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Abstract
X-linked hypophosphatemia (XLH) is caused by mutations in the PHEX gene, which increase
circulating levels of the phosphaturic hormone, fibroblast growth factor 23 (FGF23). Since XLH is
a dominant disease, one mutant allele is sufficient for manifestation of the disease. However,
dosage effect of a PHEX mutation in XLH is not completely understood. To examine the effect of
Phex genotypes, we compared serum biochemistries and skeletal measures between all five
possible genotypes of a new murine model of XLH (PhexK496X or PhexJrt). Compared to sex-
matched littermate controls, all Phex mutant mice had hypophosphatemia, mild hypocalcemia, and
increased parathyroid hormone and alkaline phosphatase levels. Furthermore, mutant mice had
markedly elevated serum Fgf23 levels due to increased Fgf23 expression and reduced cleavage of
Fgf23. Although females with a homozygous Phex mutation were slightly more hypocalcemic and
hypophosphatemic than heterozygous females, the two groups had comparable intact Fgf23 levels.
Similarly, there was no difference in intact Fgf23 or phosphorus concentrations between
hemizygous males and heterozygous females. Compared to heterozygous females, homozygous
counterparts were significantly smaller and had shorter femurs with reduced bone mineral density,
suggesting the existence of dosage effect in the skeletal phenotype of XLH. However, overall
phenotypic trends in regards to mineral ion homeostasis were mostly unaffected by the presence of
one or two mutant Phex allele(s). The lack of gene dosage effect on circulating Fgf23 (and thus,
phosphorus) levels suggests that a Phex mutation may create the lower set point for extracellular
phosphate concentrations.
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Introduction
X-linked hypophosphatemia (XLH) is characterized by hypophosphatemia and low or
inappropriately normal serum 1,25-dihydroxyvitamin D [1,25(OH)2D, calcitriol]
concentrations, resulting in rickets and osteomalacia. The primary cause of the
hypophosphatemia is elevated or inappropriately normal levels of the circulating
phosphaturic hormone, fibroblast growth factor 23 (FGF23) [1-3], which binds to Klotho
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(Kl):FGF receptor complex in the kidney [4, 5]. In the kidney, FGF23 enhances renal
tubular phosphate excretion by reducing expression of sodium-phosphate co-transporters IIa
and IIc (encoded by Slc34a1 and Slc34a3, respectively) [6, 7]. In addition, FGF23
suppresses 1,25(OH)2D production by inhibiting 25-hydroxyvitamin D-1α–hydroxylase
(Cyp27b1), which converts 25-hydroxyvitamin D to 1,25(OH)2D, and stimulating 24-
hydroxylase (Cyp24a1), which inactivates 1,25(OH)2D [6, 7].

XLH is caused by inactivating mutations in the PHEX gene located on the X chromosome,
which has homology to a family of endopeptidase genes [8, 9]. Since the mode of
transmission is X-linked dominant, only one mutant allele is sufficient to manifest the
disease and thus, heterozygous females are affected. However, it remains unclear whether
heterozygous females having one normal allele have a less severe phenotype than
hemizygous males as there is supporting evidence for and against gene dosage effect
[10-14].

There exist several murine models of XLH [15-18]. Many studies were done on Hyp mice,
which have a large deletion spanning the 3′ end of the Phex gene [19, 20]. However, none
of the previous studies examined dosage effect of Phex mutations on concentrations of intact
Fgf23 and Fgf23 fragments. In this study, we used a new murine model of XLH [21] to
investigate how the number of Phex mutant alleles affects the disease phenotype,
particularly Fgf23 levels, between hemizygous males (−/Y), heterozygous females (+/−),
and homozygous females (−/−).

Materials and Methods
Animals

A new murine model of XLH carries a nonsense mutation (K496X) in exon 14 of the Phex
gene. The PhexK496X mouse line was created and kindly provided by Drs. Jane E. Aubin and
Frieda Chen at the University of Toronto and Dr. Ann M. Flenniken, Celeste Owen and
other members of the Centre for Modeling Human Disease, Samuel Lunenfeld Research
Institute, Mount Sinai Hospital, Toronto, Ontario, Canada. A detailed phenotype of this
animal (reported as PhexJrt) is described elsewhere [21]. To eliminate the effect of
background strain, Phex mutant mice were backcrossed to C57/BL6J at least 10 generations.
All experimental mice were generated by mating either unaffected (+/Y) or affected males
(−/Y) to heterozygous females (+/−). All animals were maintained on a regular rodent diet,
which contained 1.01% calcium, 0.65% phosphorus, and 2.05 IU/g vitamin D3 (Teklad
Global 18% Protein Extruded Rodent Diet, 2018SX, Harlan Teklad, Madison, WI). The
animals had access to the diet and tap water ad libitum. All animal studies were approved by
the Indiana University School of Medicine Institutional Animal Care and Use Committee.

Biochemical measurements
Six-week-old mice were anesthetized with ketamine/xylazine mix, and blood was drawn by
cardiac puncture and stored at −80 °C until analysis. Serum alkaline phosphatase, calcium,
creatinine, and phosphorus were measured, using Roche COBAS Mira S (Roche
Diagnostics, Indianapolis, Indiana). Intact Fgf23 levels were measured using FGF-23 ELISA
Kit, which detects only intact Fgf23 (Kainos Laboratories, Inc., Tokyo, Japan). Fgf23 levels
were also measured using mouse FGF-23 (C-Term) ELISA kit, which detects both intact
Fgf23 protein and C-terminal Fgf23 fragments (Immutopics International, San Clemente,
CA). Parathyroid hormone (Pth) was measured, using mouse PTH 1-84 ELISA kit
(Immutopics). 1,25(OH)2D was measured, using 1,25-Dihydroxy Vitamin D EIA kit
(Immunodiagnostic Systems Inc., Scottsdale, AZ).
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mRNA quantification
After the blood draw, femurs and kidneys were collected and stored in RNAlater RNA
Stabilization Reagent (QIAGEN Inc., Valencia, CA). Total RNA was extracted from the
whole femurs and kidneys, using TRIzol Plus RNA Purification System (Invitrogen,
Carlsbad, CA) and used for first-strand cDNA synthesis, using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA). The cDNA was
subsequently used for quantification of Fgf23, Slc34a1, Slc34a3, Kl, Cyp27b1, and Cyp24a1
expression by probe-based quantitative PCR, using TaqMan® Gene Expression Master Mix
in the 7900HT Fast Real-Time PCR System (Applied Biosystems). To identify stably
expressed genes for normalization, eight different “housekeeping” genes (Actb, Gapdh,
Gusb, Hmbs, Hprt, Sdha, Tbp, and Tfrc) were amplified in eight cDNA samples each of all
five possible genotypes. One of the two most stable genes determined by NormFinder [22]
was used to normalize gene expression -Gapdh for the kidney and Tbp for the femur.
Relative gene expression was determined by analyzing the data using the relative standard
curve method. Probe-based quantitative real-time PCR assays (Integrated DNA
Technologies, Coralville, IA) are listed in Supplemental Table 1.

Dual-energy x-ray absorptiometry (DXA)
Femurs were harvested from mice and fixed in 10% neutral-buffered formalin for 2 days.
Areal bone mineral density (BMD) and bone mineral content (BMC) were measured, using
a PIXImus2 densitometer (LUNAR Corp, Madison, WI). Coefficient of variation from 11
measurements of a frozen mouse specimen was 0.57% for BMD.

Statistical analysis
A male mouse (+/Y) with only one kidney and a female mouse with unexpected genotype
(based on her parental genotypes) were excluded from all analyses. Differences between five
genotypic groups were tested using analysis of variance (ANOVA). When the ANOVA p-
values were significant, differences between two groups were tested for significance using
unpaired student’s t-test. P-values less than 0.05 were considered significant for all analyses.

Results
Comparison between wild-type and mutant mice

Compared to sex-matched littermate controls, carriers of at least one mutant allele invariably
had low serum phosphorus, calcium, creatinine, as well as high alkaline phosphatase levels
(Figure 1; creatinine data not shown). In the face of hypophosphatemia, 1,25(OH)2D
concentrations were inappropriately normal, and Pth levels were elevated in mutant mice.
Femurs in mutant mice were significantly shorter and had lower areal BMD (Figure 2).
Since mutant mice were smaller, BMC was adjusted for body weight. Even after the
adjustment, BMC was still lower in the mutant mice.

Circulating Fgf23 concentrations (measured by both intact and C-terminal ELISA) were
significantly elevated in Phex mutant mice (Figure 1). Similarly, Fgf23 mRNA expression in
mutant mice was 11-15 fold higher than that of wild-type mice (Figure 3). In addition to the
increased Fgf23 expression, the proportion of intact Fgf23 in circulation was 32-39% higher
in the mutant mice than in normal littermates (Figure 1).

As expected from the elevated Fgf23 levels, expression of sodium-phosphate co-transporters
IIa and IIc (Slc34a1 and Slc34a3) was suppressed by 16-29% in all three mutant genotypes
(Figure 3). Similarly, Kl mRNA level was on average 32% lower in the mutant mice. The
mutant mice had markedly higher 24-hydroxylase (Cyp24a1) expression; however, there
was no change in 1-α-hydroxylase (Cyp27b1) mRNA levels.
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Comparison between male and female mice
Wild-type females had lower Pth, 1,25(OH)2D and creatinine levels than male counterparts,
but other biochemical measurements were comparable (Figure 1). Similar comparisons
between mutant males and females showed that heterozygous females have lower alkaline
phosphatase activity than hemizygous males, whereas homozygous females have lower
creatinine and calcium concentrations than the males. Although statistically not significant,
there was a trend for Pth and 1,25(OH)2D to be lower in the mutant females. Interestingly,
the mutant females, regardless of the number of Phex mutant alleles, produced more Fgf23
proteins (measured by the C-terminal ELISA) than mutant males. However, since intact
Fgf23 levels were comparable between the three, there was no difference in serum
phosphorus concentrations (Figure 1).

Renal expression of Slc34a1 and Cyp27b1 was similar between males and females of
comparable genotypes (Figure 3). However, wild-type and mutant females had slightly
higher Slc34a3 expression than male counterparts, and both affected female groups had
significantly higher Cyp24a1 expression.

Females were smaller than males with comparable genotypes (Figure 2). Compared to
hemizygous males, areal BMD was decreased in homozygous females, but increased in
heterozygous females. Weight-adjusted BMC was higher in wild type and heterozygous
females than male counterparts.

Comparison between mutant females
Compared to heterozygous females (i.e. mutants with one functional Phex allele),
homozygous females had slightly lower calcium concentrations (Figure 1). There was a
trend for phosphorus concentrations to be minimally lower in homozygotes than
heterozygotes, but it did not reach statistical significance (p=0.062). There were no
significant differences in intact and total Fgf23, Pth, and 1,25(OH)2D concentrations
between the two affected female groups. In contrast to serum Fgf23 levels, Fgf23 mRNA in
the femur was lower in homozygous females (Figure 3). Expression of the five genes in the
kidney was similar between the groups although Kl expression was statistically lower in the
homozygous females.

Homozygous females were significantly smaller than heterozygous females (Figure 2). The
skeletal phenotype was also different between heterozygous and homozygous females, the
latter having lower BMD and BMC and shorter limbs. In addition, females carrying two
mutant alleles had the higher alkaline phosphatase than heterozygotes (Figure 1).

Discussion
Located on the X chromosome, the PHEX/Phex gene is under the control of dosage
compensation by random X chromosome inactivation [23]. Therefore, approximately half of
the cells in heterozygous females express normal PHEX allele, and the other half express
mutant allele. However, loss of one PHEX allele in females is enough to manifest a full
disease phenotype, which has been previously described as Phex haploinsufficiency [24]. In
this study, we used a new murine model of XLH [21] to investigate dosage effect of a Phex
mutation. All mutants had similar degrees of hypophosphatemia, hypocalcemia, decreased
creatinine, and increased alkaline phosphatase and Fgf23 levels. Although female mutants
(Phex heterozygotes and homozygotes) had higher total Fgf23 concentrations (measured by
C-terminal ELISA) than male counterparts, there were no significant differences in intact
Fgf23 concentrations. Consistent with intact Fgf23 concentrations, serum phosphorus
concentrations were comparable between the three mutant groups. It should be noted that
Pth and 1,25(OH)2D, which could mask the differences, were also similar between the three
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groups. In other murine models of XLH (Hyp and Ska1), serum phosphate concentrations
also did not differ between three mutant groups [15, 25, 26]. In human patients with XLH,
there was no evidence of gene dosage effect on serum biochemistries between affected
males and females [10, 13] and even in the first known patient with a homozygous PHEX
mutation [27]. Taken together, these data indicate that dosage of Phex mutation has no
major effect on circulating intact Fgf23 levels and thus, phosphate homeostasis.

Despite half of the cells having normal Phex function, heterozygous females produced the
same amounts of intact Fgf23 protein as hemizygous males and homozygous females. The
apparent lack of dosage effect on Fgf23 concentrations suggests that the cells affected by the
heterozygous Phex mutation are actively trying to maintain the same low phosphorus level
as other two mutants. In other words, Phex mutation may create a lower set point for
extracellular phosphate concentration. Although it remains unknown how the lower set point
is determined, at least three potential mechanisms could explain how heterozygous females
achieve the same Fgf23 level as in hemizygous and homozygous females:

1. In heterozygous females, cells expressing normal Phex allele retain normal function
and shut down Fgf23 production in response to hypophosphatemia. However, cells
expressing mutant Phex allele sense that phosphate being too high and produce
twice as much Fgf23 as those in hemizygous males or homozygous females to
maintain the same low level of extracellular phosphate.

2. Alternatively, cells expressing the mutant allele could, by an unknown mechanism,
alter the function of surrounding normal cells even though these cells express
normal Phex allele. Thus, all cells regardless of Phex mutation status express equal
amounts of Fgf23. This scenario is most likely if Fgf23-producing cells such as
osteoblasts and osteocytes work as one unit rather than individual cells.

3. Another potential mechanism involves circulating factors released from distant
cells. These factors act on all bone cells equally, thereby keeping Fgf23 levels
similar between heterozygotes and homozygotes.

Distinguishing these three mechanisms may shed light on how extracellular phosphate is
sensed by Fgf23-producing cells and how Phex deficiency results in overproduction of
Fgf23 protein.

In contrast to mineral ion homeostasis, the presence of one normal Phex allele significantly
improved BMC, BMD, and alkaline phosphatase levels in heterozygous females (albeit still
small effects). Alkaline phosphatase activity in Ska1 heterozygotes was also intermediate
between wild-type and homozygous Ska1 females [15]. In addition, the presence of two
mutant Phex alleles had significant dosage effect on some bone histomorphometric
measures. Compared to heterozygous females, homozygous females had shorter vertebral
length and increased cancellous osteoid thickness [25]. In humans, no sex-specific
differences were found in prepubertal children [10, 12]; however, there is evidence for a
more severe skeletal phenotype in adult males without any PHEX function than in females
who have one normal PHEX gene [11, 13]. Similarly, postpubertal affected males have a
more severe dental phenotype than affected females [12, 14]. These data suggest that
although the degree of abnormal mineral metabolism is largely unchanged, the presence of
one normal allele may reduce the severity of intrinsic bone defects in XLH likely because
Phex plays a role in bone mineralization independent of phosphate sensing or the cells
expressing a normal Phex allele can partially rescue the defects in those lacking Phex.

Interestingly, the females lacking a functional Phex allele were more severely affected, in
terms of skeletal abnormalities and growth retardation, than the hemizygous males. Since
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these parameters were similar between wild-type males and females, these differences are
specific to mutant mice. The underlying cause of these differences is unclear.

In addition to the increased Fgf23 expression, Phex mutant mice had higher proportion of
intact Fgf23 protein than wild-type littermates. Post-translational processing of Fgf23 is
mediated by subtilisin-like furin proprotein convertases [28] and UDP-N-acetyl-alpha-D-
galactosamine:polypeptide N-acetylgalactosaminyltransferase 3 (GalNAc-T3) [29, 30].
Thus, lack of normal Phex function may affect activity of these enzymes, leading to reduced
proteolytic cleavage of intact Fgf23 protein. It is also possible that Phex mutations directly
increase the stability of Fgf23 protein by a yet unknown mechanism, which reduces
intracellular processing or degradation in the circulation. However, the difference in the
proportion between wild-type and mutant mice may simply reflect a function of the kinetics
of the enzymes involved.

Together with observations made by other researchers [15, 25], our findings suggest that
dosage of Phex mutation have small, if any, effects on mineral ion metabolism, but does
have effects on bone that are independent of the biochemical environment. However, the
differences between the skeletal parameters were not striking. Furthermore, consistent with
the findings in our recent study in Galnt3/Phex double mutant mice [31], the Phex
deficiency may lower the set point for extracellular phosphate concentrations, leading to
increased intact Fgf23 production.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Effects of Phex genotypes on serum biochemistries. Total Fgf23 represents intact Fgf23
protein and C-terminal fragments of Fgf23 measured by C-terminal ELISA. Dark gray bars,
males; light gray, females. Number of animals = 11-13 per group. The differences between
five genotypic groups were significant for all measured parameters (ANOVA p-values <
0.05). Differences between individual groups are indicated by superscript letters: Significant
difference to same-sex littermate controls (+/Y vs. −/Y and +/+ vs. +/− or +/+)a, comparable
male genotypes (+/Y vs. +/+ and −/Y vs. +/− or −/−)b, and heterozygous females (+/− vs. −/
−)c by unpaired t-test (p-value < 0.05). All values are presented as mean ± SEM.
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Figure 2.
Effects of Phex genotype on body weight and skeletal phenotype (femur). Dark gray bars,
males; light gray, females. Number of animals = 6-13 per group. The differences between
five genotypic groups were significant for all measured parameters (ANOVA p-values <
0.05). Differences between individual groups are indicated by superscript letters: Significant
difference to same-sex littermate controls (+/Y vs. −/Y and +/+ vs. +/− or +/+)a, comparable
male genotypes (+/Y vs. +/+ and −/Y vs. +/− or −/−)b, and heterozygous females (+/− vs. −/
−)c by unpaired t-test (p-value < 0.05). All values are presented as mean ± SEM.
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Figure 3.
Effects of Phex genotype on expression of Fgf23 in the femur and its target genes in the
kidney. Values are presented by arbitrarily setting wild-type males as 1.0. Dark gray bars,
males; light gray, females. Number of animals = 9-13 per group. The differences between
five genotypic groups were significant for all measured parameters except Cyp27b1
(ANOVA p-values < 0.05). Differences between individual groups are indicated by
superscript letters: Significant difference to same-sex littermate controls (+/Y vs. −/Y and +/
+ vs. +/− or +/+)a, comparable male genotypes (+/Y vs. +/+ and −/Y vs. +/− or −/−)b, and
heterozygous females (+/− vs. −/−)c by unpaired t-test (p-value < 0.05). All values are
presented as mean ± SEM.

Ichikawa et al. Page 11

Calcif Tissue Int. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


