1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Lab Invest. 2009 January ; 89(1): 7-14. doi:10.1038/labinvest.2008.114.

Recent advances in the renal-skeletal-gut axis that controls
phosphate homeostasis

Pawel R Kielal2 and Fayez K Ghishan?!
1Department of Pediatrics, Steele Children's Research Center, University of Arizona, Tucson, AZ,
USA

2Department of Immunobiology, University of Arizona Health Sciences Center, Tucson, AZ, USA

Abstract

Under physiological conditions, homeostasis of inorganic phosphate (Pi) is tightly controlled by a
network of increasingly more complex interactions and direct or indirect feedback loops among
classical players, such as vitamin D (1,25(0OH)2D3), parathyroid hormone (PTH), intestinal and
renal phosphate transporters, and the recently described phosphatonins and minhibins. A series of
checks and balances offsets the effects of 1,25(0OH)2D3 and PTH to enable fine-tuning of
intestinal and renal Pi absorptive capacity and bone resorption and mineralization. The latter
include PHEX, FGF-23, MEPE, DMP1, and secreted FRP4. Despite this large number of
regulatory components with complex interactions, the system has limited redundancy and is prone
to dysregulation under pathophysiological conditions. This article reviews and synthesizes recent
advances to present a new model of Pi homeostasis.
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Maintenance of inorganic phosphate (P;) homeostasis is of significant biological importance,
as it relates to numerous cellular mechanisms involved in energy metabolism, cell signaling,
nucleic acid synthesis, membrane function, as well as skeletal health and integrity. P; is
essential for a diverse array of biological processes, and negative P; balance resulting from
improperly regulated intestinal absorption, systemic utilization, and renal excretion (Figure
1). Thus, a spectrum of debilitating diseases manifested acutely as myopathy, cardiac
dysfunction, abnormal neutrophil function, platelet dysfunction, or erythrocyte membrane
fragility, and chronically an impaired bone mineralization, rickets, and osteomalacia, can
result from dysregulation of Pi homeostasis. The latter are due to the fact that the rate of
bone matrix formation depends equally on the availability of both calcium and Pi.
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Classically, it was well accepted that parathyroid hormone (PTH), 1,25-dihydroxy vitamin
D3, and calcium-sensing receptors coordinately regulate calcium homeostasis. This was
accompanied by the view that molecules involved in calcium homeostasis passively mediate
phosphate homeostasis. However, recent advances have shed new light on the mechanisms
that control phosphate balance in normal and in various pathological states and suggest that
the previous view is incorrect. In particular, new understanding of X-linked
hypophosphatemia (XLH), autosomal dominant hypophosphatemic rickets (ADHR), and
tumor-induced osteomalacia (T10) has suggested the existence of a novel phosphate
regulatory pathway that is independent of the classic mechanisms of calcium regulation. A
group of factors, collectively termed phosphatonins, have emerged as major regulators of
phosphate homeostasis and suggest the existence of an elaborate network of humoral
interactions and feedback loops involving intestine, kidney, parathyroid gland, and bone.
Thus, a series of interorgan, systemic interactions controlling and fine-tuning the systemic
balance of Pi is critical. Remarkably, there is little redundancy or ability to compensate for
defects. Thus, the critical role of each node in this network is exemplified by the
pathophysiologies that arise from disruption of individual network components.

Pi ABSORPTION AND REABSORPTION: Slc34 SODIUM PHOSPHATE
COTRANSPORTER FAMILY

The majority of the transepithelial P; transport in the intestine and kidney is mediated by the
type Il family of transporters that include NaPi-lla (NPT2; SLC34A1), NaPi-llb (SLC34A2),
and NaPi-llc (S.C34A3). These transporters are responsible for maintaining serum P;
concentration at 1.1 mM. NaPi-lla is primarily localized at the brush border of proximal
tubular epithelial cells and is responsible for ~85% of renal P; reabsorption.2# The
dominant role of NaPi-lla in renal phosphate reabsorption makes it a particularly interesting
gene, as even relatively minor changes in its expression and protein activity translate into
clinically significant alterations in P; homeostasis and phosphaturia. Consistent with this,
homozygous Na/Pi-1la knockout mice exhibit increased urinary Pi excretion, decreased renal
brush-border membrane Na/Pi cotransport, hypophosphatemia, an elevated serum
concentration of 1,25(0OH),D3, hypercalcemia, hypercalciuria, and reduced circulating
PTH.> These features recapitulate the rare syndrome of hypophosphatemic rickets with
hypocalcemia (HHRH), and as a result it was initially thought that mutations in the human
ortholog S.C34a1l gene might be responsible for HHRH. However, although two allelic
variants in S.C34al were associated with urolithiasis (Ala48Phe) and osteoporosis
(Val147Met),5 they did not translate into a functional deficit,” and no SLC34al mutations
were identified in a cohort of extended Bedouin kindred affected by HHRH.8 Instead,
genomic analysis of the Bedouin kindred mapped HRHH to the SLC34A3 gene on 9g34.%-11
S_C34A3 encodes NaPi-llc, which is expressed exclusively in the proximal tubules of deep
nephrons and accounts for the residual P; transport in Npt =~ mice.1213 Thus, even though
the contribution of NaPi-llc is only approximately 20% of the total, the consequence of
NaPi-llc mutation demonstrates its critical contribution to P; home-ostasis.

In contrast to NaPi-lla and NaPi-llc, NaPi-llb/SLC34A2 is expressed broadly, including in
pulmonary alveolar type 11 cells,14 where it participates in P; uptake from the alveolar fluid
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for surfactant production. SLC34A2 mutations have been linked with pulmonary alveolar
microlithiasis, a disease characterized by the deposition of calcium phosphate microliths
throughout the lungs, and possibly with a testicular form of microlithiasis.1® In the intestine,
NaPi-11b is localized to the brush border membrane (BBM) where it mediates P; absorption
from the diet,16 whereas in the liver, NaPi-llb mediates P; reabsorption from the primary
hepatic bile ducts.

PLEIOTROPIC ROLE OF VITAMIN D IN THE CONTROL OF PHOSPHATE
HOMEOSTASIS

The fact that chronic vitamin D deficiency is a universally recognized cause of rickets,
osteomalacia, and osteoporosis led to the overly simplistic view of the hormone as pro-bone.
The accumulated body of evidence, however, points to a more complicated role of
1,25(0OH),D3 in bone turnover as well as systemic Pi homeostasis. 1,25(0OH),D3 promotes
intestinal Ca* * and P; absorption and, in cooperation with PTH, also induces expression of
macrophage colony-stimulating factor and RANK ligand by osteoblasts (OBs), and these
stimulate osteoclastogenesis, bone catabolism, and resorption. Additional layers of control to
mitigate the potential phosphatemic and calcemic effects of vitamin D are therefore
necessary. Partial control is provided by the negative effects of PTH on renal phosphate
reabsorption, an effect mediated by acute internalization inhibition of NaPi-lla and NaPi-lIc
as the result of endocytic removal from the BBM and subsequent degradation in
lysosomes.17:18 Some of the anticalcemic feedback, which also provides a break to the PTH-
induced phosphaturia, is mediated by reduced PTH synthesis in the parathyroid gland as a
result of 1,25(0OH),D3 action. 1,25(0OH),D3 also transcriptionally activates expression of
FGF-23 in OBs.1920 Elevated circulating FGF-23 can decrease systemic P; by inhibiting
intestinal NaPi-11b-mediated phosphate absorption through a VDR-dependent mechanism?!
and by promoting renal phosphate excretion through decreased expression and activity of
renal NaPi-lla and NaPi-l1c.22 The phosphaturic effects of FGF-23 under physiological
conditions may be restricted by an FGF-23-mediated decrease in PTH synthesis. Moreover,
FGF-23 regulates its own expression by inhibiting the anabolic 1a-hydroxylase (1a(OH)ase)
and inducing expression of the catabolic 24-hydroxylase, thus suppressing serum levels of
1,25(0H),D3.23 Consistent with this feedback mechanism, FGF-23 =/~ mice are
hyperphosphatemic with elevated serum levels of 1,25(0OH),D3.24 Genetic ablation of the
vitamin D activation pathway in double-knockout (FGF-23 =~ /1a(OH)ase =/~ ) mice results
in amelioration of the abnormal mineral ion homeostasis and the impaired skeletogenesis
seen in FGF-23 7~ mice.

FGF-23 AND KLOTHO: PARTNERS FOR (LONG) LIFE

The phosphaturic effects of FGF-23 are emphasized from studies of two clinically similar
hypophosphatemic disorders with renal P; wasting: an ADHR2® and paraneoplastic T10.26
In the first case, FGF-23 mutations result in the production of an abnormally stable, long-
lived form of FGF-23, whereas in TIO, FGF-23 is overproduced by the tumor, most
commonly sarcomas. Moreover, transgenic mice overexpressing FGF-23 exhibit
hypophosphatemia and hyperphosphaturia without significantly affecting serum Ca* *
levels.2” In addition to ADHR and T10, FGF-23 is indirectly involved in the pathogenesis of
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three other disorders associated with hypophosphatemia: XLH, autosomal recessive
hypophosphatemic rickets, and McCune—Albright syndrome. In all three disorders, FGF-23
expression is elevated, leading to phosphaturia and inhibition of renal Pi reabsorption. At the
other end of the spectrum, hyperphosphatemic familial tumoral calcinosis is caused by
mutations in GALNT3, which encodes UDP-N-acetyl-alpha-D-galactosamine: N-
acetylgalactosaminyltransferase 3 (ppGaNTase-T3). It is at present believed that under
physiological conditions, ppGaNTase-T3 mediates triple O-glycosylation of FGF-23 to
render it more resistant to proteolytic processing. In the absence of functional GALNTS3,
defectively glycosylated FGF-23 is rapidly processed, leading to symptoms similar to those
observed in FGF-23 ~/~ mice: hyperphosphatemia, ectopic calcification, and elevated
1,25(0H),Ds.

The hypophosphatemic effects of FGF-23 are exerted through several mechanisms. FGF-23
inhibits renal P;j reabsorption by reducing the apical expression and activity of NaPi-lla in
the proximal tubule epithelium.22:28 Under physiological conditions, FGF-23 may exert a
continuous negative pressure on NaPi-lla expression, as in FGF-23 null knockout mice,
expression and activity of NaPi-Ila are abnormally elevated.24 Additionally, FGF-23 reduces
intestinal absorption of dietary P; through a VDR-dependent decrease in NaPi-11b activity.?
As noted above, the latter phenomenon is most likely secondary to FGF-23-mediated
reduction of circulating 1,25(0OH),D3 synthesis through suppression of 1a(OH)ase
expression and stimulation of catabolic D-24-hydroxylase.23:29

Fibroblast growth factor-23 belongs to the FGF-19 family of growth factors. One common
feature of these proteins is their very weak affinity to FGF receptors in vitro, suggesting the
need for a cofactor to enhance their receptor binding and to allow the initiation of
downstream signaling. The incidental observation that mice lacking a protein termed Klotho
are nearly identical, phenotypically, to FGF-23-deficient mice. Common features include
shortened lifespan, infertility, kyphosis, atherosclerosis, soft tissue calcification, skin
atrophy, muscle wasting, T-cell dysregulation, emphysema, osteopenia or osteoporosis, and
abnormal mineral ion and vitamin D homeostasis. These similarities suggested that FGF-23
and Klotho might function in a common single transduction pathway. Klotho gene encodes a
130-KDa single-pass transmembrane protein with fglucuronidase activity and is primarily
expressed in the epithelial cells of renal distal tubules and in the choroid plexus. Recent
studies suggest that Klotho protein binds directly to multiple FGF receptors, and the Klotho-
FGFr complex binds to FGF-23 with much higher affinity than FGFr or Klotho alone.30
Thus, Klotho is an essential cofactor for FGF-23 signaling, and the lack of it renders renal
cells incompetent for FGF-23 signaling.39 Of significance is that elimination or reduction of
vitamin D activity from FGF-23 and Klotho mutant mice, either by dietary restriction or
genetic manipulation, can rescue premature aging and ectopic calcification.31-33 Further
evidence for involvement of the Klotho in bone homeostasis comes from genetic studies,
which suggest that certain allelic variants of Klotho constitute one of the genetic factors
influencing bone mass loss in adult males34 and post-menopausal women.32 All this
evidence implies that Klotho is a multifunctional protein that regulates phosphate/calcium
metabolism as well as aging. The interrelationship among phosphate, vitamin D, PTH,
phosphatonins and Klotho are depicted in Figure 2.
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PHEX: THE CENTRAL NODE?

The PHEX (phosphate-regulating gene with homologies to Endopeptidases on the X
chromosome) gene encodes a Zn-metalloendopeptidase expressed primarily in OBs and
odontoblasts. Inactivating mutations in the PHEX gene result in vitamin D-resistant, X-
linked hypophosphatemic rickets (XLH). This familial disorder manifests with
hypophosphatemia, low circulating 1,25(0OH),D3 levels, high serum alkaline phosphatase
and osteomalacia, and decreased expression and activity of NaPi-lla in renal proximal
tubules.3738 Although the target of Phex proteolytic activity remains elusive, phenotypic
changes observed in Hyp mice (a spontaneous Phex knockout model) and recently
confirmed in OB/osteocyte-specific knockout mice3? suggest that Phex inactivates one or a
group of phosphaturic factors, collectively termed ‘phosphatonins,’ that inhibit renal
phosphate reabsorption, reduce vitamin D bioactivation, and suppress bone mineralization.
Elevated circulating levels of FGF-23 in Hyp mice*¥ suggested that it might represent the
sought-after phosphatonin. Indeed, FGF-23 knockout reversed Hypophosphatemia in Hyp
mice, implying that increased plasma FGF-23 levels in Hyp mice and in XLH patients may
be at least partially responsible for the phosphate imbalance.?# Initial studies seemed to
confirm the Hypothesis of proteolytic degradation of FGF-23 by PHEX by demonstrating
PHEX-mediated hydrolysis of FGF-23.41 This observation, however, was not confirmed in
independent studies. Subsequent reports have shown that inactivating PHEX mutations
result in increased expression of FGF-23 rather than result in defective proteolytic
cleavage?2 and that FGF-23 is cleaved by subtilisin-like proprotein convertases (furins).43
The exact mechanism of elevated FGF-23 expression in the absence of functional Phex
remains unclear. The importance of the PHEX gene in bone mineralization extends beyond
controlling phosphate homeostasis. Immortalized OBs isolated from Phex-deficient Hyp
mice fail to mineralize under permissive conditions in vitro,** suggesting an intrinsic defect
in Hyp-derived OBs. Another report demonstrated that Hyp-derived OBs in culture have
increased expression of FGF-23.42 The regulation of PHEX both in vivo and in vitro by
several hormones important for skeletal homeostasis has been reported. Upregulation of
Phex expression was observed after treatment with IGF1 and growth hormone?® and
glucocorticoids.*6 Conversely, Phex was found to be downregulated by PTH,*” PTH-related
peptide,*8 and vitamin D.4°

While the target of PHEX proteolytic activity remains unknown, PHEX protein also binds
matrix extracellular phosphoglycoprotein (MEPE) and protects it from proteolytic cleavage
by cathepsin-B (also expressed in OBs). This protection is critical in preventing the
proteolytic release of a small, acidic, protease-resistant ASARM peptide (acidic-serine-
aspartate-rich-MEPE-associated motif),50-51 a factor inhibiting bone mineralization in vivo
and in vitro, which also affects renal phosphate handling that causes phosphaturia. The role
of Phex in protecting the enzymatic release of ASARM peptide goes beyond MEPE binding.
Hyp mice demonstrate increased expression and proteolytic activity of cathepsin D, an
upstream activator of cathepsin B, and protease inhibitors improve bone mineralization
defects in Hyp mice.2 Consistent with the role of MEPE in the pathogenesis of the Hyp
phenotype is also the finding that MEPE-null knockout mice exhibit marked age-dependent
high bone mass density with an increased in vivo mineral deposition rate.>3 Although the in
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vitro mineralization phenotype was corrected by crossing Hyp mice onto a MEPE-deficient
background, the in vivo phenotype was not.>* It has been speculated that this may be due to
the continued proteolytic degradation of the extracellular protein matrix, release of small
integrin-binding ligand, N-linked glycoprotein (SIBLING) ASARM peptides (DMP1; see
below), and persistent FGF-23-mediated hypophosphatemia. A feedback mechanism was
also described whereby ASARM peptide as well as full-length MEPE inhibit Phex activity,
elevate FGF-23 expression, and inhibit mineralization.>®

Dentine matrix protein 1 (DMP1) is an acidic phosphorylated extracellular matrix protein
that was originally identified from a rat incisor cDNA library and thought to have a primary
function in the regulation of dentinogenesis. In 2006, Lorentz-Depiereux et al>® identified
homozygous mutations in the DMP1 gene of patients diagnosed with autosomal recessive
hypophosphatemic rickets (ARHR). Hypophosphatemia and skeletal abnormalities are also
the phenotypic features of Dmp1-null knockout mice.>” These mice have elevated serum
levels of FGF-23, and the potentially pathogenic role of this growth factor in ARHR was
recently demonstrated by Liu et al®® by crossing FGF-23-deficient and Dmp1 knockout
mice. These data suggest that part of the role of DMP1 in matrix mineralization is indirect
and may be mediated by regulating the osteocyte production of FGF-23, which ultimately
targets renal phosphate reabsorption and vitamin D metabolism. Moreover, DMP1 belongs
to the same family of SIBLING proteins as MEPE and is similar to MEPE. Proteolytic
degradation of DMP1 leads to the release of the ASARM peptide with potent minhibin and
phosphatonin-like activity. Consistently, it was demonstrated that both DMP1 and MEPE
proteins are degraded in the cultures of Phex-deficient Hyp calvarial OB cultures.®® In
summary, loss of Phex function leads to elevated osteoblastic protease expression, increased
MEPE expression, excessive degradation of MEPE and DMP1, and release of protease-
resistant ASARM peptides from DMP1 and MEPE. The ASARM peptide inhibition of
mineralization is most likely caused by a combination of direct binding to hydroxyapatite
crystals and decreased expression of PHEX, whereas the phosphaturic effects are mediated
by renal accumulation of ASARM peptides®® and inhibition of P; reabsorption.6! Indeed,
most recent data not only confirm that phosphorylated ASARM peptide inhibits calcium
deposition by binding to hydroxyapatite, but also demonstrate that ASARM may actually be
enzymatically degraded by Phex protein to prevent this effect.5?

The participation of PHEX in phosphate homeostasis and bone mineralization is not an “all
or nothing’ phenomenon. XLH is a dominant mutation with a phenotype independent of the
zygosity in both Hyp mice and XLH patients. In this haploinsufficiency, the normal Phex
protein produced by the wild-type allele in heterozygotes is inadequate to provide normal
PHEX function. Under experimental conditions, partial antisense-mediated knockdown of
PHEX in human OBs was sufficient to inhibit mineralization.53 Similar effects of antisense
knockdown were reported in cultured tooth germs where partial loss of PHEX function
inhibited the expression of NaPi-11b.54 These findings further emphasize the importance of
Phex as a critical player involved in the P; balance regulation, and imply that
pathophysiological conditions leading to decreased Phex expression, such as that reported
for colitis and TNFa,5% will have pronounced local and systemic consequences.
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SECRETED FRP-4: PHOSPHATONIN OR MINHIBIN?

Using serial analysis of gene expression (SAGE), De Beur et al® identified frizzled-related
protein 4 (FRP-4) as a gene which was elevated in oncogenic osteomalacia (OOM). Similar
to FGF-23 and ASARM, soluble FRP-4 (sFRP-4) is thought to act as a phosphatonin by
reducing the efficiency of renal P; reabsorption and suppressing the synthesis of 1a,25-
dihdyroxyvitamin D.57:68 Recently, SFRP-4 was shown to increase renal P; excretion by
reducing NaPi-lla transporter abundance in the brush border of the proximal tubule through
enhanced internalization of the protein.8” Moreover, SFRP-4 also acts as a minhibin to
directly affect bone mineralization. Similar to other sSFRPs, sSFRP-4 can block both the
canonical and noncanonical Wnt signaling either by acting as a decoy receptor for Wnts or
by forming nonfunctional complexes with frizzled proteins®® to suppress the expansion of
OB lineage. A recent study reported that transgenic mice overexpressing sFRP-4 in OB
failed to induce hypophosphatemia.’? It therefore appears that OB-derived sFRP-4 does not
act as a phosphaturic agent in Sfrp4 TG mice, and its primary effect is limited to the
paracrine inhibition of bone formation.

INFLAMMATORY STATES AND PHOSPHATE HOMEOSTASIS

In addition to providing a microenvironment for hematopoietic stem cells, bone is also a
target of the immune system, with immune cells and immune mediators influencing bone
homeostasis, particularly when the immune system has been activated. These interactions
are gaining wide recognition and are developing into a specific niche field of
‘osteoimmunology,” an area of research investigating accelerated bone loss caused by
inflammatory diseases, such as rheumatoid arthritis (RA) or inflammatory bowel diseases
(IBDs). Although the scope of this review does not allow for more detailed description of
this area of studies (for recent reviews, refer David’! and Takayanagi’?), it is worthwhile to
examine the limited data describing the relationship between inflammation and the key
players in Pi homeostatic network.

Renal expression of Klotho has been shown to be down-regulated in the rat model of acute
LPS-mediated inflammatory stress.”3 Limited data also point to a role for Klotho in the
immune system. It was shown that the spleen and other immune organs from Klotho
knockout mice are underdeveloped and that B-cell development and differentiation are
impaired.’4 7> Expression of the Klotho protein was described in human CD4*
lymphocytes,’6 where it was significantly decreased proportionally to advancing age, but it
was also heavily suppressed in the CD4* cells of RA patients. A similar association of
Klotho in the immune cells of patients with IBD, a disease sharing many commonalities
with RA, has not been investigated.

The high prevalence of hypovitaminosis D has been consistently reported in both pediatric
and adult IBD patients.”” The relevance of this finding is not limited to the effects on Ca* *
and P; balance, but also extends to the potential immunoregulatory role of 1,25(0OH),D3 in
autoimmune disorders.”® Moreover, in the course of IBD, circulating proinflammatory
cytokines, infiltrating lymphocytes, and other mononuclear cells provide several key factors
that may influence bone metabolism by altering the balance between bone-forming OBs and
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bone-resorbing osteoclasts resulting in decreased bone mineral density in IBD patients. We
have recently shown that inflammation, in the setting of chemically induced mouse models
of colitis, results in down-regulation of the PHEX gene and protein expression.®® This
decrease could be prevented by local attenuation of colitis with dietary curcumin and by
neutralizing antibodies against TNFa, and it was recapitulated by parenteral administration
of exogenous TNFa. In the UMR-106 OB-like cell line, TNFa profoundly inhibited
deposition of mineral matrix, a phenomenon correlating with decreased expression of Phex
mRNA, protein, and gene promoter activity.> Therefore, the Phex gene, which is highly
relevant to bone mineralization and P; homeostasis, is evidently altered in the setting of
colonic inflammation.

CONCLUDING REMARKS

Numerous physiological processes, including bone matrix formation by OBs, depend
equally on the availability of both calcium and phosphorus. In contrast to Ca* *, homeostasis
of inorganic phosphorus (P;) has not been extensively studied until very recently. The latest
molecular and clinical findings identified numerous novel mediators and continue to unravel
complex molecular interactions and intricate homeostatic mechanisms governing systemic
phosphate handling. The emerging picture is that of a series of partially overlapping
feedback loop mechanisms, which under physiological conditions tightly control phosphate
intake, utilization, and excretion. Despite the complexity of these control mechanisms and
the increasing number of recognized players, the system appears to have limited
redundancy, as demonstrated by the severe phenotypic changes in knockout and transgenic
mouse models, as well as in hereditary single gene disorders in humans. This limited
redundancy suggests that pathophysiological events may need to target only a restricted
number of the critical elements of this network to eventually lead to disturbed P;
homeostasis and phenotypic manifestations, such as osteopenia or osteoporosis. It also
underscores the need for further dissection and understanding of this regulatory network as
well as the factors adversely affecting the delicate P; balance.
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Systemic phosphate balance in an adult human. On the basis of Figure 2 from a review by
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