (3) reaching the goal: the transfer to adult healthcare services [32]. Based
on expert opinions and limited research evidence, HCT planning needs to start at approxi-
mately 10 to 12 years of age for children with chronic conditions. Fruitful HCT requires
collaborations between pediatric and adult-focused providers and settings that encourage
AYA to continue to increase skills, even into their mid-20s. Effective HCT needs to be
delivered in a similar culture and linguistic background based on the unique necessities
of each AYA. An assessment of HCT readiness will direct interventions that lead to better
outcomes and quality of life for AYAs.

4. Transition in Rare Diseases

Since HCT requires the efforts and contributions of pediatric and adult care providers,
as well as the patient and parent, the benefits of HCT programs have been evaluated. Four
randomized controlled trials, including cystic fibrosis, inflammatory bowel disease, type 1
diabetes, heart disease, and spina bifida, which aimed to improve the transition of care for
adolescents from pediatric to adult health services, suggested positive effects on patients’
knowledge of their condition, self-efficacy, and confidence [33]. A systematic review
evaluating 43 studies on multiple chronic conditions demonstrated that HCT interventions
often achieved positive outcomes, with the most common being adherence to care and the
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use of ambulatory care in adult settings [34]. In contrast, despite the well-depicted transition
position statement, patients with type 1 diabetes have experienced gaps in care during the
transition period between pediatric and adult care. Five recommendations for the effective
receivership of AYAs with type 1 diabetes have been established: communication between
pediatric and adult HCPs; an objective assessment of patient knowledge; the patient and
adult provider relationship; support for psychosocial needs for AYAs; and a team-based
approach [35].

Difficulties are associated with the application of traditional health care models for
common diseases to rare diseases, which have specific challenges. A survey revealed edu-
cational and knowledge gaps in HCPs that were related to rare endocrine conditions [36].
Medical self-management skills, including medical knowledge, practical skills, and com-
munication in adolescents with rare endocrine conditions were recently reported to be
insufficient [37]. The authors recommended three elements to improve transition readi-
ness: the repeated provision of individualized medical information; the use of a transition
checklist; and training communication ability with the help of parents, caregivers, and/or
e-technology. HCT models have been reported for rare diseases, such as hemophilia [38],
sickle cell disease [39], and phenylketonuria [40]. Key barriers to rare diseases include a
lack of access to disease experts, limited knowledge on the disease course, and few patient–
clinician research collaborations for the diseases [41]. A care continuum model for patients
with rare diseases has been proposed that emphasizes the implementation of telehealth
using modern e-technologies to reduce these barriers. A technology program using web
and texting interventions in adolescents with chronic diseases was shown to improve the
performance of disease management tasks, health-related self-efficacy, and patient-initiated
communications [42]. The integration of telemedicine (an audiovisual interaction between a
patient and HCP using computers, mobile devices, or telephones) may promote the care of
AYAs with rare diseases, such as XLH, by improving access to disease experts, which may
be limited due to physical distance and/or COVID-19-related restrictions, and supporting
HCT [1]. Telemedicine appointments have been substituted for face-to-face visits with
permission from the national health insurance system. Although telemedicine has allowed
HCPs to deliver care to their patients during the COVID-19 pandemic, management chal-
lenges for endocrine conditions, including no physical examination and laboratory and
radiographic evaluations, have been described [43].

Among rare bone disorders, HCT to adult-focused care for osteogenesis imperfecta
(OI) has been reported. OI is a rare inherited disorder that is characterized by decreased
bone mass and bone fragility and needs a multidisciplinary care team for patient manage-
ment. Therefore, HCT for patients with OI is similar to that for XLH. The OI Foundation,
the only voluntary US national health organization for OI, lists goals for the physician
caring for a young adult with OI: “Maintain the current health status, preserve or improve
the level of function, assure the continuity of medical and surgical care, and provide psy-
chosocial support with referral to counseling and other services if needed” based on the
relevant documents [44,45] (https://oif.org/wp-content/uploads/2019/08/Fact_Sheet_
Transition_from_Pediatric_to_Adult_Care.pdf, accessed on 4 July 2022). They also show
important transition topics for AYAs with OI, as follows: “Taking responsibility for one’s
own health care, being knowledgeable about OI in general and how it changes after pu-
berty, knowing their personal health history, being able to communicate confidently with
physicians, understanding how their health insurance works, and having identified adult
care resources who are informed about OI. An interprofessional expert task force at Shriners
Hospitals for Children in Canada reviewed the literature, developed guidelines for HCT for
children with OI to adult healthcare services, and created a transfer summary tool [46]. The
transfer tool includes “contact information, general information, psychosocial information,
general medical information, family history, medical diagnosis and history, currently pre-
scribed medications, recent laboratory results and x-rays, rehabilitation services, medical
equipment, orthotics and assistive devices, functional capabilities and independence level,
follow-up requirements, other professionals involved and community services, and general
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concerns”. The goals for the physician, the issues for the young person, and the transfer
tool in OI provide important insights for establishing HCT for patients with XLH, be-
cause OI is a rare inherited musculoskeletal disorder with occasional non-musculoskeletal
manifestations, such as XLH.

5. Transition in XLH

Regarding HCT for XLH, patient advocacy organizations for XLH, such as the XLH
Network in the US and XLHuk in the UK, and for various rare diseases, such as the Genetic
and Rare Diseases Information Center and National Organization for Rare Disorders in
the US, provide patients with information on their disease. The international XLH alliance,
consisting of more than 23 organizations worldwide, has been established to amplify
the voices of patients with XLH and set a global multi-disciplinary standard of care and
research. The XLH Network developed a toolkit on the transition from pediatric to adult
care for patients and their caregivers (http://www.xlhnetwork.org/application/files/
1916/0311/3210/XLH_TRANSITIONS_TOOLKIT.pdf, accessed on 4 July 2022), as well
as the “Voice of the Patient Report”, about the symptoms and treatment of XLH (http:
//www.xlhnetwork.org/application/files/5515/9317/2550/VOP_Report.pdf, accessed
on 4 July 2022). Gianni et al. emphasized that the transition to adult care is a responsibility
that is shared by the pediatric and adult teams involved in XLH, because XLH involves
lifetime multi-organ morbidities that are associated with age [3]. Dahir et al. provided
expert recommendations on HCT for patients with XLH [1]. Three areas of competency
have been described: patient foundational knowledge, information transfer, and timelines
and supportive behaviors to drive engagement. The timelines of transfer include transition
readiness tracking, the initiation of assessments on transition readiness, transition planning,
transfer of care, and post transfer (Table 2). Even though ages are mentioned in the
timelines, HCT plans need to be individualized. Of note, age- and sex-specific patterns in
growth velocity and bone mineral acquisition are distinct between girls and boys, especially
in adolescence [47]. Girls reach both peak height velocity and peak bone-mass gain at a
younger age than boys. The difference of the patterns in growth and bone accretion between
females and males needs to be considered in HCT. It is important to begin the transition
process in early adolescence and regularly assess transition readiness. The transition
documents for patients with XLH include patient information, healthcare information,
disease history, XLH complications, treatment history, the support of advocacy groups, and
education, such as XLH symptoms emerging in adulthood [1].

Table 2. Simple timelines of transfer [1].

12 years: transition
readiness tracking

- Pediatric practice approach to transitioning to adult care
- Educate patients about self-advocacy, self-care, shared

decision-making, and self-sufficiency
- Educate parents about guidance on encouraging children to

succeed in disease ownership

14 years: initiate
assessments of
transition readiness

- Assess understanding of symptoms, treatment goals, lab results,
making appointments, available resources, and legal and
insurance age-related changes

- Educate patients about disease and management
- Assess transition readiness yearly from the ages of 13 to 17 years

17 years: transition
planning

- Discuss the optimal time of transition
- Checklist of medical, laboratory, and imaging histories for

adult providers
- Discuss potential dosing changes (pediatric to adult)
- Identify adult providers
- Connect with advocacy groups
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Table 2. Cont.

18–26 years:
transfer of care

- Confirm the first adult provider appointment
- Establish a process to orient adolescents/young adults

into practice

3–6 months
post-transfer

- Confirm the transfer of care
- Continue collaborations between pediatric and adult providers

6. Conclusions

XLH is the most common form of inherited disorders that are characterized by re-
nal phosphate wasting, but it is a rare multisystem disease that is often perceived as a
childhood disease. However, recent studies demonstrated that XLH is a long-term and
progressive disease throughout adulthood with a worsening disease burden. The lifelong
multidisciplinary care of patients with XLH is necessary. Therefore, HCT plays a vital role
in patient care and management for continuous adult care. Pediatric and adult HCPs both
need to act in HCT to improve the outcomes of AYAs with XLH. HCT will prevent the loss
of AYAs to follow-ups during the transition to adult care and will also improve healthcare
conditions throughout life.
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Abstract: The conventional treatment for X-linked hypophosphatemia (XLH), consisting of phospho-
rus supplementation and a biologically active form of vitamin D (alfacalcidol or calcitriol), is used to
treat rickets and leg deformities and promote growth. However, patients’ adult height often remains
less than −2 SD. Moreover, adverse events, such as renal calcification and hyperparathyroidism,
may occur. The main pathology in XLH is caused by excessive production of fibroblast growth
factor 23 (FGF23). Several studies have demonstrated that treatment with burosumab, a blocking
neutralizing antibody against FGF23, is better than conventional therapy for severe XLH and has
no serious, short-term side effects. Thus, treatment with burosumab may be an option for severe
XLH. The present article reviews the conventional and burosumab therapies. In addition to the fact
that the long-term efficacy of antibody-based treatment has not been demonstrated, there are other,
unresolved issues concerning the burosumab treatment of XLH.

Keywords: phosphorus; active form of Vitamin D; renal calcification; fibroblast growth factor 23
(FGF23); burosumab

1. Introduction

Hereditary hypo-phosphatemic disorders caused by elevated fibroblast growth factor-
23 (FGF23) includes X-linked hypo-phosphatemic rickets (XLH) and autosomal-dominant
hypo-phosphatemic rickets (ADHR) [1–4]. Osteoblasts and osteocytes produce and secrete
FGF23, which binds to KLOTHO-FGF receptor 1 (FGFR1) in the target organs [3,4]. FGF23
suppresses the expression of type 2a and 2c sodium-phosphate cotransporters in renal
proximal tubules, inhibiting phosphate reabsorption [3,4]. Moreover, FGF23 downregulates
the expression of 1α-hydroxylase (CYP27B1), which converts 25-hydroxyvitamin D to 1,
25 (OH)2 hydroxyvitamin D [3,4]. Thus, the symptoms of XLH and ADHR consist of rickets,
short stature, osteo-malacia, bone pain, and dental diseases caused by renal phosphate
wasting and low or inappropriately normal 1, 25 (OH)2-hydroxyvitamin D levels [1,2].

The frequency of XLH is 1.7 per 100,000 children [1–3]. XLH arises from mutations of
the phosphate-regulating endopeptidase homolog X-linked (PHEX) gene (Xp22.11), and
its inheritance is X-linked dominant [3,4]. Males and females are equally affected, but the
clinical severity is often variable even in familial cases [3,4]. The PHEX protein, a protease
expressed in osteocytes and odontoblasts, does not degrade FGF23 [3,4]. Although the
exact mechanism underlying elevated FGF23 in XLH is not completely understood, it is
speculated that the sensing of phosphate in osteocytes may be disturbed [3,4].

The treatment target in X-linked hypophosphatemia (XLH) in childhood is to improve
rickets, restore growth, alleviate bone pain, improve physical activity, and maintain dental
health [1,2,5–9]. Infants in whom the condition is diagnosed at birth via family screening
should be treated as soon as possible, as the outcomes are better the earlier therapy is
begun [1,2,10].

The conventional therapy for XLH consists of oral phosphorus supplementation and
alfacalcidol or calcitriol [1,2,5–9]. Recently burosumab, an IgG1 monoclonal antibody
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targeting FGF23, was developed and authorized for use by the European Medicines Agency
and Food and Drug Administration [1–3,10–12], and several studies of its use in the
treatment of severe XLH have already been published [13–17].

The present review provides a descriptive summary of oral phosphorus supplementa-
tion and alfacalcidol or calcitriol therapy, issues related to this treatment, and the prospects
of burosumab as an alternative therapy for XLH.

2. Conventional Therapy

As mentioned above, the conventional therapy for XLH consists of oral phosphorus
supplementation and alfacalcidol or calcitriol. Oral phosphorus supplementation compen-
sates for renal phosphate wasting, and alfacalcidol or calcitriol compensates for impaired
1, 25 (OH)2-hydroxyvitamin D production caused by excess fibroblast growth factor 23
(FGF23) [1,2,18].

The phosphorus is administered in the form of a sodium-based and/or potassium-
based salt preparation. Table 1 summarizes the dosage of phosphorus and alfacalcidol or
calcitriol [7].

Table 1. Dosage of phosphorus and alfacalcidol or calcitriol.

Dose (Ref. [2]) Number of Doses per Day

Phosphorus 20–60 mg/kg/day
(initial dose) 4–6 times/day

Alfacalcidol
Calcitriol

0.03–0.05 mg/kg/day
0.02–0.03 mg/kg/day

Once a day
One or two doses

Oral phosphorus 20–60 mg/kg/day is recommended as the initial dosage, depending
on the age of the patient and the severity of the clinical symptoms [1,2]. It may be advisable
to begin with a low dosage. However, to avoid gastrointestinal side effects, such as
abdominal pain and diarrhea, and hyperparathyroidism, the dosage should not exceed
80 mg/kg/day [1,2]. When phosphorus is administered orally, it is poorly absorbed by the
intestinal tract and returns to the original value after a few hours [2]. Therefore, multiple,
daily doses of phosphorus are needed. In children, four to six divided doses daily are
preferable [2]. The serum phosphate level should not be used to adjust the dosage of
phosphorus supplementation [2].

Alfacalcidol or calcitriol is administered with oral phosphorus supplementation to
compensate for impaired 1, 25 (OH)2 hydroxyvitamin D production caused by excess
FGF23 [1,2,5–8]. Alfacalcidol and calcitriol increase the absorption of phosphorus from the
intestines. Initially, alfacalcidol 0.03–0.05 mg/kg/day should be administered once daily,
and calcitriol 0.02–0.03 mg/kg/day could be administered in one or two doses daily [2].
The alfacalcidol and calcitriol dosage are often higher in toddlers and adolescents than in
children [1,2,5,6] and should be adjusted so that it does not exceed (0.35 mg/mg) in urinary
calcium/creatine [2]. If necessary, water intake is recommended to reduce the urinary
calcium concentration [1]. Calculating the dosage should also take into consideration the
degree of ALP decrease as well [1,2]. While administering a large amount of alfacalcidol or
calcitriol is effective for improving rickets and growth velocity, it can lead to hypercalcemia,
increased urinary calcium excretion, and renal calcification [1,2,5–8]. However, if the
dosage is too low, it will be ineffective in improving rickets or the growth velocity. Thus,
fine-tuning the alfacalcidol and calcitriol dosage is often difficult.

Regarding adult height, Miyamoto et al. [19] reported that the adult height of patients
with XLH who received conventional therapy was −1.69 SD. Linglart et al. [8,20] reported
that the mean adult height in female and male patients with XLH was −1.3 SD and −1.9 SD,
respectively. However, 25–40% of patients with well-controlled XLH show an adult height
below −2 SD despite receiving optimized conventional therapy [21–26].

Cheung et al. [27] reported that pediatric patients with conventional therapy showed
lower cortical volumetric bone mineral density (vBMD) of the radius as determined by pe-
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ripheral quantitative computed tomography (pQCT) than control subjects. Neto et al. [28]
also reported a lower vBMD of the radius and tibia in pediatric patients with conventional
therapy. In Hyp mice, early supplementation with calcitriol and phosphate improved
bone microarchitecture on micro-CT to a greater extent than in non-treated Hyp mice [29].
In Hyp mice, the abnormal PHEX function may directly cause the cartilage abnormal-
ities [30,31]. Taken together, conventional therapy may be only partially effective for
bone mineralization.

3. Possible Complications under Conventional Therapy

Three to five phosphorus doses are normally administered. Phosphorus supplementa-
tion stimulates the gastrointestinal system and can cause diarrhea [1,2], possibly leading
to decreased compliance. Furthermore, alfacalcidol and calcitriol have a relatively narrow
therapeutic window, as mentioned previously, and may thus increase urinary calcium
excretion. Increased urinary calcium excretion and hyper-phosphaturia lead to nephrocalci-
nosis and nephrolithiasis [3–6]. Renal calcification reportedly occurs in 30–70% of patients
with XLH [1,32–34] as a manifestation of secondary hyperparathyroidism [1,2,8,35–37],
which is caused by the high dose of oral phosphorus and/or an active form of vitamin
D. In addition, FGF23 contributes to the progression of secondary hyperparathyroidism
by reducing 1, 25 (OH)2 hydroxyvitamin D synthesis and subsequently decreasing active
intestinal calcium transport [1,2,8]. Furthermore, hyperparathyroidism in XLH patients
has been reported to cause hypertension [36,37]. According to Alon et al. [36]. eight of
41 patients with XLH aged 20–29 years experienced hypertension during treatment. Sec-
ondary and tertiary hyperparathyroidism were observed in all eight of these patients, and
nephrocalcinosis was observed in seven patients. Nakamura et al. [37] also reported that
six of 22 adult patients with XLH experienced hypertension, and that the average age at
hypertension onset was 29 years. All six patients had secondary or tertiary hyperparathy-
roidism, and two patients had renal dysfunction. Monitoring of blood pressure is necessary
for XLH patients with hyperparathyroidism.

4. Clinical Trials of Burosumab

As mentioned above, the conventional therapy is effective, but leg deformities and
diminished adult height persist in some patients with XLH despite long-term therapy.

Recently, burosumab, an anti-FGF23 antibody, was developed as a drug for decreasing
excess FGF23 [3,11,12], which is central to the pathology of XLH [1–3]. Burosumab is a
recombinant immunoglobulin G1 monoclonal antibody that binds intact and fragmented
FGF23 at the N-terminal domain [12]. N-terminal antibodies to FGF23 can prevent the
interaction of FGF23 and FGF receptor 1c [12]. Blood levels of burosumab peak in seven to
11 days on average, and its half-life in blood is 16 to 19 days [38,39]. The pharmacokinetics
are the same for adults and children [39].

Aono et al. [12] reported the effects of antiFGF23 antibody in Hyp mice. The antibodies
were administered to 4-week-old mice once a week for one month. As a result, the serum
phosphate and 1, 25 (OH)2 hydroxyvitamin D levels increased. Improvement of bone
deformities and mineralization were observed. Blocking FGF23 with antibodies can cause
a rapid increase in 1, 25 (OH)2 hydroxyvitamin D, leading to hypercalcemia and possible
renal calcification. However, in the previously cited study of Hyp mice, no nephrocalcinosis
was observed.

Table 2 summarizes the results of several clinical trials of burosumab [13–17]. In all
the trials, changes in rickets were assessed using the Rickets Severity Score (RSS) and
Radiographic Global Impression of Change (RGI-C). The RSS consists of ten sores, with
0 indicating no rickets, and 10 indicating the greatest severity [40]. The RGI-C is an ordinal
scale in which −3 indicates severe exacerbation and +3 indicates a complete cure [41].
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Table 2. The effect on radiographic changes and height change of burosumab.

Ref [13] Ref [14] Ref [15] Ref [16] 1 Ref [17]

Number of patients
(age)

52
(5–12 years)

13
(1–4 year)

61
(1–12 years)

52
(5–12 years) 15 (1–12 years)

Burosumab dose

N = 26 Q2W 2 (initial
0.1 mg/kg, titrated to

mean 0.98 mg/kg)
N = 26 Q4W 3

(initial 0.2 mg/kg,
titrated mean
1.5 mg/kg)

0.8–1.2 mg/kg Q2W

N = 29 Burosumab
0.8–1.2 mg/kg Q2W

N = 32
Conventional

therapy

0.8–1.2 mg/kg
Q2W 0.8–1.2 mg/kg Q2W

Change of RSS
Mean ± SD

At base line
Q2W 1.9 ± 1.2
Q4W 1.7 ± 1.0
At 64 weeks

Q2W 0.8 ± 0.6
Q4W 0.9 ± 0.5

At base line
2.9 ± 1.2

At 64 weeks
0.9 ± 0.5 4

At base line
Burosumab

3.2 ± 1.1
Conventional therapy

3.2 ± 1.0
At 64 weeks
Burosumab
1.0 ± 0.7 4

Conventional therapy
2.2 ± 0.8 4

At 160 weeks
RSS decreased in

41/52 patients
At base line

1.3 ± 1.2

Change of RGC-I
LSM 5 ± SE

Q2W 0.8 ± 0.6
at 64 weeks

Q4W 0.9 ± 0.5
at 64 weeks

0.9 ± 0.5
(RGI-C score �+2
13/13) patients) 6

Burosumab at
64 weeks

1.0 ± 0.7 4

(RGI-C score �+2
25/29 patients) 6

Conventional at
64 weeks

2.2 ± 0.8 4

(RGI-C score �+2
6/32 patients)

LSM (SE) from base
line to week 160

+1.89 ± 0.1
(RGI-C score �+2

23/41 patients
at 160 weeks) 6

Global RGC-I
At 40 weeks

1.5 ± 0.8
At the end of

treatment
(average 121.7 weeks)

2.1 ± 0.7

Effect on length of
height change after

burosumab

Mean change of
height Z score

Q2W
+0.19 at 64 weeks

Q4W
+0.12 at 64 weeks

Mean (SD)
recumbent length or

standing height Z
score

−1.38 ± 1.1 at base
line

−1.64 ± 1.09 at
63 weeks

LSM (SE) at 64 weeks
Burosumab
0.17 ± 0.07

Conventional therapy
0.02 ± 0.04

Mean (SD) height Z
score

Q4W→Q2W
−2.05 ± 0.96
at base line
−1.85 ± 0.85
at 160 weeks
Q2W→Q2W
−1.72 ± 1.03
at base line
−1.38 ± 1.06
at 160 weeks

No change of height
Z score from baseline

1. Shown here is a study examining the continued treatment of the 52 patients previously enrolled in a study by
Carpenter et al. [13] with burosumab for up to 160 weeks. 2. Q2W, every two weeks. 3. Q4W, every four weeks.
4. These data were provided by ref. [42]. 5. LSM, lean squared mean. 6. The number of patients with � 2 points at
the end of the study.

The first, open-label, uncontrolled study included 52 patients with XLH (aged 5–12 years)
who were followed to week 64 [13]. All the patients switched from the conventional therapy
to burosumab. At base line, 94% of the patients had active rickets (RSS > 0). The subjects
were divided into biweekly and four-weekly administration groups. The initial dosage was
0.1 mg/kg in the biweekly group and 0.2 mg/kg in the four-weekly group. The dosage was
gradually increased to reach the lower limit of the reference value for fasting serum phosphorus
level by age at week 2 after administration.

Increased serum phosphorus, renal phosphate reabsorption, 1, 25 (OH) 2D, and
decreased serum ALP were observed in both groups. The mean fasting serum phosphorus
level initially increased from the baseline value at all time-points in both groups and was
able to be maintained in the biweekly group during the treatment period whereas in the
four-weekly group it decreased steadily even at week 64 until the next dose.

While the biweekly group showed a decrease in the mean RSS, the four-weekly group
showed a smaller decrease, indicating greater improvement in the former group. A small
increase in the mean standing height Z score was also observed in the biweekly group and
the four-weekly group. Furthermore, the score for physical functioning and pain improved
in both groups. Based on these findings, burosumab was considered effective for children
with XLH, and biweekly administration of burosumab was considered most appropriate.

Secondly, an open-label study of 13 patients (aged 1 to 4 years) [14] switching conven-
tional therapy to burosumab treatment at baseline found that 12 of the patients had a RSS of
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at least 1.5, indicating severe rickets. As a result, the RSS improved by week 64. However,
the length and height Z scores worsened. The authors stated that a precise assessment
of length and height can be difficult at this age; however, most patients’ height Z score
continued to follow the growth curves.

Third, a randomized control study enrolled 61 children with XLH (aged 1 to 12 years)
with an RSS score > 2 (relatively severe) who switched from the conventional therapy
to burosumab or continued the conventional therapy [15]. The patients in both groups
had already received the conventional therapy for an average of 4.3 years and 3.3 years,
respectively. Burosumab administration was begun at 0.8 mg/kg every two weeks, then
increased to 1.2 mg/kg.

At week 64, improvement in RGC-I and RSS was better in the burosumab group than
in the conventional therapy group. The increase in the length and height Z scores at week
64 was also significantly greater in the burosumab group than in the conventional therapy
group. Therefore, in patients with relatively severe XLH, burosumab is more effective than
conventional therapy.

A study which examined continuation of burosumab therapy in the 52 patients pre-
viously enrolled in a study by Carpenter et al. [13] for up to 160 weeks [16] was reported.
Most patients showed improvement in radiographic findings of rickets. Although the
height Z score improved, the change from the baseline was moderate.

Namba et al. [17] recently reported the results of a Phase 3 and 4 open-label trial.
Fifteen children (aged 1 to 12 years) received an average of six years of the conventional
therapy. As in previous reports, RSS, RGI-S and growth rate tended to improve at week 124.

5. Safety of Burosumab

No previous studies based on clinical trials reported any short-term serious adverse
events leading to the discontinuation of burosumab [13–16]. A recent, longitudinal study
reported that adverse events related to burosumab occurred in 73% of the patients en-
rolled [16]. The most common adverse event was a reaction at the injection site [13–17],
which occurred in about half the patients receiving burosumab but resolved one to two
days after the injection. The second most common burosumab-related adverse event was
pain in the extremities (10%). One patient experienced two serious adverse events requiring
hospitalization (fever and muscle pain at week 48 and headache at week 182) but the
therapy was nonetheless continued [16].

Six patients were positive for antidrug antibodies at the baseline while 40 patients
remained negative for the 160-week course [16]. Three of the six patients with antidrug
antibodies were also positive for neutralizing antibody. These patients experienced a
reaction at the injection site but achieved improved RSS and maintained their serum
phosphorus level. None of the patients had increased serum calcium, excessive urinary
calcium excretion or increased serum PTH even after 160 weeks of therapy [16].

A study comparing burosumab with the conventional therapy found no renal calcifi-
cation or hyperparathyroidism in a burosumab-therapy group [15] but reported a higher
number of dental abscesses in this group than in a conventional therapy group [15], cor-
roborating previous findings of the efficacy of the conventional therapy against dental
diseases [1,2,8]. Further study is needed to clarify these issues.

6. Indications for Burosumab Treatment in Children

A recent consensus statement has suggested that burosumab therapy should be con-
sidered as the first-line therapy in children with XLH aged 1 year or older (6 months in
some countries, such as the USA) and adolescents with radiographic findings of bone dis-
ease [2]. The consensus also recommended that the treatment be continued until epiphyseal
closure [2]. While clinical trials have so far shown burosumab to be more effective than
conventional therapy in severe XLH, the effect of burosumab on mild XLH is still unknown.
Further, the annual cost of burosumab therapy is enormous (about US $200,000). Therefore,
conventional therapy should be attempted first in mild cases [2].
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The initial burosumab dosage is 0.8 mg/kg administered subcutaneously every two
weeks [2]. The dosage should be adjusted so that the fasting serum phosphorus concentra-
tion is at the lower end of the normal reference range by age [2]. The fasting phosphate
level should be measured 12–14 days after the injection to avoid hyperphosphatemia [2].

7. Future Prospects for Burosumab Treatment

Table 3 summarizes the unsolved questions in burosumab therapy.

Table 3. Open questions to be considered in burosumab treatment.

• Treatment of infants
• Biochemical markers for dose setting (fasting serum phosphorus level, tubular reabsorption of

phosphorus, urine calcium/creatinine, PTH, etc.)
• Long-term effect on healing of rickets, adult height, dental health, bone pain, and physical function
• Long-term safety

Further, long-term follow up is needed to assess the long-term impact of the therapy
on rickets, adult height, and safety.

8. Summary

The present review summarized the current methods of treating XLH. The conven-
tional therapy consisting of phosphorus supplementation and alfacalcidol or calcitriol is
effective for improving rickets and growth rate, but some patients fail to respond ade-
quately, resulting in leg deformities and reduced adult height. Moreover, adverse events
sometimes occur with the conventional therapy. Burosumab is more effective than the
conventional therapy in severe XLH, but some unresolved issues, including the fact that
final height data have not yet been collected, remain. More evidence from future studies
should clarify these issues.
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Abstract: X-linked hypophosphatemia (XLH) is a rare inherited disorder involving elevated levels
of fibroblast growth factor (FGF) 23, and is caused by loss-of-function mutations in the PHEX gene.
FGF23 induces renal phosphate wasting and suppresses the activation of vitamin D, resulting in
defective bone mineralization and rachitic changes in the growth plate and osteomalacia. Con-
ventional treatment with combinations of oral inorganic phosphate and active vitamin D analogs
enhances bone calcification, but the efficacy of conventional treatment is insufficient for adult XLH
patients to achieve an acceptable quality of life. Burosumab, a fully human monoclonal anti-FGF23
antibody, binds and inhibits FGF23, correcting hypophosphatemia and hypovitaminosis D. This
review describes a typical adult with XLH and summarizes the results of clinical trials of burosumab
in adults with XLH.

Keywords: burosumab; FGF23; hypophosphatemic rickets; XLH

1. Introduction

X-linked hypophosphatemia (XLH) is caused by loss-of-function mutations in the
phosphate-regulating gene with homologies to endopeptidases on the X chromosome
(PHEX) [1]. XLH was first described in 1937 as a type of rickets resistant to physiologic
doses of natural vitamin D [2]. XLH is the most frequent cause of inherited hypophos-
phatemic rickets, with an incidence of 3.9 per 100,000 live births and a prevalence of 4.8 per
100,000 persons [3–5].

Fibroblast growth factor 23 (FGF23) is an osteocyte-derived hormone that regulates
phosphate and vitamin D homeostasis. Elevated circulating FGF23 causes renal phosphate
wasting and suppresses the production of activated vitamin D, resulting in hypophos-
phatemia and impaired bone mineralization [6–10]. Physiologically, FGF23 is important
in calcium-phosphate homeostasis, as well as in regulating parathyroid hormone (PTH)
and dihydroxy vitamin D levels [11]. Mutations in PHEX enhance circulating FGF23 levels,
resulting in hypophosphatemic rickets [12,13]. Hypophosphatemic rickets/osteomalacia
caused by excessive FGF23 activity has also been observed in individuals with autosomal
dominant hypophosphatemic rickets [14], tumor-induced osteomalacia [12,13], fibrous dys-
plasia with McCune-Albright syndrome [15], sporadic fibrous dysplasia [16], and repeated
intravenous iron infusion [17,18].

Conventional treatment for hypophosphatemic ricket/osteomalacia consists of com-
binations of active vitamin D analogs and multiple daily doses of oral inorganic phos-
phate [19]. However, both active vitamin D and phosphate enhance FGF23 secretion [11].
Clinical trials have shown that burosumab, a humanized monoclonal anti-FGF23 antibody,
is safe and effective in pediatric patients with XLH [20–22].
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This review will first describe an adult XLH patient, enabling an understanding of
the complications that frequent occur in these patients. This review will also focus on the
effects of treatment, comparing conventional treatments with burosumab.

2. Case Presentation

A 48-year-old woman was referred to our hospital for incidental hypophosphatemia at
a medical checkup. She was short in stature (119.5 cm), with a body weight of 32.5 kg and
bowed legs. She could not walk alone until age 5 years. She had been diagnosed with mal-
nutrition of unknown causes and did not receive any treatment for her rickets. Her mother
was also short in stature with bowed legs, but her father and five brothers did not exhibit
short stature or bone abnormalities. Her serum phosphate concentration was 0.8 mg/dL,
and she was diagnosed with XLH. She was started on treatment with alfacalcidol and
inorganic phosphate, resulting in a gradual reduction of alkaline phosphatase levels. Her
renal function was normal (serum creatinine 0.5 mg/dL). Analyses at age 58 years showed
that her intact FGF23 level was 38.7 pg/mL and her tubular maximal reabsorption of
phosphate to glomerular filtration rate (TmP/GFR) was 1.28 mg/dL, indicating a diagnosis
of FGF23-related hypophosphatemia [23].

She began to experience numbness in her legs at age 54 years. She was diagnosed
with ossification of the posterior longitudinal ligament (OPLL) of the cervical spine. She
was advised by an orthopedic surgeon to undergo recommended surgical treatment but
refused it for a long time. Finally, her gait became spastic at age 64 years, and she under-
went vertebral resection (Figure 1). Her symptoms, such as cervicodynia, stiff neck, and
pain/paresthesia of the upper limbs, improved but not completely. She also developed
hearing loss at this age.

Figure 1. Cervical X-rays of the patient before (A) and after (B) vertebral resection for OPLL. After
the operation, her symptoms partially improved.

At age 66 years, this patient experienced a left tibial pseudofracture and at age 67 years,
she experienced pseudofractures on right tibia and left fibula. Conservative treatment of
the pseudofracture of the left tibia was ineffective and intramedullary nail surgery was
performed (Figure 2). After these lower limb fractures, she could not walk independently
outside her house. Although her bone mineral density at age 66 years was not osteoporotic
but osteopenic, both at the lumbar spine (L2–4 0.906 g/cm2, T-score −0.9) and the femoral
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neck (0.602 g/cm2, T-score −1.7), her vertebral fracture gradually progressed from this age,
with multiple vertebral fractures resulting in a circle back at age 71 years.

Figure 2. Bone scintigraphy of the patient at age 67 years (A). X-rays of both femurs (B) and
left lower legs (C) after intramedullary nail surgery. The accumulations of radioisotope indicated
fracture/pseudofracture of the left forearm, lumbar spines, and both legs. Along with bowing,
beaking was observed at both femurs, findings consistent with the results of bone scintigraphy. After
the surgery, she experienced partial easing of pain in her lower extremities, but calcifications of the
pseudofracture regions were delayed.

Her blood pressure gradually increased during this time, and she was started on
a calcium channel blocker at age 64 years. Her renal function also gradually decreased,
with her serum creatinine concentration at age 75 years being above 1.0 mg/dL. Her
doses of alfacalcidol and inorganic phosphate were reduced, with both stopped at age
75 years, resulting in a decrease in renal function. Because her renal function at age 79 years
became very low (Cre 6.86 mg/dL, eGFR 4.98 mL/min), she was started on hemodialysis.
Before starting hemodialysis, she exhibited secondary hyperparathyroidism (SHPT) with
hyperphosphatemia (serum Ca 9.1 mg/dL, Pi 4.9 mg/dL, ALP (IFCC) 212 U/L, and whole
PTH 821.3 pg/mL).

3. Complications in Adult XLH Patients

The patient described above had been diagnosed with adult XLH with severe compli-
cations, such as short stature, lower limb deformity and gait difficulty, OPLL, bone fragility,
and hearing loss, complications often encountered in adult XLH patients. Renal insuffi-
ciency and SHPT were also observed, with these complications resulting from conventional
treatment with inorganic phosphate and active vitamin D.

3.1. Short Stature

Short stature and growth retardation are typical phenotypes of XLH. At birth, patients
with XLH are not abnormally small [24], but adult XLH patients are smaller than healthy
subjects [25]. Despite treatment with oral inorganic phosphate and active vitamin D, includ-
ing agents such as calcitriol and alfacalcidol, many patients show suboptimal growth [26].
Pubertal growth spurt is almost normal in patients with XLH [27], suggesting that some
of the height deficit in treated patients results from late diagnosis and treatment onset.
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Although initiating treatment in early infancy increases adult heights in patients with XLH,
these heights are not completely normalized compared with healthy subjects [28]. Recom-
binant human growth hormone (rhGH) has also been used to improve growth velocity in
pediatric XLH patients [29], with the combination of rhGH and conventional treatments in
pediatric patients improving final height and bone mineral density (BMD) [30]. However,
rhGH therapy is ineffective in adult XLH patients with epiphyseal line closure.

3.2. Lower Limb Deformity and Gait Difficulty

Long bone deformities, including bowing and maltorsion of the lower limbs, are
common in patients with XLH, with many of these patients requiring multiple surgical
procedures to correct these deformities [31,32]. A cross-sectional study in East Asian
patients with XLH showed that 59.4% of adult XLH patients complained walking difficulties
and that 25.0% required a walking device [33]. Because of these deformities, most patients
with XLH experience gait and joint problems, reducing their quality of life (QoL) [34,35].
Gait analyses with a motion capture system showed that gait quality was lower in 29 XLH
patients than in healthy individuals [36]. Factors associated with poor gait quality include
the severity of lower limb deformity, high body mass index (BMI > 30 kg/m2), and the
presence of enthesopathies.

Poor muscle strength is also associated with gait difficulties. An analysis of calf mus-
cle quantity and quality by peripheral quantitative computed tomography and jumping
mechanography in 34 patients with hypophosphatemic rickets showed that muscle size
was normal, but muscle density and peak muscle force and power were lower than in age-
matched healthy volunteers [37]. Lower muscle quality and limb deformities contribute
to gait difficulty. Most renal transplant recipients develop hypophosphatemia after trans-
plantation due to the inappropriate secretion of FGF-23 and PTH in spite of improved renal
function [38]. Administration of inorganic phosphate to hypophosphatemic patients after
renal transplantation restored their serum phosphate levels and the composition of mus-
cular phosphate components, such as adenosine 5′-triphosphate, and systemic acid/base
homeostasis [39]. Hypophosphatemia itself may cause poor muscle quality in patients
with XLH.

3.3. Spinal Complications

Spinal complications, such as ossified ligamentum flavum (OLF), posterior longi-
tudinal ligament (OPLL), and Chiari malformation, have been observed frequently in
adult XLH patients. For example, seven (11.8%) of 59 adult XLH patients were reported
to have symptoms attributable to the spine clinically and/or radiologically [40]. Spinal
complications observed in these patients included OLF, OPLL, Chiari malformation, cer-
vical discectomy, cervical disc prolapse, and spinal cord syrinx. Surgical intervention
(osteotomy) was frequently required. High rates of spinal ligament ossification, hip and
knee osteophytes, and enthesopathy in the Achilles tendon have also been reported in
Japanese adults with XLH [41].

3.4. Bone Fragility

High rates of fractures and/or pseudofractures have been reported in adult XLH
patients [25,33,42]. For example, a cross-sectional survey of Japanese adults with XLH
found that 34.4% had experienced a fracture, with the most commonly fractured bone being
the femur (25.0%) [33]. In addition, some patients experienced more than one fracture.

BMD of the lumbar spine and hip assessed by dual-energy X-ray absorptiometry
(DXA) was found to be higher in adult XLH patients than in an age-matched reference
group [25,43,44]. A histologic analysis of adult patients with hypophosphatemic rickets
showed that trabecular calcified and osteoid volumes were elevated, as was osteoid seam
thickness [45]. Significant discrepancies between BMDs of the lumbar spine and hip have
been observed in some patients, suggesting that extra-skeletal calcifications may interfere
with BMD, especially of the lumbar spine. Bone microstructure is a component of bone
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quality that affects bone fragility [46] and can be evaluated noninvasively in patients
with osteoporosis using high-resolution peripheral quantitative computed tomography
(HR-pQCT) [47]. Although DXA showed that areal BMD was higher in 37 female XLH
patients than in matched healthy controls, HR-pQCT found that volumetric BMD and
microarchitectural parameters were lower in the XLH patients than in controls [48]. These
findings suggested that bone quality is poor in patients with XLH.

Histopathologic assessments of transiliac bone biopsy specimens from 16 adult XLH
patients showed osteomalacia in almost all of these patients, including the absence of
tetracycline double-labeling and increased osteoid surfaces [43]. Only 4 of 16 patients
had been administered calcitriol when bone biopsies were performed, whereas 14 had
previously been treated with vitamin D2 and/or inorganic phosphate. Fifteen patients were
found to have osteoid halos around their osteocytes, a finding typically observed in patients
with vitamin D-resistant rickets [49]. Evaluation of the relationship between the severity
of bone pain and the degree of osteomalacia, as determined by osteoid volumes, showed
a clear threshold, with relative osteoid volumes > 25% being associated with bone pain.
Histomorphometric evaluation of bone biopsies from patients with vitamin D-resistant
rickets showed the presence of osteomalacia, even in asymptomatic patients [45]. Taken
together, this evidence indicates that BMD does not reflect bone fragility.

3.5. Hearing Loss

Approximately 30% of adult patients with XLH experience hearing impairment [41,50],
although otologic phenotype and age at presentation vary [50]. Hearing loss was not
significantly associated with the severity of biochemical and skeletal abnormalities. These
patients should therefore undergo routine otologic examinations.

4. Conventional Treatment of Patients with XLH

The goals of treatment of adult XLH patients include reducing bone pain and improv-
ing fracture and/or pseudofracture healing [19]. These symptoms, as well as osteomalacia,
may be ameliorated by conventional treatments, such as active vitamin D and inorganic
phosphate [51–54].

A 2-year randomized prospective study evaluated the efficacy and safety of 20 ver-
sus 40 ng/kg body weight (BW)/day of calcitriol in 68 children with XLH [55]. Higher
doses had greater effects on Thacher rickets severity scores, reductions in serum alkaline
phosphatase concentrations, and increases in height and serum phosphate concentrations.
However, conventional treatment did not improve dental disease, arthritic complications,
enthesopathy, and ligament calcification in adult XLH patients [19].

The risks of long-term conventional therapy with, for example, active vitamin D
and inorganic phosphate, include hypercalcemia, hypercalciuria, nephrolithiasis, and
nephrocalcinosis, all conditions that can cause chronic kidney disease (Table 1). The severity
of nephrocalcinosis was shown to be significantly associated with the dose of inorganic
phosphate [56]. Active vitamin D can contribute to the development of nephrolithiasis and
nephrocalcinosis. Routine monitoring of serum and urinary parameters is necessary to
avoid the side effects of conventional therapy.

Table 1. Problems of conventional treatments in adult XLH patients.

Poor adherence to medication

Gastrointestinal side effects

Secondary hyperparathyroidism

Ectopic calcification

Renal insufficiency

Insufficient effect
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Although hyperparathyroidism has been linked to long-term oral administration
of inorganic phosphate, it has also been reported in untreated patients. Hyperparathy-
roidism may be caused not only by inorganic phosphate administration but by FGF23
inactivation of calcitriol. PTH levels are high in more than 80% of patients with XLH [57],
with an observational study in adult XLH patients showing that hyperparathyroidism
was associated with disruption of the physiological regulation of PTH secretion [58]. Ten
percent of these patients developed hypercalcemic hyperparathyroidism and underwent
parathyroidectomy.

5. Burosumab Treatment of Adult XLH Patients

5.1. Preclinical Findings

Two types of anti-FGF23 antibodies were developed, FN1 and FC1, which recognize
the amino- and carboxy-terminal regions, respectively, of FGF23 [59]. Both FN1 and FC1
inhibited FGF23 activity. Specifically, FN1 masked putative FGF receptor-binding sites in
the amino-terminal domain of FGF23, whereas FC1 interfered with the association between
FGF23 and Klotho by binding to the carboxy-terminal domain of FGF23. In Hyp mice, a
model of human XLH, anti-FGF23 antibody, consisting of a 1:1 mixture of FN1 and FC1,
improved hypophosphatemia by attenuating hyper-phosphaturia and low 1,25(OH)2D
levels, thereby improving growth and muscle strength [60,61].

5.2. Clinical Findings in Adults with XLH

Burosumab (KRN23), a recombinant human monoclonal IgG1 antibody that binds to
the amino-terminal domain of FGF23, was developed for the treatment of FGF23-related
hypophosphatemic rickets/osteomalacia, such as XLH [20–22,62] and tumor-induced osteo-
malacia (TIO) [63,64]. A phase 1 double-blind, placebo-controlled study tested the effects
of a single intravenous or subcutaneous dose of burosumab in adults with XLH, finding
that single doses of burosumab temporarily increased the ratio of TmP/GFR, as well as
increasing serum phosphate and 1,25(OH)2D levels [65]. Serum phosphate levels peaked
0.5–4 days after intravenous administration and 8–15 days after subcutaneous administra-
tion of burosumab. The pharmacokinetics and pharmacodynamics of burosumab in adult
XLH patients [66,67] were analyzed using preclinical [60] and clinical [65] data. Because
the effects of subcutaneous injection lasted longer than those of intravenous injection,
subcutaneous administration was regarded as more suitable for clinical use [65].

A phase 1/2 open-label dose-escalation study evaluated the efficacy of subcutaneous
burosumab in adults with XLH [68]. Twenty-eight adults with XLH participated in a
4-month dose-escalation study (0.05–0.6 mg/kg every 28 days), and 22 of 28 joined a
12-month extension study (0.1–1 mg/kg every 28 days). Burosumab administration resulted
in prolonged improvements in TmP/GFR, serum phosphate, and serum 1,25(OH)2D levels,
with a favorable safety profile [68]. Moreover, burosumab was reported to improve patient
perception of their physical functioning and stiffness due to their disease, as determined by
the SF-36v2 Health Survey and the Western Ontario and McMaster Osteoarthritis Index
(WOMAC), respectively, as well as to improve health-related QOL [69].

A large, double-blind, placebo-controlled, phase 3 trial found that burosumab im-
proved patient-reported outcomes in 134 symptomatic adults with XLH [70]. Patients were
administered burosumab 1 mg/kg or placebo subcutaneously every 4 weeks for 24 weeks,
followed by open-label treatment with burosumab for an additional 24 weeks. Burosumab
significantly improved WOMAC physical function and stiffness compared with placebo,
and, also, accelerated active fracture healing [70]. None of the patients in this trial experi-
enced treatment-related serious adverse events, nephrocalcinosis, or meaningful changes
from baseline in serum and urinary calcium concentrations and intact PTH concentrations.
During the open-label extension phase of this trial, the ability of burosumab to improve
phosphate homeostasis was sustained for up to 48 weeks [71]. In addition, patient-reported
outcomes, such as WOMAC, Brief Pain Inventory-Short Form (BPI-SF), and Brief Fatigue
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Inventory (BFI) scores, were improved, as was ambulatory function, as measured by the
6 min walk test (6MWT), for up to 96 weeks [72].

An open-label, single-arm, international phase 3 trial evaluated the histomorphometric
effects of burosumab in 14 adults with XLH [73]. Eleven of fourteen patients completed
treatment with 1.0 mg/kg burosumab every 4 weeks for 48 weeks and underwent paired
transiliac bone biopsies before and after burosumab treatment. Burosumab improved
all osteomalacia-related histomorphometric parameters. such as osteoid volume/bone
volume, osteoid thickness, osteoid surface/bone surface, and mineralization lag time [73].
Analyses of BMD distribution in these biopsied samples showed that mineralization in
bones of patients with XLH is very heterogeneous and that burosumab treatment increased
mineral matrix volume rather than overall mineralization [74].

6. Conclusions

XLH is a hereditary disorder with many complications. Conventional treatment
consists of combined oral administration of inorganic phosphate and active vitamin D
analogs. These treatments, however, do not restore normal phosphate levels, and their
outcomes, including QOL, are not optimal [75].

Several clinical studies showed that burosumab was superior to conventional treat-
ment in adults with XLH. Clinical trials showed that burosumab consistently improved
phosphate homeostasis, fracture and pseudofracture healing, and patient-reported out-
comes. Burosumab is a promising treatment that can improve QOL in adult XLH patients.
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Highlights:

What are the main findings?

• Adherence to conventional treatment is essential but challenging for patients with XLH.
• Conventional treatment should continue even after XLH-children have stopped their growth.

What is the implication of the main findings?

• Burosumab is a novel treatment strategy for pediatric patients with poor adherence to conven-
tional treatment.

Abstract: X-linked hypophosphatemic rickets/osteomalacia is an inherited disease caused by the
loss of function in PHEX. Elevated plasma FGF23 in patients with XLH leads to hypophosphatemia.
The conventional treatment for XLH, consisting of oral phosphate and active vitamin D, is often
poorly adhered to for various reasons, such as the requirement to take multiple daily doses of
phosphate. Burosumab, an anti-FGF23 antibody, is a new drug that directly targets the mechanism
underlying XLH. We report herein three adult patients with poor adherence to the conventional
treatment. In Patient 1, adherence was poor throughout childhood and adolescence. The treatment
of Patients 2 and 3 became insufficient after adolescence. All of the patients suffered from gait
disturbance caused by pain, fractures, and lower extremity deformities early in life. We prescribed
burosumab for the latter two patients, and their symptoms, which were unaffected by resuming
conventional treatment, dramatically improved with burosumab. Maintaining adherence to the
conventional treatment is crucial but challenging for patients with XLH. Starting burosumab therapy
from childhood or adolescence in pediatric patients with poor adherence may help prevent the early
onset of complications.

Keywords: X-linked hypophosphatemic rickets/osteomalacia; conventional treatment; adherence;
burosumab

1. Introduction

X-linked hypophosphatemic rickets/osteomalacia (XLH) is an X-linked dominant
disorder caused by loss of function in the phosphate-regulating gene with homologies
to endopeptidase on the X chromosome (PHEX). Inactivating mutations in PHEX raise
plasma concentrations of fibroblast growth factor 23 (FGF23), although the mechanism
is not fully understood. Excess FGF23 leads to hypophosphatemia by impairing renal
phosphate reabsorption, and decreasing 1,25-dihydroxyvitamin D synthesis [1–3].

The conventional treatment, consisting of oral phosphate and active vitamin D, has
some efficacy, but most pediatric patients still have lower limb deformities, diminished
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growth, and bone or joint pain. Moreover, because the serum phosphate level returns to a
low baseline value within a few hours of phosphate intake, patients must take phosphate
several times a day, which contributes to poor adherence [4,5].

The effect of the conventional treatment in adults is also insufficient. Adult patients
suffer from bone or joint pain and stiffness, fractures, osteoarthritis, and enthesopathy.
Moreover, various complications related to the conventional treatment, such as nephrocal-
cinosis and hyperparathyroidism, may also occur. Owing to the burden of these symptoms,
the quality of life (QOL) of patients with XLH is low [6,7].

Burosumab, a human monoclonal anti-FGF23 antibody approved for use in Japan
in December 2019, is the first drug that directly targets the underlying mechanism of
XLH. Burosumab is administered via subcutaneous injection every four weeks in adult
patients, and every two weeks in pediatric patients [2,3]. Randomized controlled trials with
pediatric patients with XLH demonstrated that burosumab therapy was more effective
than the conventional treatment in improving rickets, lower limb deformity, growth, and
mobility [8,9]. Studies with adult patients demonstrated that burosumab therapy also
contributed to healing fractures and improving QOL [10–12].

Herein, we reported three male patients with XLH whose conventional treatment
during childhood and adolescence was insufficient. Patient 1 showed a serious outcome
that may have contributed to poor adherence to conventional treatment. The other patients
demonstrated favorable outcomes after receiving burosumab therapy.

2. Case Presentation

2.1. Patient 1

The patient presented with hypotonia at the age of 1 year and 7 months, and a
bone X-ray revealed rachitic changes in his wrists and knees. Laboratory results con-
firmed the hypophosphatemia (2.7 mg/dL [normal range: 3.9–6.2 mg/dL]), elevated ALP
(642 IU/L, IFCC [normal range: 139–471 IU/L]), and a decreased ratio of the maximum
tubular reabsorption to glomerular filtration rate (TmP/GFR) (2.0 mg/dL [normal range:
4.5–6.1 mg/dL]). Based on these findings, he was suspected of having XLH. There was no
family history of rickets. A gene analysis at the age of 16 confirmed a frameshift mutation
in PHEX (c.2473insACTC).

The conventional treatment, consisting of oral phosphate (30 mg/kg) and active
vitamin D (0.1 μg/kg), was delayed until the age of 3 years. Even after our diagnosis, his
parents refused to acknowledge for some time that he had XLH. After he began walking,
genu valgum and waddling gait became apparent. At that time, he stopped attending
school because of the embarrassment of having short stature and began acting out violently
towards his family. Adherence to conventional treatment was extremely poor throughout
childhood and adolescence, hence the lower extremity deformities and short stature failed
to improve, and scoliosis developed. He had three genu valgum orthopedic surgery
between the ages of 12 and 15. During the third surgery at the age of 15, intramedullary
nails were inserted into his left femur. However, there was not much improvement, and
the waddling gait persisted. His adult height was 140 cm (−5.3 SD [13]). He continued the
oral phosphate and active vitamin D therapy without effect until he decided to discontinue
the treatment at the age of 25. Figure 1 shows the severe scoliosis and deformities in his
extremities at the age of 33.
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(a) (b) 

Figure 1. Bone X-rays at the age of 33. (a): Severe scoliosis. (b): Malalignment of the lower extremities,
including differences in the length of the femurs and bowing of the tibias. (Intramedullary nails were
inserted into the left femur).

2.2. Patient 2

The patient was referred to our hospital at the age of 11 months because he was unable
to crawl. His family history was unremarkable. A physical examination revealed a rachitic
rosary and mild thoracic deformity. A laboratory examination demonstrated hypophos-
phatemia (2.4 mg/dL [normal range: 3.9–6.2 mg/dL]), and a decreased TmP/GFR ratio
(2.1 mg/dL [normal range: 4.5–6.1 mg/dL]). No abnormal findings were observed on the
other routine tests. Radiographs demonstrated cupping and flaring of the radii and ulnae,
indicating XLH. Conventional treatment was started (phosphate 40 mg/kg, active vitamin
D 0.1 μg/kg), and his motor development delay and bone deformities improved as a result.
At the age of 12, a gene analysis detected a mutation in PHEX (IVS9+1 G > A).

His adherence to therapy began worsening from around the age of 17 until he finally
stopped visiting the hospital at the age of 21. Although he resumed the phosphate and
active vitamin D therapy one year later, he experienced tibial fractures without trauma
where technetium-99m bone scan demonstrated abnormal uptake (Figure 2). The lower
leg pain was too severe to allow him to walk normally and prevented him from taking a
six-minute walk test (6MWT).

Burosumab 0.8 mg per actual weight (1.0 mg per ideal weight) for four weeks was
started at the age of 25. The patient reported that, shortly after starting burosumab ad-
ministration, his pain diminished and was almost completely remitted within six months.
One year and two months later, although he was still unable to walk at the average speed
for his age, the patient achieved 240 m on a 6MWT and (reference range: 584–686 m [14]).
Laboratory data at five months after the start of burosumab therapy found elevated serum
inorganic phosphate and TmP/GFR ratio and decreased intact PTH (Table 1). Unfortunately,
no blood samples were taken in the first month after burosumab therapy, as recommended
in most guidelines [2,3]. A technetium-99m bone scan twelve months after the start of
burosumab therapy demonstrated marked improvement (Figure 2).
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(a) (b) 

Figure 2. Technetium-99m bone scans of the bilateral tibiae. (a) Before burosumab therapy: abnormal
uptake indicating fractures. (b) Twelve months after the start of burosumab therapy: minimal
abnormal uptake.

Table 1. Laboratory data on Patient 2 before and after the start of burosumab therapy (Tx).

At Start of Tx Five Months after Tx Reference Range

TmP/GFR (mg/dL) 0.87 1.76 2.3–4.3
Serum inorganic phosphorus (mg/dL) 1.3 2.0 2.3–4.5

Serum calcium (mg/dL) 9.2 9.5 8.2–10.4
Serum intact PTH (pg/mL) 140.9 80.2 10.3–65.9

Serum alkaline phosphatase (IU/L) 143 179 110–330
Urinary calcium/creatinine 0.04 0.05 -

2.3. Patient 3

The patient was brought to the hospital at the age of 1 year and 8 months for waddling
gait. There was nothing remarkable in his family history. A physical examination revealed
genu varum. Laboratory examination found hypophosphatemia (2.2 mg/dL [normal range:
3.9–6.2 mg/dL]), a decreased TmP/GFR ratio (0.6 mg/dL [normal range: 4.5–6.1 mg/dL]),
and normal serum 25-hydroxyvitamin D (36 ng/mL). A bone X-ray found wrist and knee
rickets. These findings implied XLH, and conventional treatment was begun (phosphate
40 mg/kg, active vitamin D 0.1 μg/kg). The treatment corrected the genu varum, and his
gait normalized.

The patient reported difficulty adhering to the regimen of multiple daily phosphate
doses during childhood. At the age of 11, with the end of his growth spurt, he discontinued
the treatment. Although he continued receiving active vitamin D, the genu varum recurred
one year after discontinuing phosphate therapy. At the age of 25, he began experiencing
pain in his hip joints. He resumed phosphate therapy at the age of 35 without effect. The
pain extended from the hip joints to the lower extremities and lower back.

At the age of 41, he was referred to our hospital. Gene analysis detected a mutation
in PHEX (c.1735G > A). Six months after the referral, a bone X-ray demonstrated a ver-
tebral compression fracture, and the patient was barely able to walk owing to the severe
pain. Burosumab 0.7 mg per actual weight (1.0 mg per ideal weight) for four weeks was
prescribed, almost completely eliminating the pain after eight months. One year later, he
achieved 364 m on a 6MWT. His serum inorganic phosphorus was higher at one month
before the start of burosumab therapy when he was receiving the conventional treatment
than five months later. Table 2 shows the sequential changes in the laboratory data, in-
cluding elevated TmP/GFR. The serum inorganic phosphorus value was highest before
burosumab because the sample was obtained after phosphate administration.
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Table 2. Sequential laboratory data on Patient 3: one month before Tx, at the start of Tx, and five
months after Tx.

One Month before Tx At Start of Tx Five Months after Tx Reference Range

TmP/GFR (mg/dL) 1.75 - 2.11 2.3–4.3
Serum inorganic phosphorus (mg/dL) 2.9 1.7 2.7 2.3–4.5

Serum calcium (mg/dL) 9.7 9.6 9.6 8.2–10.4
Serum intact PTH (pg/mL) - 80.7 91.2 10.3–65.9

Serum alkaline phosphatase (IU/L) 187 169 152 110–330
Urinary calcium/creatinine 0.04 - 0.07 -

3. Discussion

The present report described three adult patients with gait disturbance caused by pain,
fractures, and lower extremity deformities early in life. Although the disease expression
and outcomes are highly variable, the poor outcomes in present cases may be related to
inadequate conventional treatment in childhood and adolescence.

Adherence to the conventional treatment during childhood and adolescence is essential
for patients with XLH. Patient 1 suffered from severe lower extremity deformities, and
attained a markedly low adult height owing to his poor adherence to therapy throughout
childhood and adolescence, and the delayed start of therapy. Before the conventional
treatment became available, untreated adult patients were consigned to having severe bone
deformities [15–17]. A recent report described a male patient with XLH, which had been
misdiagnosed as achondroplasia until the mistake was discovered at the age of 51. Severe
deformities developed in the patient’s lower extremities and spine, and his final adult
height was 127 cm [18].

One of the tremendous burdens of XLH in childhood and adolescence associated
with the conventional treatment is the frequent dosing [2,5]. In Patient 2, the worsening
of adherence to therapy during adolescence contributed to the formation of fractures and
onset of pain in early adulthood. Although no studies have focused on treatment adherence
in patients with XLH, the burden of frequent daily phosphate dosing is likely to contribute
to discouraging adherence.

Conventional treatment should continue to be administered even after growth is
complete. Patient 3 discontinued phosphate after his growth spurt, possibly contributing
to his poor prognosis in adulthood. Continuing the conventional treatment into adult-
hood is controversial because the complications of enthesopathy and osteoarthritis are not
alleviated by conventional treatment, and there are concerns about possible side effects,
such as hyperparathyroidism and nephrocalcinosis [1,19,20]. Indeed, the 2022 consensus
statement [3] does not recommend treating asymptomatic adult patients. However, in our
previous report, ten patients with XLH who discontinued the conventional treatment at
around the age of 20 became symptomatic (fractures and severe pain) within two to ten
years, and resuming the therapy ameliorated their clinical symptoms [21]. These findings
suggested that, even if patients are asymptomatic, the symptoms may re-emerge after
treatment discontinuation. Continuing the conventional treatment into adulthood can
prevent severe complications in patients with child-onset XHL.

Burosumab dramatically improved the pain and gait disorder caused by poor out-
comes of the conventional treatment during adolescence and adulthood in Patients 2 and 3,
whose symptoms failed to show any improvement after resuming the conventional treat-
ment. Burosumab is recommended for adult patients with persistent bone and/or joint pain,
fractures, pseudofractures, or an insufficient response to the conventional treatment [2,3].

On the other hand, the criteria for prescribing burosumab in pediatric patients are
unclear. The criteria advocated by one guideline [22] are specific: burosumab is to be
administered to pediatric patients with clinical symptoms, such as chronic pain, growth
delay, and bone deformity. These criteria do not address poor adherence. Although the
2019 consensus statement [2] recommends burosumab for pediatric patients who are unable
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to adhere to conventional treatment, it also states that no conclusive recommendations can
be given because the data on the long-term outcomes and cost-effectiveness of burosumab
are pending. As mentioned above, conventional treatment is burdensome and difficult for
the patient to adhere. To improve adherence in patients with chronic diseases such as XLH,
the treatment burden needs continually to be assessed. Depending on the assessment, the
treatment may need to be modified [23].

In conclusion, adequate adherence to conventional treatment is crucial but challenging
for patients with XLH. Initiating burosumab therapy from childhood in pediatric patients
with poor adherence may help prevent complications from appearing early in life. Since
XLH is a rare disease and the present report describes only three patients, further long-term
studies are required.
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Abstract: X-linked hypophosphatemia is an inheritable disease of renal phosphate wasting that results
in clinically manifestations associated with rickets or osteomalacia. The various symptoms in the
skeletal system are well recognized, such as short stature; lower limb deformities; and bone, joint, or
muscle pain, and it is often difficult to control these symptoms, despite the use of medication therapy
in growing children. In addition, lower limb deformities can lead to degenerative osteoarthritis
and dysfunction of lower limbs at the skeletal maturity. To prevent from future manifestation
of those symptoms, orthopedic surgeries are applicable to growing patients with severe skeletal
deformities or without response to conventional medication. Bone deformities are treated by acute or
gradual corrective osteotomies and temporally hemiepiphysiodesis using guided growth method.
The clinicians should choose the right procedure based on age, symptoms and state of deformities of
the patient.

Keywords: X-linked hypophosphatemia; deformity correction; mechanical axis

1. Introduction

X-linked hypophosphatemia (XLH, OMIM #307800) is a rare genetic disorder caused
by renal phosphate wasting and is the most common form of hypophosphatemic rickets
and osteomalacia. This disease causes fibroblast growth factor 23 (FGF23)-related hy-
pophosphatemia. FGF23 is a circulating hormone for phosphate regulation throughout the
whole body, and the elevation of this growth factor leads to renal wasting of phosphate and
low serum phosphate. The responsible gene for XLH is identified on PHEX (phosphate-
regulating protein with homology to endopeptidases on the X chromosome) [1,2]. A
decrease or absence of PHEX activity induces an increase in FGF23. On the other hand,
bone is mainly composed of hydroxyapatite and collagens, and hydroxyapatite contains
phosphate in its own structure. Therefore, skeletal complications are caused as phosphate
regulation is out of order in the PHEX/FGF23 axis. This condition causes rickets, which
is characterized by the impairment of the maturation of growth plates in patients during
childhood, as well as osteomalacia, which is characterized by the disturbance of miner-
alization in osteoids in adulthood. Lower limb deformities and various sequelae such as
gait alterations or pain in the lower limbs, which are the main complaints of patients with
rickets [3], have been reported in affected children and adults [4–6] and are associated with
impairment of quality of life [7].

The diagnosis of patients with XLH is generally made in childhood, and the treatment
with medication is continued throughout the lifetime. Oral phosphate and active vitamin
D are generally administered, with active vitamin D being included in the conventional
treatment. This treatment promotes the growth and improvement of skeletal deformities
such as bowlegs and alleviates bone, joint, and muscle pain. The good control of phosphate
caused by the medication reduces the need for orthopedic surgeries [8–10]. However,
the responses to this medical treatment are varied, and operative procedures for bone
deformities can be chosen in unsuccessful cases of medication [11–13]. Burosumab, an
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anti-fibroblast growth factor 23 antibody, is approved for this disease [14–16] and expected
to be efficacious for various symptoms, including bone deformities. However, there are
only two papers on the efficacy for bone deformities of this new medication at present.

This article reviews the orthopedic complications and recent orthopedic interventions
in children with XLH.

2. Orthopedic Features and Treatments in Infancy and Early Childhood

XLH is a dominant disorder. If a parent or siblings of a newborn infant has been
diagnosed with XLH, the baby can be expected to have XLH and a careful investigation
of hypophosphatemia would be performed by a pediatrician. However, in the absence
of the family history of XLH, this disorder should be suspected based on physical and
radiographic findings as described below.

2.1. Bowlegs

The most characteristic orthopedic feature of XLH is a bowleg in childhood, especially
after the start of standing and walking in early childhood. Weight-bearing leads lower
limbs to more serious deformities than physiological varus or valgus knee deformities in
XLH patients. Bowlegs in early childhood occur due to several causes, including vitamin D
deficiency, Blount disease (epiphysitis in the proximally medial tibia), physiological factors,
and so on. The clinicians should make a differential diagnosis between XLH and these
conditions using various examinations.

Plain radiographic images of lower limbs should be examined for the differential
diagnoses at the initial visit. The widening of epiphyseal plates and an unclear demarcation
line between the epiphyseal plate and metaphysis are characteristically demonstrated in
patients with rickets, and these factors should lead to a strong suspicion of rickets. However,
these characteristic findings are detected in various forms of rickets. In particular, it is
essential to differentiate between XLH and rickets caused by vitamin D insufficiency. In
addition, these features are not always obvious upon first examination, and follow-up
examinations are necessary for the diagnosis. In general, pediatricians commonly perform
radiographic examinations of the wrist and knee joints in patients with rickets. From
the point of view of orthopedists, radiographic images of the whole lower limbs should
additionally be obtained not in a supine position but a standing position to evaluate the
degree of a patient’s varus deformity and functional disability in a standing posture. For
the evaluation of limb deformities and functional disability, a mechanical axis deviation
(MAD) is the most valuable parameter (Figure 1) [17]. The mechanical axis is defined as
the line between the center of the femoral head and the center of the ankle joint on plain
radiographic images of whole lower limbs in a standing individual. It represents a main
weight-bearing point on the knee joint. An MAD shows the displacement of the mechanical
axis from the center of the knee joint, and a large deviation to the medial or lateral side
indicates severe deformity of the limb alignment.

The ideal mechanical axis line passes through the center of the knee joint and the ideal
MAD is 0 mm. This parameter is useful for the objective assessment of the improvement or
aggravation of limb deformities during follow-up examinations [18].

If the clinicians find radiographic evidence of rickets, they can add a radiographic
survey of the growth plate around the wrist or knee joints for an assessment of pathological
conditions using the Ricket Severity Score (RSS), which is a quantitative method based on
the degree of metaphyseal fraying, concavity, and the rate of affected physis [19]. Recently,
the Radiographic Global Impression of Change (RGI-C) score, which was developed in
the evaluation of changes in hypophosphatasia [20], has been used to assess the healing
of rickets in pediatric XLH patients [21]. If the patient has less obvious findings in the
radiographic images, the clinicians should follow the changes of the genu varum with age.
The various deformities around knee joints do not get better in most rachitic cases, while
almost all physiological bowlegs improve. The development of a varus deformity is useful
for the differential diagnosis between rickets and other conditions.
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(a) (b) 

Figure 1. Mechanical axis deviation (MAD) and varus or valgus deformity of a lower limb. The
mechanical axis is defined as the line between the center of the femoral head and the center of the
ankle joint (white line). Mechanical axis deviation is defined as the displacement of the mechanical
axis from the center of the knee joint. (a) Valgus deformity of the lower limb exists because of the
lateral displacement of the MAD. (b) Varus deformity of the lower limb exists because of the medial
displacement of the MAD.

Laboratory abnormalities, which include hypophosphatemia and elevated alkaline
phosphatase activity, must be checked in cases of rickets, including XLH. Recently, the
FGF23 level and a mutation analysis of the PHEX gene can be examined and are very useful
for reaching a definite diagnosis of XLH. Most orthopedists ask the expert pediatricians for
investigations of bone metabolisms or genetics if they suspect rickets.

For patients with rickets in early childhood, medication treatment with phosphate
and active vitamin D is first chosen. Therefore, orthopedic surgeons mainly check whether
limb deformities, especially bowlegs, develop or not via plain radiography. If the defor-
mity, mostly a varus deformity, is not improved or gets worse despite medication, the
orthopedists should intervene in the management of the limb deformities. The orthopedic
interventions include orthotic management and surgical treatment in this period. The
effectiveness of orthoses such as a knee–ankle–foot orthosis (long leg brace) is not evident
and is controversial. An orthopedic book describes no efficacy of orthotic management
for vitamin-D-resistant rickets [22]. In particular, there has been no report of efficacious
evidence in rickets of XLH. On the other hand, a few Japanese papers reported that orthotic
treatment was efficacious in a small number of rachitic patients, including individuals with
XLH [23]. Therefore, the application of orthoses is at each doctor’s discretion in Japan
for severe bowlegs caused by various pathologies, such as XLH or vitamin D deficiency.
The author has no experience of the application of orthoses to rickets patients because of
improvements in deformities caused by medication.

Osteotomies are performed in patients with XLH who have a severe deformity or
less improvement of deformities via medication [24]. Most osteotomies are applied to the
femur and tibia or fibula (Figure 2). Deformities of these long bones exist both around
growth plates, i.e., the metaphysis, epiphysis, and diaphysis, and many deformity sites
can exist in one lower limb. Therefore, it is difficult and unrealistic to correct a deformed
bone to a normally morphological shape. The purpose of osteotomies is the acquisition
of a better appearance and better function of the lower limbs. However, the clinicians

131



Endocrines 2022, 3

should keep in mind that better function takes precedence over a better appearance. In
early childhood, osteotomies around the inflection point of each bone are performed to
improve the mechanical axis to as normal of a range as possible. However, the correction
of deformities by osteotomies in early childhood is related with high recurrence rates
and complications [12,25,26]. Petje et al. reported a recurrence rate of 90% after the first
corrective osteotomy under adequate administration of phosphate [12]. Therefore, it is
difficult to decide the time of the first surgical procedure, and two- or three-stage procedures
should be planned during growth.

   
(a) (b) (c) 

Figure 2. A case of correction osteotomy: (a) varus deformities of bilateral lower legs before correction
osteotomy; (b) corrected lower legs after bilateral osteotomy with wire fixation; (c) correction of MAD
after bone healing at osteotomy site.

2.2. Short Stature

One of the clinical symptoms in XLH is well known to be a growth impairment,
especially short stature. Many pediatric orthopedists have encountered XLH patients
with bowlegs and short stature. Several studies previously assessed the height in small
populations of children with XLH [27,28], and Mao et al. recently reported growth curves
for a relatively large population of children with XLH. They suggested that the height
velocity decreased during the growth period compared to the normal population and that
there was a notable decline in age- and sex-matched height Z-scores after walking age [29].
Short stature in XLH is proportional, although bowlegs are prominent. An orthopedic
intervention is unnecessary and the treatment with phosphate and calcitriol should be
selected for slow growth. Growth hormone therapy is also applied for short stature in
XLH. Some papers have reported on the efficacious administration of recombinant human
growth hormone, while others have suggested no significant benefits.

Burosumab, a recombinant human monoclonal antibody for FGF23, may be promising
for the improvement of short stature in XLH patients [30].

3. Orthopedic Features and Treatments in Late Childhood and Adolescence

The physical and radiographic findings in late childhood and adolescence are similar
to those in early childhood. However, the skeletal deformities are more various in these
periods than in early childhood and patients are more likely to complain of their symptoms
by themselves.

132



Endocrines 2022, 3

3.1. Lower Limb Deformity

Deformities around the knee joints are prominent in late childhood and adolescence,
as are bowlegs in early childhood. However, those deformities are complicated in those
generations, while varus deformities are more typical in early childhood. For example,
some patients have varus or valgus deformities in bilateral knee joints and the others
have a varus deformity in one lower limb and a valgus deformity in the other. The latter
deformity is known as a windswept lower leg deformity [31]. The windswept deformity
often leads to a leg length discrepancy (LLD) and dysfunction of the lower legs. The various
abnormalities of the lower limb alignment cause various symptoms such as joint pain, bone
pain, or joint laxity in the lower limbs as patients gain body weight via their skeletal growth
and are subject to more weight-bearing stress on the lower extremities. Many researchers
have suggested that severe residual deformities lead to degenerative changes in the joints
of the lower limbs and impaired quality of life in adulthood [7,32–34].

Symptomatic deformities in the lower limbs should be treated as soon as possible and
some asymptomatic deformities should also be treated via orthopedic procedures to prevent
the patients from developing degenerative osteoarthritis of the lower limbs, spondylosis
with functional scoliosis caused by LLD, and musculoskeletal pain in adulthood [35].

Most relatively mild cases with varus or valgus knee deformities are not corrected by
osteotomies of the femur or the tibia in those periods but recently by temporary hemiepi-
physiodesis using the guided growth method [15,36,37]. In guided growth surgery, a small
plate is fixed on one side of a growth plate with two screws. These implants work as a
tether system to the growth in one side of the epiphyseal plate and allow the lower limb
alignment to improve with skeletal growth [38]. This method is less invasive, and the
patients can relatively quickly return to their school life. However, severe deformities,
which are not completely corrected by the guided growth method, are acutely or gradually
corrected by osteotomies with internal implants (plate and screws) or external fixators.
Gradual correction, which is based on distraction osteogenesis (the bone lengthening con-
cept), can induce relatively accurate results and is a useful method. This surgical method is
well established and usually applied to angular deformities or shortening of the tubular
bones in various disorders. On the other hand, gradual correction puts a huge burden on
the patients due to the long treatment period or many mild complications, such as pin
site infections. In addition, one treatment precaution was pointed out in XLH patients
receiving gradual correction [39]. Cho et al. reported the negative correlation between the
regeneration of lengthened bone and serum phosphate levels and concluded that a serum
phosphate level of 2.5 mg/dL as a cut-off point should be considered in deciding whether
deformity correction alone or with concomitant leg lengthening should be undertaken [39].
The transition of MAD changes is monitored for the degree of improvement of lower
limb deformities in both temporary hemiepiphysiodesis and correction by osteotomies. In
addition, the orthopedic surgeons should consider the joint orientation angle (JOA) as an
additional parameter during treatment planning. The JOA represents the angle between
the mechanical axis and joint surface line of the knee or ankle [40]. A large deviation of
the JOA from the normal range can cause an increase in shear stress on the joint cartilage
and leads to early degenerative osteoarthritis. Therefore, lower limb deformities should be
treated in adolescence, with an acceptable MAD and JOA achieved at skeletal maturity.

The guided growth method is also used for the correction of LLD in various dis-
eases [41,42] and can be applicable to patients with XLH. A set of one plate and two screws
is fixed on one side of a growth plate for the correction of angular deformities, whereas two
sets are on fixed both sides of the growth plate in the longer lower limbs for the correction
of LLD. On the other hand, bone lengthening of the shorter bones or shortening osteotomy
of the longer bones is sometimes applied to patients with both angular deformities and
LLD.

Rotational deformities of the lower limbs are also noticed as toe-in gait in late child-
hood and adolescence. Those rotational deformities in XLH include internal rotation of
the lower leg (tibia and fibula) and external rotation of the femur. An internal rotational
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deformity of the tibia is more critical to toe-in gait [36]. Slight toe-in gait seldom causes
symptoms and dysfunctions of lower limbs in everyday life. However, severe toe-in gait
often gives rise to various symptoms such as joint pain of the knee or ankle, muscle and
bone pain in the lateral lesions of the lower legs, or easier stumbling and spraining of the
ankle, because the plane of motion of the knee joint is out of alignment with that of the
ankle joint.

The correction of rotational deformities is less frequent than that of angular deformities
and LLD, because there is not much impairment in daily life. However, the spontaneous
correction of rotational deformities is less likely to occur compared to other deformities in
late childhood and adolescence despite the use of conventional medication. An external
rotational osteotomy is sometimes performed for the improvement of toe-in gait or pain of
the joint and muscle.

These surgical procedures contribute to a reduction in burden and improvement
of function in patients with XLH. However, the XLH patients are more predisposed to
relapse of the corrected deformities or the development of adverse deformities, even in
those periods, and these problems can provoke a further burden of treatment. The author
also has experience with unexpected improvements of LLD and adverse deformities from
guided growth surgery (Figure 3). The clinicians should make a cautious plan for treatment
throughout the growth period and reduce the frequency of exposure to surgical procedures.

    
(a) (b) (c) (d) 

Figure 3. A case with varied deformities. White lines are the mechanical axis. (a) Preoperative; valgus
deformity of the right lower limb and leg length discrepancy (LLD) (b) 1 year after guided growth
surgery; valgus deformity and LLD was improving. (c) After deformity correction; only one side of
guided growth surgery led to correction of both valgus knee deformity and leg length discrepancy
(d) 1 year after implant removal; varus deformity of the corrected right lower limb emerged.

Recently, Mindler et al. reported persistent lower limb deformities in children with
XLH receiving Burosumab for one year [5]. They concluded no positive effects of Buro-
sumab on lower limb deformities. However, they suggested the limitation of a small study
group and a short follow-up period and the necessity for further prospective studies with a
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large cohort and a longer follow-up. On the other hand, Insogna et al. showed the promo-
tion of fracture healing by Burosumab treatment in adult patients [43]. This result suggests
that Burosumab treatment might have an influence on osteotomy healing in patients with
XLH. When the short-term and long-term effects of Burosumab on bones are clarified, this
could modulate orthopedic treatments in XLH patients.

3.2. Fractures

A nontraumatic fracture is uncommon in children. Several groups have reported that
the mean age at the first fracture was in the third decade [3,44]. The bone properties and
morphology are important determinants of mechanical loading on the lower limbs. As the
deterioration of these factors can lead to pathological fractures, they must be dealt with
before skeletal maturity using medications and orthopedic interventions.

3.3. Scoliosis

Scoliosis, which is a condition involving a laterally curved deformity of the spinal
column, can be caused by XLH in adolescence. Growth disturbances and a decrease in
the bone properties of the vertebral bodies can lead to vertebral deformities, and these
deformities can have a bad influence on the spinal alignment. A pediatric orthopedic book
contains only one sentence stating that kyphoscoliosis is caused by rickets [12]. However,
there are no papers on structural scoliosis, which is made up of vertebral bone deformities
caused by XLH rickets in late childhood and adolescence. On the other hand, several groups
have reported kyphoscoliosis in young adults with osteomalacia, who had experienced
back pain and undergone spinal surgery [45,46]. Even though there is no evidence of a
high incidence of scoliosis in XLH children, clinicians should pay attention to the presence
of spinal deformities during the growth period considering the bone properties and the
possibility of the deterioration of the spinal alignment after skeletal maturity in children
with XLH. In addition, lower limb deformities, such as windswept lower limb deformities
or large LLD, in childhood and adolescence cause functional scoliosis, which adjusts the
trunk balance, and functional scoliosis can result in structural and degenerative scoliosis in
adulthood [47,48]. Therefore, the spinal alignment should be carefully evaluated in patients
with severe lower limb deformities in adolescence.

3.4. Musculoskeletal Pain

Several papers have indicated that the muscle density and strength are lower in
patients with XLH than normal controls, while the muscle size is normal [49,50]. In addition,
they reported that muscle functions are much lower in patients with severe leg deformities
than those without deformities [51]. Low bone and muscle properties can lead to bone,
joint, and muscle pain, which can impair physical functions. Furthermore, impairments of
physical functions can cause muscle and bone weakness. Skrinar et al. demonstrated that
many children with XLH had musculoskeletal pain as much as adult patients in spite of
medication use [3]. Ito et al. also reported that Japanese and Korean children with XLH have
pain in their lower limbs as adult patients [44]. These papers indicate that conventional
therapies do not have enough effectiveness in terms of pain control of the musculoskeletal
system. Recently, the efficacy of Burosumab has been reported in several papers, showing
improvement in symptoms of rickets in children with XLH [30,51]. However, the efficacy
of Burosumab for musculoskeletal pain is unclear. Further studies are expected in the near
future.

4. Summary

This paper presented the orthopedic problems and interventions in children with
XLH. The major issues in the orthopedic field are complicated lower limb deformities
and their tendency to relapse. To resolve these problems, several surgical procedures are
chosen for treatment and multiple surgeries are often performed until skeletal maturity
(Figure 4). Therefore, orthopedic surgeons should make a cautious surgical plan for
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treatment throughout the growth period and reduce the burden of treatment in cooperation
with pediatricians.

Figure 4. Brief algorithm of the surgical indication and method for varus or valgus deformities and
leg length discrepancies, which are corrected by the guided growth method in early childhood and
by osteotomy in adolescence. Rotational deformities are corrected by osteotomy in all patients.
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