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PERSPECTIVES IN BASIC SCIENCE

PHEX gene and hypophosphatemia

MARrc K. DREZNER

Departments of Medicine and Cellular Biology, Duke University Medical Center, Durham, North Carolina, USA

PHEX gene and hypophosphatemia. X-linked hypophospha-
temia (XLH) and tumor-induced osteomalacia (TIO) are dis-
eases that have in common abnormal proximal renal tubular
function resulting in increased renal clearance of inorganic
phosphorus and hypophosphatemia. The recent discovery of
the PHEX gene has provided new insights to these disorders.
In this regard, identification of the PHEX gene product as a
membrane-bound endopeptidase suggests that the pathophysi-
ologic cascade underlying XLH likely involves inactivation mu-
tations of the gene causing a failure to clear an active hormone,
phosphatonin, from the circulation. The presence of this hor-
mone through unknown mechanisms decreases the sodium-
dependent phosphate cotransporter in the kidney, resulting in
impaired phosphate transport. In contrast, TIO likely evolves
secondary to tumor overproduction of the putative phospha-
tonin, which exerts physiologic function despite efforts to coun-
teract the resultant hypophosphatemia with overproduction of
PHEX transcripts that are insufficient to accommodate the
enhanced substrate load. These potential pathophysiologic
mechanisms for XLH and TIO provide valuable inroads to
understanding phosphate homeostasis, as well as vitamin D
metabolism, bone mineralization, and calcium metabolism.

X-linked hypophosphatemia (XLH) and tumor-in-
duced osteomalacia (TIO) are examples of rachitic and
osteomalacic disorders in which phosphate depletion
predominates. Both of these diseases have abnormal
proximal renal tubular function in common, which re-
sults in an increased renal clearance of inorganic phos-
phorus and hypophosphatemia. In addition, the disor-
ders are characterized by low or inappropriately normal
serum 1,25-dihydroxyvitamin D [1,25(OH),D] levels and
defective bone mineralization [1, 2]. Until recently, the
pathophysiologic mechanisms underlying these diseases
have remained poorly understood. However, the recent
discovery of the PHEX gene [3] has provided new insight
into these disorders and revealed possible alternative
regulatory mechanisms for phosphate homeostasis, bone
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mineralization, and vitamin D metabolism. This review
focuses on describing the impact that the discovery of
the PHEX gene has had on the understanding of the
pathophysiology of XLH and TIO and the modulation
of fundamental processes operative in kidney and bone.

PHENOTYPIC CHARACTERISTICS OF X-LINKED
HYPOPHOSPHATEMIA AND TUMOR-
INDUCED OSTEOMALACIA

X-linked hypophosphatemia occurs as an X-linked
dominant disorder with complete penetrance of a renal
tubular abnormality resulting in phosphate wasting and
consequent hypophosphatemia. It is the prototypic renal
phosphate wasting disorder, characterized in general by
progressively severe skeletal abnormalities and growth
retardation. The Ayp-mouse model harbors a homolo-
gous mutation and is an excellent mimic of the human
disease. Indeed, much of our understanding of the patho-
physiology of XLH derives from studies of the murine
homologue.

In contrast, TIO is a sporadic condition characterized
by remission of the unexplained bone disease after resec-
tion of a coexisting tumor. The tumors have been of
mesenchymal origin in the large majority of patients.
However, the recent observation of TIO concurrent with
breast carcinoma, prostate carcinoma, oat cell carcinoma,
small cell carcinoma, multiple myeloma, and chronic
lymphoctytic leukemia indicates that the disease is likely
secondary to a variety of tumors, including those of epi-
dermal and endodermal derivation.

Quite remarkably, these diseases of notably different
genesis have amazingly similar clinical presentations.
This has led to much speculation about links between
the pathophysiologic basis for the disorders.

Clinical features

The clinical expression of the XLH is widely variable,
ranging from a mild abnormality, the apparent isolated
occurrence of hypophosphatemia, to severe rickets and/
or osteomalacia [4]. In children, the most common clini-
cally evident manifestations include short stature and
limb deformities. The majority of children with the dis-
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ease exhibit enlargement of the wrists and/or knees sec-
ondary to rickets, as well as bowing of the lower extremit-
ies. Additional signs of the disease may include late
dentition, tooth abscesses secondary to poor mineraliza-
tion of the interglobular dentine, and premature cranial
synostosis. Many of these features do not become appar-
ent until the age of 6 to 12 months or older [5]. In spite
of marked variability in the clinical presentation, bone
biopsies in affected children and adults invariably reveal
low turnover osteomalacia without osteopenia. The se-
verity of the bone disorder has no relationship to gender,
the extent of the biochemical abnormalities, or the sever-
ity of the clinical disability [6]. In untreated youths and
adults, the serum 25(OH)D levels are normal and the
concentration of 1,25(OH),D is in the low to normal
range [7-9]. The paradoxical occurrence of hypophos-
phatemia and normal serum calcitriol levels is due to
aberrant regulation of renal 25(OH)D-1a-hydroxylase
activity. Studies in hyp- and gy-mice, the murine homo-
logues of the human disease, have established that defec-
tive regulation is confined to the enzyme localized in
the proximal convoluted tubule, the site of abnormal
phosphate transport [10-13].

Patients with TTO usually present with bone and mus-
cle pain, muscle weakness, and, occasionally, recurrent
fractures of long bones. Additional symptoms common
to younger patients are fatigue, gait disturbances, slow
growth, and skeletal abnormalities, including bowing of
the lower extremities. The duration of symptoms before
diagnosis ranges from 2.5 months to 19 years, with an
average of >2.5 years. The age at diagnosis is generally
the sixth decade, with a range of 7 to 74 years. Approxi-
mately 20% of the patients are younger than 20 years
at presentation [2]. The biochemical abnormalities of the
disorder include hypophosphatemia and an abnormally
low renal tubular maximum for the reabsorption of phos-
phorus per liter of glomerular filtrate (TmP/GFR), indic-
ative of renal phosphate wasting. The serum phosphorus
values range from 0.7 to 2.4 mg/dL. Additional abnor-
malities include gastrointestinal malabsorption of phos-
phorus, which, coupled with renal phosphorus wasting,
results in a negative phosphorus balance. Serum 25(OH)D
is normal and serum 1,25(OH),D inappropriately normal
relative to the hypophosphatemia [2]. Aminoaciduria,
most frequently glycinuria, and glucosuria are occasion-
ally present. Radiographic abnormalities include gener-
alized osteopenia, pseudofractures, and coarsened tra-
beculae, as well as widened epiphyseal plates in children.

Physiology

Investigators generally agree that the primary inborn
error in XLH results in an expressed abnormality of the
renal proximal tubule that impairs phosphate reabsorp-
tion. This defect has been indirectly identified in affected
patients and directly demonstrated in the brush border

membranes of the proximal nephron in Ayp-mice. Until
recently, whether this renal abnormality is primary or
secondary to the elaboration of a humoral factor has
been controversial. In this regard, the presence of a pri-
mary renal abnormality is supported by the observations
that primary cultures of renal tubule cells from Ayp-mice
exhibit a persistent defect in renal phosphate transport
[abstract; Gutteridge et al, J Bone Miner Res 5(Suppl 1):
S205,1990] [14], likely caused by decreased expression of
the Na*-phosphate cotransporter (NPT-2) mRNA and
immunoreactive protein [15-17]. In contrast, transfer of
the defect in renal phosphate transport to normal and/
or parathyroidectomized normal mice parabiosed to Ayp-
mice implicated a humoral factor in the pathogenesis
of the disease [18, 19]. Current studies, however, have
provided compelling evidence that the defect in renal
phosphate transport in XLH is secondary to the effects
of a circulating hormone or metabolic factor. Thus, im-
mortalized cell cultures from the renal tubules of hyp
and gy -mice exhibit normal Na*-phosphate transport,
suggesting that the paradoxical effects observed in pri-
mary cultures may represent the effects of impressed
memory and not an intrinsic abnormality [20, 21]. More-
over, the report that cross-transplantation of kidneys in
normal and Ayp -mice results in neither transfer of the
mutant phenotype nor its correction unequivocally es-
tablished the humoral basis for XLH [22]. Subsequent
efforts, which resulted in localization of the gene encod-
ing the Na*-phosphate cotransporter to chromosome 5,
further substantiated the conclusion that the renal defect
in brush-border membrane phosphate transport is not
intrinsic to the kidney in XLH [23]. Although these data
establish the presence of a humoral abnormality in XLH,
the identity of the putative factor, the spectrum of its
activity, and the mechanism by which it functions have
not been definitively elucidated. Regardless, preliminary
reports suggest the production of a phosphaturic factor
by hyp-mouse osteoblasts and marrow mesenchymal
cells maintained in culture (abstract; Nesbitt et al, J Bone
Miner Res 12:S113, 1997) [24]. These studies argue that
acirculating factor, phosphatonin, may play an important
role in the pathophysiologic cascade responsible for
XLH.

There is strong evidence that a humoral factor pro-
duced by the tumor is likewise responsible for TIO. This
possibility has been supported by: (a) the presence of
phosphaturic activity in tumor extracts from three of
four patients with TIO (abstract; Lau et al, Clin Res 27:
421A,1979) [25, 26]; (b) the occurrence of hypophospha-
temia and increased urinary phosphate excretion in het-
erotransplanted tumor-bearing athymic nude mice [27];
(¢) the inhibition of phosphate uptake in opossum kidney
cells by conditioned medium collected from cultured tu-
mor cells obtained from affected patients [28-31]; (d) the
demonstration that extracts of the heterotransplanted
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tumor inhibited renal 25-hydroxyvitamin D-1a-hydroxy-
lase activity in cultured kidney cells [29]; and (e) the
coincidence of aminoaciduria and glycosuria with renal
phosphate wasting in some affected subjects, indicative
of complex alterations in proximal renal tubular function
[32]. Indeed, partial purification of “phosphatonin” from
a cell culture of a sclerosing hemangioma causing TTIO
has reaffirmed this possibility [30]. These studies reveal
that the putative phosphatonin may be a peptide with
molecular weight of 8 to 25 kd, which does not alter
glucose or alanine transport but inhibits sodium-depen-
dent phosphate transport. However, recent studies that
document the presence in various disease states of addi-
tional phosphate transport inhibitors [33] indicate that
the TIO syndrome is heterogeneous and “phosphatonin”
may be a family of hormones. In this regard, Rowe et
al have reported that screening of conditioned medium
from the tumor cells of an affected patient, using an antise-
rum raised preoperatively, and subsequent Western anal-
ysis revealed the presence of two proteins of 56 and 58 kd
[28]. More recently, they have successfully extracted
mRNA from a tumor in an affected patient and cloned
anovel gene that codes for a protein of over 430 residues
with N-glycosylation motifs and glycosaminoglycan at-
tachment sites. Characteristics of the predicted protein
are consistent with coding of a hydrophilic circulating
protein with two small localized regions of hydropho-
bicity (abstract; Rowe, Bone 23:5653, 1998). Similar to
XLH, the mechanism of action by which phosphatonin
functions in TIO remains unknown. Although there is
no evidence that the factor is parathyroid hormone, para-
thyroid hormone-related protein, or the recently de-
scribed phosphate regulator, human stanniocalcin, recent
observations suggest that parathyroid hormone/parathy-
roid hormone-related protein receptors, in some cases,
may modulate the activity of the factor.

CLONING OF THE PHEX GENE

Efforts to better understand XLH have more recently
included attempts to identify the genetic defect underly-
ing this disease. In 1986, Read et al [34] and Machler et
al [35] reported linkage of the DNA probes DXS41 and
DXS43, which had been previously mapped to Xp22.31-
p21.3, to the HYP gene locus. In subsequent studies,
Thakker et al [36] and Albersten et al (abstract; Ninth
Workshop on Human Gene Mapping #401, p 317, 1987)
reported linkage to the HYP locus of additional poly-
morphic DNA, DXS197, and DXS207 and, using multi-
point mapping techniques, determined the most likely
order of the markers as Xpter-DXS85-(DXS43/DXS197)-
HYP-DXS41-Xcen and Xpter-DXS43-HYP-(DXS207/
DXS41)-Xcen, respectively. The relatively small number
of informative pedigrees available for these studies pre-
vented a definitive determination of the genetic map

along the Xp22-p21 region of the X-chromosome and
only allowed the identification of flanking markers for
the HYP locus 20 centimorgans (cM) apart. More re-
cently, the independent and collaborative efforts of the
HYP consortium resulted in the study of some 13 multi-
generational pedigrees and consequent refined mapping
of the Xp22.1-p21 region of the X chromosome, identifi-
cation of tightly linked flanking markers for the HYP locus,
construction of a YAC contig spanning the HYP gene
region, and eventual cloning and identification of the
disease gene as PHEX, a PHosphate-regulating gene with
homologies to Endopeptidases located on the X chromo-
some. In brief, these studies ascertained a locus order
on Xp22.1 of: Xcen-DXS451-(DXS41/DXS92)-DXS274-
DXS1052-DXS1683- HY P-DXS7474-DXS365-(DXS443/
DXS3424)-DXS257-(GLR/DXS43)-DXS315-Xtel.

Moreover, the physical distance between the flanking
markers, DXS1683 and DXS7474, was determined as
350 kb, and their location on a single YAC was ascer-
tained. Subsequently, a cosmid contig spanning the HYP
gene region was constructed, and efforts were directed
at discovering deletions within the HY P region. Identifi-
cation of several such deletions permitted characteriza-
tion of cDNA clones that mapped to cosmid fragments
in the vicinity of the deletions. Database searches with
these cDNAs detected homologies at the peptide level
to a family of endopeptidase genes that includes neutral
endopeptidase (NEP), endothelin-converting enzyme-1
(ECE-1), and the Kell antigen. These efforts clearly es-
tablished PHEX as the candidate gene responsible for
XLH [37-41].

Subsequent studies determined that the human PHEX
gene consists of 22 exons that encode a 749 amino acid
protein. However, PHEX gene expression as a 6.6 kb
transcript in bone, adult ovary, and fetal lung, as well as
adult lung and fetal liver [42-45] indicate that only 35%
of the PHEX mRNA contains the 2247 base pairs coding
sequence, with the remaining 65% representing untrans-
lated regions. Further investigations have unequivocally
established that deactivating mutations of the PHEX
gene underlie the phenotypic expression of XLH. In
this regard, extensive mutational analysis of some 170
families with XLH reveal a range of defects in the PHEX
gene that include nonsense, deletions, duplications, in-
sertions, deletional insertions, splice site, and missense
mutations. Moreover, the mutations involve almost the
entire length of the gene, and the majority, if translated,
will result in a functional loss of the PHEX protein activ-
ity [46-49]. Interestingly, of all the PHEX abnormalities
reported to date, only one has involved the putative
intracellular domain, and none has involved the putative
transmembrane region. Somewhat unexpectedly, PHEX
mutations have not been found in a significant percent-
age of affected probands. This may result from study of
only a fraction of the mRNA transcript (approximately
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33%), limited investigation of the 5’-untranslated region
and gene promoter or from misdiagnosis, and confusion
of X-linked recessive hypophosphatemia or autosomal
dominant hypophosphatemia for XLH.

POSSIBLE ROLES FOR PHEX AND
PHOSPHATONIN IN THE PATHOGENESIS
OF X-LINKED HYPOPHOSPHATEMIA AND
TUMOR-INDUCED OSTEOMALACIA

Although mutations in the PHEX gene clearly under-
lie XLH, the pathogenesis of the disorder is not immedi-
ately apparent. Nevertheless, several observations sug-
gest the likely cascade of events that result in the primary
abnormalities characteristic of the syndrome.

First, the role of PHEX in XLH must explain the
X-linked dominant expression of the disorder with little,
if any, gene dosage effect. In this regard, it is likely that
mutations in the PHEX gene result in an haploinsuffi-
ciency defect, in which one half the normal gene product
in females (or null amounts in males) results in the phe-
notype. The alternative possibility that the PHEX gene
results in a dominant negative effect is unlikely because,
inconsistent with this prospect, several mutations re-
ported in affected humans [49] and the murine Gy muta-
tion almost certainly result in the lack of message produc-
tion [50].

Second, as noted earlier in this article, despite the ab-
sence of PHEX expression in kidneys, in Ayp- and gy-
mice, evidence suggests that the proximate cause of renal
phosphate wasting is a decreased concentration of the
renal sodium-dependent phosphate cotransporter. Hence,
the PHEX mutation must serve to regulate the expres-
sion of this transporter indirectly.

Third, the parabiosis data and renal cross-transplanta-
tion studies in Ayp-mice discussed previously support the
possibility that the pathophysiology of XLH involves
elaboration of a humoral phosphate-wasting factor, phos-
phatonin. Because PHEX codes for a membrane-bound
enzyme, it is clear that the PHEX protein is not phospha-
tonin. However, it is possible that the inactivating PHEX
mutations play a role in regulating the concentration of
phosphatonin, which, in turn, controls the expression of
the renal sodium-dependent phosphate cotransporter.

With these considerations in mind, Figure 1 illustrates
the most plausible pathophysiologic basis for XLH. In
this cascade of events, an inactivating mutation of PHEX
produces inadequate amounts of the PHEX endopepti-
dase, resulting in ineffective or inadequate degradation/
inactivation of phosphatonin and circulation of excessive
amounts of this protein, consequent repressed expres-
sion of the sodium-dependent phosphate cotransporter,
renal phosphate wasting, and hypophosphatemia. Al-
though this postulate is consistent with most available
data, it does conflict with the failure of parabiosis of

normal and Ayp-mice to rescue the mutant phenotype.
Although several explanations for this discrepancy are
possible, further data are necessary to resolve the incon-
gruity. Alternatively, it is possible that PHEX functions
in a different fashion to regulate phosphatonin activity.
In this regard, the gene may function indirectly to inhibit
the expression of phosphatonin, and an inactivating mu-
tation would result in phosphatonin overexpression, lead-
ing to renal phosphate wasting. In any case, further work
by several groups indicates that the osteoblast is the
functional locus for the abnormalities underlying XLH
(abstract; Nesbit et al, / Bone Miner Res 12:S113, 1997)
[51, 52]. To this end, these data illustrate that the osteo-
blast is a unique source of phosphatonin (Fig. 1) pro-
duced in a developmentally dependent fashion. More-
over, differential phosphatonin activity in Ayp-mouse
osteoblasts is contingent on PHEX expression in normal
cells. Thus, with the appearance of significant PHEX
production in normal cells, decreased phosphatonin ac-
tivity is observed. In contrast, with loss of PHEX function
in Ayp-mouse osteoblasts, stable phosphaturic activity is
maintained.

In TIO, the interplay between phosphatonin and PHEX
is remarkably different in spite of the notably similar
phenotypic expression of this tumor-associated syn-
drome and XLH. As noted previously in this article, in
patients with TIO, the hyperphosphaturia that character-
izes the syndrome is most likely the consequence of un-
regulated and excessive elaboration of a phosphaturic
factor by the tumor, likely phosphatonin. However, wild-
type PHEX transcripts are expressed in relative over-
abundance in tumors from affected patients in contrast
to the loss of gene function manifest in subjects with
XLH [53]. This probably reflects a response of PHEX
expression to the hypophosphatemia or the primary phos-
phatonin overabundance. Recent studies favor the latter
because phosphate depletion in animal models fails to
alter PHEX expression (abstract; Meyer and Meyer, Bone
23:5545, 1998). In any case, the increased PHEX tran-
scripts may be insufficient to accommodate the enhanced
substrate load, resulting in abnormally high circulating
levels of the active phosphaturic hormone (Fig. 2). Re-
gardless, the presence of high levels of PHEX expression
in tumors of osteoblast lineage is consistent with the
intrinsic osteoblast defect postulated to exist in XLH.

ROLE OF PHEX IN THE PHYSIOLOGIC
REGULATION OF KIDNEY AND
BONE FUNCTION

Although the studies related previously firmly define
the role of PHEX in the pathogenesis of XLH and TIO,
little information is available regarding the possible func-
tion of this gene in regulating physiologic activities. How-
ever, several recent studies suggest that PHEX may play
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Fig. 1. Pathophysiologic basis for X-linked hypophosphatemia (XLH). Under normal conditions, the osteoblast produces PHEX and phosphatonin
(PTN), a circulating phosphaturic hormone. The PHEX protein, a membrane-bound endopeptidase, degrades (solid arrow) a substantial quantity
of the active phosphatonin (PTNa) to an inactive metabolite (PTNi). The remaining circulating active hormone interacts with a renal tubule cell
receptor that, by unknown mechanisms and to a small degree downregulates (dotted arrow) the sodium-dependent phosphate cotransporter
(NPT2), thereby minimally compromising the transport of phosphate. The inactivation of PTN by PHEX is crucial to limiting the effects of PTNa
on the transport of phosphate and consequently urinary phosphate (Pi) excretion. In XLH-defective PHEX fails to inactivate (dotted arrow) the
majority of PTNa. Thus, excessive PTNa interacts with the renal receptor and markedly decreases (dotted arrow) NPT2 mRNA and protein
content (the marked decrease indicated by the open circle compared with the closed circle under normal conditions). The resultant limited
phosphate reabsorption is reflected by substantial urinary phosphate wasting.

a role in physiologic regulation of bone mineralization
and vitamin D metabolism, as well as phosphate homeo-
stasis.

Bone mineralization

Recent studies of Xiao et al suggest that PHEX may
contribute to the regulation of bone mineralization [52].
They reported that the abnormal mineralization in Ayp-
mice is due, at least in part, to an intrinsic osteoblastic
defect associated with abnormal PHEX function. In this
regard, they found that mutant osteoblasts fail to miner-
alize under culture conditions supporting mineralization
in normal osteoblasts. More important, they discovered
that the Ayp-mouse osteoblasts produce a factor(s) that
is capable of regulating the mineralization of the extra-
cellular matrix. Hence, the mineralization defect observed
in mutant cells is transferable to normal osteoblasts in
coculture experiments. Because a physiologically rele-
vant site of PHEX expression is the osteoblast, it is likely
that production of this mineralization inhibitor is the
result of the inactivating mutations of PHEX. Indeed,
dysfunction of the gene product may result in failure
to degrade an endogenously synthesized but undefined

inhibitor of mineralization that is a substrate of PHEX.
Of course, this substrate may be phosphatonin, but fur-
ther studies are necessary to characterize the mineraliza-
tion inhibitor.

These observations provide new insights into novel
factors that regulate bone mineralization. By extrapola-
tion, it is reasonable to believe that under normal condi-
tions, PHEX regulates an osteoblast-derived factor, which,
in turn, modulates mineralization of the extracellular
matrix. Conceivably, upregulation of PHEX in the set-
ting of (phosphatonin-mediated) hypophosphatemia may
reduce the concentration of such a factor and facilitate
mineralization despite inadequate circulating phosphate.
Alternatively downregulation of PHEX secondary to vi-
tamin D or hyperphosphatemia may increase the miner-
alization inhibitor and appropriately limit bone mineral-
ization. Of course, much additional investigation is
necessary to validate these events. However, current
studies clearly indicate that PHEX may play an impor-
tant, but poorly appreciated, role in the regulation of
bone mineralization and may serve to protect the integ-
rity of mineralization during states of mineral depriva-
tion or excess.
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Fig. 2. Pathophysiologic basis for tumor-induced osteomalacia (TIO). TIO tumor cells, generally of mesenchymal origin, produce active phosphatonin
(PTNa) in excess (bold arrows). The increased PTN production, through a presumed feedback mechanism (bold arrow), enhances PHEX production.
However, the overproduction of active phosphatonin (PTNa) exceeds the capability of PHEX to degrade sufficient amounts of the product to an
inactive product (PTNi). Hence, in spite of enhanced PHEX, an overabundance of PTNa circulates to the kidney where interaction with the
receptor decreases (dotted arrow) the sodium-dependent phosphate cotransporter (NPT2) mRNA and protein production, thereby limiting

phosphate (Pi) transport and resulting in phosphate wasting.

Vitamin D metabolism

For several decades, investigators have considered the
serum phosphorus concentration an important factor
that regulates 1,25(OH),D production. In this regard, oral
phosphate depletion and hypophosphatemia and oral
phosphate loading and hyperphosphatemia stimulate
and suppress renal 25(OH)D-1a-hydroxylase activity, re-
spectively. However, over the past several years, a growing
body of evidence suggests that the effects of an altered
serum phosphorus concentration on enzyme function are
linked to alterations in renal phosphate transport. Per-
haps the most compelling evidence in this regard is the
recognition that altered serum phosphorus levels second-
ary to abnormalities of renal phosphate transport para-
doxically influence renal enzyme activity. Among the
data favoring this possibility are the following:

e Patients with XLH and TIO, with phosphatonin-
dependent renal phosphate wasting, exhibit im-
paired enzyme activity and circulating 1,25(OH),D
levels inappropriately low for the prevailing serum
phosphorus concentration [7-9].

e Murine homologues of XLH manifest abnormally
regulated 25-hydroxyvitamin D-la-hydroxylase ac-

tivity in the proximal convoluted tubule [10, 11], the
site of abnormal phosphate transport, but normal
enzyme activity in the proximal straight tubule [12],
in which normal phosphate transport prevails.

¢ Additional human diseases marked by defective re-
nal phosphate transport, including Fanconi’s syn-
drome, autosomal dominant hypophosphatemia and
adult-onset hypophosphatemia, likewise display im-
paired enzyme activity and circulating 1,25(OH),D
levels inappropriately low for the prevailing serum
phosphorus concentration [54].

e Patients with tumoral calcinosis and enhanced renal
phosphate transport exhibit apparent increased 25-
hydroxyvitamin D-1a-hydroxylase activity and ele-
vated circulating 1,25(OH),D levels inappropriately
high for the prevailing hyperphosphatemia [54].

Although these data clearly favor a role for altered
renal phosphate transport in the regulation of 1,25(OH),D
production, recent observations challenge this possibil-
ity. In this regard, investigators have reported normally
regulated 25-hydroxyvitamin D-1a-hydroxylase activity
in NPT2 knockout mice (abstract; Portale et al, Bone
23:S364, 1998). These animal models exhibit hypophos-
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Fig. 3. Pathophysiologic basis underlying abnormal phosphate homeostasis in the Na*-phosphate cotransporter (NPT2) knockout mouse
(NPT2—/-). In the NPT2—/— mouse, the production of PHEX and phosphatonin (PTN) proceed normally and a limited amount of active
phosphatonin (PTNa) escapes degradation to an inactive metabolite (PTNi). However, the genetic defect in this mouse results in an obliteration
(empty circle) of the sodium-dependent phosphate cotransporter (NPT2) in the absence of an enhanced PTNa load. Thus, phosphate (Pi) transport

is compromised, and urinary phosphate wasting ensues.

phatemia secondary to the NPT2 protein deficiency and
consequent renal phosphate wasting. This defect is re-
markably similar to the abnormality underlying hypo-
phosphatemia in XLH (Fig. 3). However, in XLH and
in the Ayp-mouse, abnormally regulated enzyme activity
prevails. Although the reason for this evident disparity
is unclear, it seems plausible that the defective enzyme
function in XLH and the murine homologue results from
a PHEX-dependent event. To this end, the presumptive
PHEX-dependent phosphatonin excess underlying the
disease may negatively impact renal 1,25(OH),D produc-
tion directly and independent of effects on NPT2, renal
phosphate reabsorption, and circulating phosphate levels.
Clearly, further investigations are essential to test this
possibility. However, the plausibility of the hypothesis
is enhanced by the recent observation that 1,25(OH),D
decreases PHEX expression in osteoblasts (abstract;
Escarot and Desbarats, Bone 23:S181, 1998). Such an
effect may be part of a feedback loop in which excess
1,25(OH),D suppresses PHEX expression, which conse-
quently results in enhanced phosphatonin levels, de-
creased 25(OH)D-1a-hydroxylase activity, and dimin-
ished 1,25(OH),D production, correcting the primary
abnormality. Currently, several laboratories are investi-
gating this possibility.

Hormonal regulation

Although most studies to date link PHEX with only
regulation of the putative phosphate-regulating hor-
mone, phosphatonin, recent data suggest that the PHEX
gene may have a more profound impact on hormonal
function. In this regard, important observations to date
include the following:

e The deduced structure of PHEX, including the pres-
ervation of the catalytic glutamate and histidine resi-
dues (equivalent to Glu*® and His™! of the related
membrane-bound endopeptidase, neprilysin), argues
strongly that the protein has protease activity [54].

e In addition, the wide range of PHEX mutations
in patients with XLH, which aligns with regions
required for peptidase activity in neprilysin, suggests
that PHEX indeed functions as a protease [54].

e Lipman et al have reported the unexpected finding
that PHEX effectively degrades parathyroid hor-
mone, indicating that the enzyme is rather promiscu-
ous in its substrate specificity [54].

Such information raises the possibility that under
physiologic conditions, PHEX functions to modulate
parathyroid hormone bioavailability and bioactivity, par-
ticularly at the level of the osteoblast. In addition, the
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protein may enzymatically influence other hormonal and
paracrine/autocrine effects produced by osteoblasts and
involved in regulating osteoblast maturation, as well as
mineralization and phosphate reabsorption (discussed
previously in this article). Clearly, further work is neces-
sary to clarify these issues, but current trends suggest
that PHEX may modulate calcium and phosphorus me-
tabolism through hormonal and metabolic pathways pre-
viously poorly appreciated.

Phosphate homeostasis

The recognition that PHEX plays a central role in
the pathogenesis of XLLH, a disease in which aberrant
phosphate homeostasis is primary, has led to a study of
the possibility that PHEX is important in the physiologi-
cal regulation of phosphate balance. Although a host of
conflicting data have emerged, several potentially impor-
tant preliminary observations continue to fuel the specu-
lation that PHEX does regulate phosphate homeostasis.
These include the following:

e An age-dependent decline in PHEX may underlie
a similar decrease in NPT2 expression and the con-
sequent renal phosphate loss, as well as the long-
recognized decline of the serum phosphorus concen-
tration with age in mammals (abstract; Morita et al,
Bone 23:5652, 1998).

¢ Phosphate depletion, unlike phosphatonin (discussed
previously), has no apparent effect on PHEX ex-
pression (abstract; Meyer and Meyer, Bone 23:S545,
1998) but appears to regulate NPT2 expression (ab-
stract; Morita et al, Bone 23:S328, 1998), suggesting
that a series of complex short feedback loops inter-
act in the regulation of phosphate homeostasis.

Many additional studies are currently underway to
confirm these findings and to elucidate further a possible
role for PHEX in the regulation of phosphate balance.
Currently, it seems plausible to assume that such a pur-
pose for PHEX will be identified in the near future.

CONCLUSION

Over the last several years, study of the genetic dis-
ease, XLH, and the acquired disorder TIO has provided
new insight into regulation of calcium and phosphorus
balance. With the discovery of PHEX and the recogni-
tion of a putative substrate, phosphatonin, the pathogen-
esis of these diseases has become more certain. Perhaps
more important, however, a series of important observa-
tions has set the stage for integrating PHEX function
into the physiologic regulation of many processes that
regulate calcium and phosphorus metabolism at the bone
and kidney. The next decade promises exciting advances
in this most important area of study.

Reprint requests to Marc K. Drezner, M.D., Department of Medicine,
Box 3285, Duke University Medical Center, Durham, North Carolina
27719, USA.

E-mail: drezn@mec.duke.edu

REFERENCES

1. RasmusseN H, TENENHOUSE HS: Mendelian hypophosphatemias,
in The Metabolic and Molecular Bases of Inherited Disease (vol 3,
ed 7), edited by Scriver CR, BEAUDET AL, SLy WS, VALLE D,
New York, McGraw-Hill, 1995, pp 3717-3745

2. DrezZNER MK: Tumor-induced rickets and osteomalacia, in Primer
on the Metabolic Bone Diseases and Disorders of Mineral Metabo-
lism (3rd ed), edited by Favus MJ, New York, Raven Press, 1996,
pp 319-325

3. Rancis F, HENING S, KorN B, REINHARDT R, DE JoNG P, PousTka
A, LEnracH H, Rowe PSN, GouLDING JN, SUMMERFIELD T,
MounTtrorD R, READ AP, Porowska E, ProNicka E, Davies KE,
O’RiorDAN JLH, Econs MJ, NesBITT T, DREZNER MK, OUDET C,
PANNETIER S, HANAUER A, StrRoM TM, MEINDL A, LORENZ
B, CagNoLt M, MonNIKE KL, MURKEN J, METINGER T: A gene
(PEX) with homologies to endopeptidasesis mutated in patients
with X-linked hypophosphatemic rickets. Nat Genet 11:130-136,
1995

4. LoBAUGH B, BurcH WM Jr, DREZNER MK: Abnormalities of vita-
min D metabolism and action in the vitamin D resistant rachitic
and osteomalacic diseases, in Vitamin D: Basic and Clinical Aspects,
edited by Kumar R, Boston, Martinus Nijhotf, 1984, pp 665-720

5. HarrisoNn HE, HarrisoN HC, LirsHitz F, JounsoN AD: Growth
disturbance in hereditary hypophosphatemia. Am J Dis Child
112:290-297, 1966

6. WHYTE MP, ScHrRANCK FW, ARMAMENTO-VILLAREAL R: X-linked
hypophosphatemia: A search for gender, race, anticipation, or
parent of origin effects on disease expression in children. J Clin
Endocrinol Metab 81:4075-4080, 1996

7. Happap JG, Cuyu KJ, HauN TJ, Stamp TCB: Serum concentra-
tions of 25-hydroxyvitamin D in sex linked hypophosphatemic
vitamin D-resistant rickets. J Lab Clin Med 81:22-27, 1973

8. DeLvIN EE, Grorieux FH: Serum 1,25-dihydroxyvitamin D con-
centration in hypophosphatemic vitamin D resistant rickets. Calcif
Tissue Int 33:173-175, 1981

9. LyLes KW, CLARK AG, DREzZNER MK: Serum 1,25-dihydroxyvita-
min D levels in subjects with X-linked hypophosphatemic rickets
and osteomalacia. Calcif Tissue Int 34:125-130, 1982

10. LoBaucH B, DrREzNER MK: Abnormal regulation of renal 25-hy-
droxyvitamin D levels in the X-linked hypophosphatemic mouse.
J Clin Invest 71:400-403, 1983

11. NEssitT T, DREZNER MK, LoBAUGH B: Abnormal parathyroid hor-
mone stimulation of renal 25-hydroxyvitamin D-la-hydroxylase
activity in the hypophosphatemic mouse: Evidence for a general-
ized defect of vitamin D metabolism. J Clin Invest 77:181-187,
1986

12. NesBirT T, LoBAUGH B, DrREZNER MK: Calcitonin stimulation of
renal 25-hydroxyvitamin D-1a- hydroxylase activity in hypophos-
phatemic mice: Evidence that the regulation of calcitriol produc-
tion is not universally abnormal in X-linked hypophosphatemia.
J Clin Invest 75:15-19, 1987

13. NEesBITT T, DREZNER MK: Abnormal parathyroid hormone-related
peptide stimulation of renal 25-hydroxyvitamin D-1a-hydroxylase
activity in hyp-mice: Evidence for a generalized defect of enzyme
activity in the proximal convoluted tubule. Endocrinology 127:843—
848, 1990

14. BeLL CL, TENENHOUSE HS, Scriver CR: Primary cultures of renal
epithelial cells from X-linked hypophosphatemic (Hyp) mice ex-
press defects in phosphate transport and vitamin D metabolism.
Am J Hum Genet 43:293-303, 1988

15. Corrins JF, GHisHAN FK: Molecular cloning, functional expres-
sion, tissue distribution, and in situ hybridization of the renal so-
dium phosphate (Na*/Pi) transporter in the control and hypophos-
phatemic mouse. FASEB J 8:862-868, 1994

16. TENENHOUSE HS, WERNER A, BIBER J, MA S, MARTEL J, Roy S,
Murer H: Renal Na*-phosphate cotransport in murine X-linked



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Drezner: PHEX gene and hypophosphatemia 17

hypophosphatemic rickets: Molecular characterization. J Clin In-
vest 93:671-676, 1994

TeNENHOUSE HS, MARTEL J, BIBER J, MURER H: Effect of Pi restric-
tion on renal Na*-Pi cotransporter mRNA and immunoreactive
protein in X-linked Hyp mice. Am J Physiol 268:F1062-F1069,
1995

MEYER RA Jr, MEYER MH, GrAY RW: Parabiosis suggests a hu-
moral factor is involved in X-linked hypophosphatemia in mice.
J Bone Miner Res 4:493-500, 1989

MEeYER RA Jr, TENENHOUSE HS, MEYER MH, KLUGERMAN AH:
The renal phosphate transport defect in normal mice parabiosed
to X-linked hypophosphatemic mice persists after parathyroidec-
tomy. J Bone Miner Res 4:523-532, 1989

NesBirT T, Econs MJ, Byun JK, MARTEL J, TENENHOUSE HS,
DrezNErR MK: Phosphate transport in immortalized cell cultures
from the renal proximal tubule of normal and Ayp-mice: Evidence
that the HYP gene locus product is an extrarenal factor. J Bone
Miner Res 10:1327-1333, 1995

NEessrrT T, Byun JK, DrREzNER MK: Normal phosphate (Pi) trans-
port in cells from the S, and S; segments of Ayp-mouse proximal
renal tubules. Endocrinology 137:943-948, 1996

NEesBITT T, CoFFMAN TM, GRIFFITHS R, DREZNER MK: Crosstrans-
plantation of kidneys in normal and hyp-mice: Evidence that the
hyp-mouse phenotype is unrelated to an intrinsic renal defect. J
Clin Invest 89:1453-1459, 1992

Kos CH, Tiny F, Econs MJ, Murer H, LEMIEUX N, TENENHOUSE
HS: Localization of a renal sodium phosphate cotransporter gene
to human chromosome 5q35. Genomics 19:176-177, 1994
LAJEUNESSE D, MEYER RA Jr, HAMEL L: Direct demonstration of
a humorally-mediated inhibition of renal phosphate transport in
the Hyp mouse. Kidney Int 50:1531-1538, 1996

AscHINBERG LC, SoLoMAN LM, ZEgis PM, JusTicE P, ROSENTHAL
IM: Vitamin D-resistant rickets induced with epidermal nevus syn-
drome: Demonstration of a phosphaturic substance in the dermal
lesions. J Pediat 91:56-60, 1977

YosHIKAWA S, NAKAMURA T, Takact M, Imamura T, Okano K,
Sasakr S: Benign osteoblastoma as a cause of osteomalacia: A
report of two cases. J Bone Joint Surg 59-B:279-289, 1977
MivaucHt A, Fukase M, Tsutsumt M, Fusita T: Hemangiopericy-
toma-induced osteomalacia: Tumor transplantation in nude mice
causes hypophosphatemia and tumor extracts inhibit renal 25-
hydroxyvitamin D-1-hydroxylase activity. J Clin Endocrinol Metab
67:46-53, 1988

Rowe PSN, OnG ACM, CockeriLL FJ, GouLpINnG JN, HEwisoN
M: Candidate 56 and 58 kD A protein(s) responsible for the mediat-
ing the renal defects in oncogenic hypophosphatemic osteomalacia.
Bone 18:159-169, 1996

NEeLsoN AE, NaMKUNG HJ, Patava J, WiLiNsoN MR, CHANG
AC-M, REDDEL RR, RoBiNsoN BG, MasoN RS: Characteristics of
tumor cell bioactivity in oncogenic osteomalacia. Mol Cell Endocri-
nol 124:17-23, 1996

CHALEW SA, Lovcuik JC, BRowN CM, Sun C-CJ: Hypophosphate-
mia induced in mice by transplantation of a tumor-derived cell
line from a patient with oncogenic rickets. J Pediatr Endocrinol
Metab 9:593-597, 1996

Ca1Q, Hopason SF, Kao PC, LENNON VA, KLEE GG, ZINSMIESTER
AR, Kumar R: Brief report: Inhibition of renal phosphate transport
by a tumor product in a patient with oncogenic osteomalacia.
N Engl J Med 330:1645-1649, 1994

DrezNER MK, FEINGLOs MN: Osteomalacia due to 1,25-dihydroxy-
cholecalciferol deficiency: Association with a giant cell tumor of
bone. J Clin Invest 60:1046-1053, 1977

Kumar R, HAuGeN JD, WieBeN ED, LoNnpowsk1 JM, Car Q: Inhibi-
tors of renal epithelial phosphate transport in tumor induced osteo-
malacia and uremia. Proc Am Assoc Phys 107:296-305, 1995
READ AP, THAKKER RV, Davies KE, MouNTFORD RC, BRENTON
DP, Davies M, Grorieux F, Harris R, HENDY GN, KiNnG A,
McGrLADE S, PEacock CJ, SmitH R, O’Riorpan JLH: Mapping of
human X-linked hypophosphatemic rickets by multilocus linkage
analysis. Hum Genet 73:267-270, 1986

MacHLER M, Frey D, Gar A, OrtH U, WIENKER TF, FANCONI A,
Scumip W: X-linked dominant hypophosphatemia is closely linked

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

to DNA markers DXS41 and DXS43 at Xp22. Hum Genet 73:271-
275, 1986

THAKKER RV, REap AP, Davies KE, WHYTE MP, WEBBER R,
GLorIEUX F, DAviEs M, MouNTForRD RC, HArris R, KiNnG A, Kim
GS, Fraser D, Koon SW, O’RiorpaN JLH: Bridging markers
defining the map position of X-linked hypophosphatemic rickets.
J Med Genet 24:756-760, 1987

Econs MJ, FAIN PR, NorMAN M, SPEER MC, PERICAK-VANCE MA,
BECckER PA, BARKER DF, TAYLOR A, DREZNER MK: Flanking mark-
ers define the X-linked hypophosphatemic rickets gene locus. J
Bone Miner Res 8:1149-1152, 1993

Econs MJ, Francis F, Rowe PSN, SpPEer MC, O’R10RDAN J, LEH-
racH H, BEcker PA: Dinucleotide repeat polymorphism at the
DXS1683 locus. Hum Mol Genet 3:680, 1994

Francis F, Rowe PSN, Econs MJ, SEE CG, BENHAM F, O’RI0RDAN
JLH, Drezner MK, Hamvas RMJ, LEaracH H: A YAC contig
spanning the hypophosphatemic rickets gene candidate region.
Genomics 21:229-237, 1994

Francis F, HENNIG S, KorN B, REINHARDT R, DE JONG P, POUSTKA
A, LearacH H, Rowe PSN, GouLpING JN, SUMMERFIELD T,
MounTtrorD R, READ AP, Porowska E, ProNickA E, Davies KE,
O’RiorpAN JLH, Econs MJ, NEesBITT T, DREZNER MK, OUDET C,
HANAUER A, STROM T, MEINDL A, LORENZ B, CAGNOLI M, MOHNIKE
KL, MURKEN J, MEITINGER T: Positional cloning of PEX: A phos-
phate regulating gene with homologies to endopeptidases is deleted
in patients with X-linked hypophosphatemic rickets. Nat Genet
11:130-136, 1995

Rowe PSN, GouLpinG JN, Econs MJ, Francis F, LEHRACH H,
ReaDp A, MounTtrorD J, OUDET C, HANAUER A, SUMMERFIELD T,
MEITINGER T, STROM A, DREZNER MK, DaVIES KE, O’RIORDAN
JLH: The gene for X-linked hypophosphatemic rickets maps to a
200-300 kb region in Xp22.1-Xp22.2, and is located on a single
YAC containing a putative vitamin D response element (VDRE).
Hum Genet 97:345-352, 1996

Du L, DeEsBArRATS M, VIEL J, GLorRIEUX FH, CAWTHORN C, ECAROT
B: ¢cDNA cloning of the murine Pex gene implicated in X-linked
hypophosphatemia and evidence for expression in bone. Genomics
36:22-28, 1996

BEck L, SoumouNou Y, MARTEL J, KRISHNAMURTHY G, GAUTHIER
C, GoopYER CG, TENENHOUSE HS: Pex/PEX tissue distribution and
evidence for a deletion in the 3’ region of the Pex gene in X-linked
hypophosphatemic mice. J Clin Invest 99:1200-1209, 1997
GRIEFF M, MUMM S, WAELTZ P, MAZZARELLA R, WHYTE MP, THAK-
KER RV, ScHLESSINGER D: Expression and cloning of the human
X-linked hypophosphatemia gene cDNA. Biochem Biophys Res
Commun 231:635-639, 1997

Guo R, QuarLes LD: Cloning and sequencing of human PEX
from a bone cDNA library: Evidence for its developmental stage-
specific regulation in osteoblasts. / Bone Miner Res 12:1009-1017,
1997

Howwm IA, Huang X, KunkeL LM: Mutational analysis of the PEX
gene in patients with X-linked hypophosphatemic rickets. Am J
Hum Genet 60:790-797, 1997

Rowe PS, OupEer CL, Francis F, SINDING C, PANNETIER S, EcoNs
MJ, Strom TM, MEITINGER T, GARABEDIAN M, DAVID A, MACHER
MA, QuEestiaux E, Porowska E, PrRoNICKA E, READ AP, MOKR-
zyckl A, GLoriEUX FH, DREzNER MK, HANAUER A, LEHRACH H,
GouLDpING JN, O’RiorpAN JL: Distribution of mutations in the
PEX gene in families with X-linked hypophosphataemic rickets
(HYP). Hum Mol Genet 6:539-549, 1997

Dixon PH, Caristie PT, Woobing C, TRump D, GrRIEFF M, HoLMm
I, GERTNER JM, ScHMIDTKE J, SHAH B, SHAwW N, SmitH C, Tau C,
ScHLESSINGER D, WHYTE MP, THAKKER RV: Mutational analysis
of PHEX gene in X-linked hypophosphatemia. J Clin Endocrinol
Metab 83:3615-3623, 1998

Francis F, STrom TM, HENNIG S, BopDRICH A, LORENZ B, BRAN-
DAU O, MonNIKE KL, CAGgNoLI M, STEFFENS C, KLAGES S, BorRzYM
K, PouL T, Oupetr C, Econs MJ, Rowe PSN, REINHARDT R, MEI-
TINGER T, LEHRACH H: Genomic organization of the human PEX
gene mutated in X-linked dominant hypophosphatemic rickets.
Genome Res 7:573-585, 1997

MEYER RA, HENLEY CM, MEYER MH, MorGaN PL, McDoNALD
AG, MiLLs C, Price DK: Partial deletion of both the spermine
synthase gene and the PEX gene in the x-linked hypophos-
phatemic, gyro (gy) mouse. Genomics 48:289-295, 1998



18 Drezner: PHEX gene and hypophosphatemia

51. LAJEUNESSE D, MEYER RA Jr, HAMEL L: Direct demonstration of
a humorally-mediated inhibition of renal phosphate transport in
the hyp-mouse. Kidney Int 50:1531-1538, 1996

52. X1a0ZS, CRENSHAW M, Guo R, NEsBITT T, DREZNER MK, QUARLES
LD: Intrinsic mineralization defect in hyp-mouse osteoblasts. Am
J Physiol 275(4 Pt 1):E700-E708, 1998

53. LirmaN ML, Panpa D, BENNETT HPJ, HENDERSON JE, SHANE E,

54.

SHEN Y, GortzmAN D, Karaprris AC: Cloning of human PEX
cDNA: Expression, subcellular localization and endopeptidase ac-
tivity. J Biol Chem 273:13729-13737, 1998

Econs MJ, DrezNer MK: Bone disease resulting from inherited
disorders of renal tubule transport and vitamin D metabolism, in
Disorders of Bone and Mineral Metabolism, edited by Favus MJ,
Cok FL, New York, Raven Press, 1992, pp 935-950





