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Abstract
Hypophosphatemia is an X-linked dominant disorder resulting from a mutation in the PHEX gene.
While osteoblast-specific expression of the PHEX transgene has been reported to decrease the
phosphate wasting associated with the disease in male hypophosphatemic (HYP) mice, there are
reports that the mineralization defect is only partially corrected in young animals. To test the
hypothesis that osteoblast-specific expression of the PHEX gene for a longer time would correct the
mineralization defect, this study examined the bones of 9-month-old male and female HYP mice and
their wild-type controls with or without expression of the transgene under a collagen type I promoter.
Serum phosphate levels, alkaline phosphatase activity, and FGF23 levels were also measured.
Mineral analyses based on wide-angle X-ray diffraction, Fourier transform-infrared (FT-IR)
spectroscopy, and FT-IR imaging confirmed the decreased mineral content and increased mineral
crystal size in male HYP humerii compared to wild-type males and females with or without the
transgene and in female HYP mice with or without the transgene. There was a significant increase
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in mineral content and a decrease in crystallinity in the HYP males’ bones with the transgene,
compared to those without. Of interest, expression of the transgene in wild-type animals significantly
increased the mineral content in both males and females without having a detectable effect on
crystallinity or carbonate content. In contrast to the bones, based on micro-computed tomography
and FT-IR imaging, at 9 months there were no significant differences between the HYP and the WT
teeth, precluding analysis of the effect of the transgene.
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Hypophosphatemia (HYP) is an X-linked dominant disorder resulting from loss of function
mutations in PHEX (phosphate regulating gene with endopeptidase activity on the X
chromosome) [1]. Humans with these mutations have HYP due to renal phosphate wasting and
rickets (i.e., they are short, have bone pain, and have dental abscesses) with abnormally low
levels of 1,25-dihydroxyvitamin D [2,3]. Treatment with vitamin D is not effective [4] and the
disease has previously been referred to as “vitamin D-resistant hypophosphatemic rickets.”
The mouse model of HYP occurs naturally and is due to a 3' deletion of PHEX [5–8]. HYP
mice have been shown to have impaired growth plate cartilage calcification (rickets) and
impaired bone mineralization (osteomalacia), with a decreased mineral content and increased
mineral crystal size (crystallinity) in their long bones [9]. The teeth of both male and female
HYP mice are also reported to be hypomineralized, with dentin crystals larger than those in
control animals [10], analogous to what is seen in humans with HYP [11].

Overexpression of PHEX under the control of the β-actin promoter failed to rescue the HYP,
although it did partially correct markers of bone turnover and hypocalcemia in 3-month-old
male HYP mice [12]. Histologically, wild-type (WT) mice with the transgene (TG) were not
distinguishable from WT mice without the TG, suggesting that these corrections were not an
indirect effect of the construct. Expression of the TG in HYP mice partially corrected measures
of bone mineral density and histological osteomalacia at 3 months, but mineral composition
was not assessed.

Overexpression of PHEX under the control of bone-specific promoters (osteocalcin or type I
collagen) also did not correct the phosphate wasting. When PHEX expression was driven by
type I collagen in 7- to 8-week-old males, the mineralization defect in both bones and teeth
based on histology and radiographs was partially corrected [13]. When driven by the
osteocalcin promoter [14], again there was a slight improvement in bone mineralization (based
on histology and radiography), but at 12 weeks HYP males with the TG still had defective
mineralization of their bones and teeth.

We hypothesized that rescue over a longer period of time under control of the bone-specific
promoter (type I collagen) would be able to correct the mineralization defect in HYP animals.
Several observations led to this hypothesis. First, it is known that even without the TG there
is a correction of the decreased mineralization in female HYP animals (both homozygous and
heterozygous) but not male animals [15], thus a comparison of male and female animals treated
for longer periods of time would separate these effects. Second, exposure to partially corrected
circulating phosphate levels for an extended duration may result in the necessary ambient Ca
× P availability to more completely correct the lesion. And third, osteoclastic remodeling’s
increasing over time [16] would be expected to result in a more mature tissue. In this study we
focused the assessments on mineral properties in the bones of these mice as assessed by x-ray
diffraction (XRD) and Fourier transform infrared spectroscopy (FT-IR) and spectroscopic
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imaging [17]. Additionally, we examined the teeth of representative mice by FT-IR and micro-
computed tomography to see whether the HYP mineralization phenotype was affected.

Materials and Methods
Generation of Mice

Transgenic mice were created as illustrated in Fig. 1. In brief, the TG construct consisted of a
2.4-kb rat collagen I promoter element [18] driving a 2250-bp human PHEX coding sequence,
followed by 2.2 kb of exons, introns, and polyadenylation/transcription termination sites (p/t)
from the human growth hormone gene [19]. The TG was excised as a XhoI/NotI fragment and
microinjected into SJL × C57BL/6 F2 oocytes as described [19]. Five founder lines of mice
were established and TG expression was evaluated by quantitative RNase protection analysis
of calvarial RNA with a probe specific for the hGH sequences on the TG message. Two lines
displaying fairly robust levels of TG expression were chosen for subsequent breeding
experiments. Transgenic mice with human PHEX (hPHEX) driven by a collagen I promoter
were cross-bred with hypophosphatemic mice in a mixed background. Expression of the TG
was confirmed by mRNA analyses of calvaria. The genotype of individual mice was
determined by PCR. There were a total of 27 female offspring and 23 male offspring. Females
consisted of 3 WT without the TG, 4 WT with the TG, 16 HYP without the TG, and 4 HYP
with the TG. Males included 8 HYP with no TG, 5 HYP with the TG, 7 WT with no TG, and
2 WT with the TG. Animals were given water and standard food, ad libidum, and were
sacrificed at 9 months. The Yale Institutional Animal Care and Usage Review Board approved
all animal experimentation.

Morphometrics and Dual-Energy X-Ray Absorptiometry (DXA)-Derived Bone Mineral
Measures

Standard morphometric measurements (weight, total body length, and tail length) were
obtained at 1, 3, and 9 months. Bone mineral density and bone mineral content of the total
femur were performed by DXA using a Lunar Piximus animal densitometer (Madison, WI)
after anesthesia with ketamine. Scans were performed in all mice at 1 month of age and in
limited numbers of mice in each group at 3 and 9 months. Data were recorded by animal number
to allow comparisons of individual mice but averaged for each group of male or female animals
(WT, WT + TG, HYP, HYP + TG).

Serum Chemistry
Serum was collected from mice at 1, 3, and 9 months by sampling the retro-orbital sinus. Urine
was withdrawn from the bladder at sacrifice. Serum and urinary phosphorus were measured
using a commercially available Liqui-UV kit (Stanbio, Boerne, TX). Total serum alkaline
phosphatase activity and urine and serum creatinine were assessed using Sigma kits employing
a plate reader (Titertek Multiscan, Huntsville, AL). Phosphorus excretion index [urine P/
(serum P × urine creatinine)] and phosphorous clearance were calculated. Serum FGF23 was
measured using an ELISA method that detects the intact molecule (Kainos Laboratories,
Tokyo).

Histology and Histomorphometry
The left tibia of each mouse was dissected, cleaned, and fixed in 70% ethanol, then further
dehydrated through graded ethanols, cleared in toluene, and embedded in methyl methacrylate
[20]. Longitudinal sections were stained with either toluidine blue, pH 3.7, or, in some cases,
a combined von Kossa stain with a toluidine blue counterstain to better visualize the growth
plate. Standard histomorphometric parameters as endorsed by the American Society of Bone
and Mineral Research Bone Histomorphometry Committee [21] were analyzed using
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Osteomeasure software (Osteometrics, Atlanta, GA). Measurements were performed in an area
located ~200 µm distal to the growth plate and included trabecular bone only.

Mineral Characterization
The humerii from all animals and first and second molars from selected animals were used for
mineral analyses. The humerii were split into proximal and distal ends. The distal ends of each
sample were ground using a mortar and pestle and sieved to provide a uniform particle size.
The ground bones were first used for FT-IR spectroscopy. KBr pellets were prepared containing
2 mg bone powder per 200 mg dried spectral-quality KBr (Fisher Chemicals, Springfield, NJ).
FT-IR spectra were recorded on a Mattson spectrometer (Mattson Industries, Freemont, CA).
Because of the small sample size, after preparation of KBr pellets, the remaining sieved material
for three samples per group was combined with similar material from the three distal ends from
the same animal, reground, sieved, and subjected to wide-angle XRD using a Brucker AX8
powder diffractometer (Madison, WI) with CuK α radiation.

The remaining proximal ends of the humerii (from male HYP, male HYP + TG, male WT,
female HYP, and female HYP + TG) were embedded in polymethyl methacrylate, sectioned
transversely at 2–3 µm, and used for FT-IR spectroscopic imaging (FTIRI). The sections were
mounted on barium fluoride windows (SpectraTech, Hopewell Junction, NY) and used for
FTIRI as described elsewhere [22]. In brief, spectra were acquired with a Perkin Elmer
Spectrum Spotlight 300 Imaging System (Perkin Elmer Instruments, Waltham, MA),
consisting of a step-scanning FT-IR spectrometer with an MCT (mercury-cadmium-telluride)
focal-plane array (FPA) detector placed at an image focal plane of an IR microscope. Images
were collected in transmission mode at a spectral resolution of 4 cm−1 in the frequency region
between 1800 and 720 cm−1 with an IR detector pixel size (6.25 × 6.25 µm). Background
(BaF2 window only) and PMMA spectra were collected for each section analyzed, and these
spectra were used for correction of the sample spectral data using ISYS software (Spectral
Dimensions, Olney, MD). Spectra were baselined and the PMMA contribution was subtracted
using ISYS software.

The parameters calculated for each image were mineral-to-matrix ratio (related to mineral
content), calculated as the ratio of the integrated area under the phosphate band (920–1180
cm−1) to that of the amide I band (1585– 1720 cm−1), and carbonate-to-phosphate ratio (level
of carbonate substitution in the HA crystal), calculated as the ratio of the integrated area of the
carbonate peak (855–890 cm−1) to the phosphate area. The crystallinity (XST; related to
crystallite size/perfection as determined by XRD) was calculated from the intensity ratio of
phosphate subbands at 1030 and 1020 cm−1. The collagen cross-link ratio (XLR) was
calculated as the intensity ratio of amide I subbands at 1660 and 1690 cm−1. Means and standard
deviations for the three to five images in each bone type were calculated and compared.

Phenotypic Characterization of Teeth
Right hemimandibles were extracted, when available, from 11 animals (1 male WT, 2 male
HYP, 1 female WT, 1 female WT + TG, 5 female HYP, and 1 female HYP + TG). The molar-
bearing part of the jaws was dissected from the rest and analyzed by micro-computed
tomography using a Scanco µCT 35 microCT system (Scanco Medical, Bassersdorf,
Switzerland). Scans were performed with a 6-µm voxel size and 0.36-deg rotation step at 55
kVp and 145 µA. After three-dimensional reconstruction of the jaw volumes, individual
regions of interest for every first and second molar were defined around the anatomical crowns
of the molars, and the distributions of mineral densities within the crown regions were extracted
to a spreadsheet as histograms. The distribution of dentin mineral densities from these crowns
was well differentiated from the background and the enamel values and was used for separate
volume (total number of voxels) and average density calculations within each dental tissue.

Boskey et al. Page 4

Calcif Tissue Int. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Parameters calculated were total crown volume, volume of dentin and enamel within the crown,
and average dentin and enamel mineral densities. The same samples were subsequently
processed for FTIRI as described above for bone. Crown areas from the first and second molars
were analyzed on 2-µm sections with a 6.25-µm spatial resolution and a 4-cm−1 wavenumber
resolution. Only the pixels corresponding to crown dentin as visible on the mineral:matrix
images were processed after spatial masking of the embedding medium background, residual
enamel tissue, and root dentin. Average values for dentin mineral crystallinity and carbonate
substitution were calculated.

Statistical Evaluation
Mean and standard deviations were calculated for all parameters. Age-dependent differences
within groups were determined by repeated-measures ANOVA with posttests based on
Bonferroni t-test, using Instat2 (Graphpad, Carlsbad, CA). Ordinary ANOVA was used for all
parameters measured at 9 months, with Bonferroni p < 0.05 accepted as significant.

Results
Morphometrics

Female WT mice were consistently shorter and had lower weights than male WT mice (Table
1). Male HYP mice were lighter and shorter than male WT mice but were not larger than female
HYP mice at comparable ages. The presence of the TG had no apparent effect on WT weights
and lengths, while these morphometric parameters were corrected, but not normalized, in male
HYP mice with the TG (Table 1). By 3 months of age the TG had normalized the overall length
of both male and female HYP mice, and this correction persisted until sacrifice at 9 months of
age. The bone mineral density at 1 month was lower in female than in male WT, and
significantly decreased in male HYP but not female HYP mice (Table 1). Expression of the
TG in the HYP mice significantly increased the bone mineral density values, but at 1 month
these values did not reach those of the male WT. Because of the small sample size at later time
points no other significant findings were noted.

Serum Chemistry
Serum phosphate in male HYP animals was significantly lower than in male WT at each age
examined (Table 2). Phosphate levels in male HYP with the TG were slightly, but not
significantly, higher than in male HYP mice without the TG. In the females the HYP phosphate
levels were significantly lower than in the WT at 1 and 3 months but were comparable to those
in WT at 9 months. At 9 months, the presence of the TG normalized the phosphate levels in
the HYP animals, making them equivalent to values in the WT. Renal clearance of phosphate
(at 9 months) appeared greater in all HYP animals compared to the WT, but because of the
small sample size this was not significant. Similarly renal clearance of phosphate was not
affected by the presence of the TG.

Male HYP mice had significantly higher total serum alkaline phosphatase activity than the
male WT at 1 and 3 months (Table 2). Differences at 9 months were not significant, suggesting
normalization. In general, in female HYP animals, alkaline phosphatase activity was increased
relative to that in the WT, but because of the small sample size due to hemolysis in the 3-month
samples, this was not significant.

Serum FGF23 levels at 9 months of age are shown in Fig. 2. As expected [23], HYP mice had
significantly (p < 0.01) higher circulating FGF23 levels than WT mice, regardless of TG or
sex status. FGF23 levels were higher in male Hyp mice than in female Hyp mice (p < 0.05).
This sex difference was evident when comparing mice that did not express the TG as well as
those that were “ rescued” with the TG. Furthermore, targeted overexpression of hPHEX in
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HYP mice decreased circulating FGF23 (from 818 ± 196 [mean ± SD] to 668 ± 291 pg/ml in
males and from 616 ± 220 to 288 ± 44 pg/ml in females). Despite this reduction in circulating
FGF23, levels remained markedly elevated in “rescued” HYP mice, and there was no overlap
of the range of circulating FGF23 levels in rescued HYP mice compared with WT mice. FGF23
levels in male WT mice expressing the TG (40 ± 13 pg/ml) were somewhat lower than those
in male WT ± TG mice (90 ± 34 pg/ml). Although there was no overlap in range of these values,
with the substantial variance and small sample size, the significance of this finding is not clear
at present. The effect of expression of the TG in female WT mice was not evident.

Histology and Histomorphometry
HYP animals ’ bones showed evidence of extensive osteomalacia (Fig. 3) not noted in the
animals with the TG. Based on quantitative histomorphometry, expression of the TG only
partially corrected the morphometric osteomalacia in the bones of animals with the TG at 9
months (Table 3). In the male WT, the TG had no significant effect on any of the
histomorphometric parameters. In the male HYP expression of the TG normalized all the
histomorphometric abnormalities except for percentage osteoid (OV/BV), which was
considerably improved (reduced 22%) in the presence of the TG. In females, the osteomalacia
was less apparent in HYP animals, although osteoid area/tissue area, bone volume fraction,
osteoid thickness, and percentage osteoid were significantly increased. Expression of the TG
in female HYP reduced the histomorphometric evidence of osteomalacia, but this was
statistically significant only for osteoid area/tissue area because of the small number of samples.

In the teeth of 9-month-old animals (Fig. 4) there were no significant differences between the
HYP and the WT, with the exception of a slightly (~ 5%) lower mineral density in molars of
male HYP compared to the male WT. This was true both for dentin and enamel volumes and
for FTIRI results. Figure 4a and b illustrate the methodology for micro-CT evaluation. Table
4 summarizes the FTIRI and micro-CT results for male and female WT and male and female
HYP mice. Since there were no phenotypic differences between WT and HYP molars at this
age, it was not possible to look for rescue in animals that received the TG.

Mineral Properties
The crystal size/perfection in the HYP males’ humerii as determined by XRD line broadening
analysis was significantly greater than that in the WT (without the TG). However, there were
no significant differences among the other crystal size and perfection measurements for males
(Fig. 5). In females, expression of the TG in HYP animals decreased the average crystal size/
perfection.

These changes in crystal size/perfection were confirmed by FT-IR analyses of the powdered
bones (Fig. 6) and by FTIRI (Fig. 7). FT-IR analysis of crystallinity showed significant
differences in HYP males with versus without the TG, with animals with the TG having smaller/
less perfect crystals. There was a trend for the TG to reduce the crystal size in female HYP
bones and in WT bones of both genders (Fig. 7a), however, the only significant finding was
the correction of size in HYP bones by expression of the TG. The mineral content of the
humerii, as demonstrated by FT-IR, was decreased in both male and female HYP mice and
increased to levels comparable to that in the WT by expression of hPHEX with the TG (Fig.
7b). There were no significant differences between carbonate/phosphate levels in any group,
although levels in females tended to be higher than those in males of a similar phenotype (data
not shown).

The FT-IR images of each of the parameters showed that the mineral content was decreased
in the cancellous and cortical bone of the HYP animals and increased by expression of the TG
(Fig. 7a). Bar graphs summarizing the mean values for all data in the images provide a
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quantitative basis for this statement (Fig. 7b). Similarly, the TG decreased the average
crystallinity (Fig. 7c). Carbonate/phosphate, carbonate/amide I, and collagen maturity were
not significantly different (data not shown).

Discussion
These studies have demonstrated that both male and female HYP mice at 9 months of age have
a mineral phenotype that is corrected by osteoblast-specific expression of the hPHEX gene.
The morphometric phenotype and the serum chemistry, however, are not fully corrected.
Previous studies [9] using XRD and chemical analyses showed increased crystal size and
decreased ash weight in the bones of young male HYP mice. With the exception of studies by
Meyer and collaborators [15,24,25], which reported various extents of sexual dimorphism in
shape, ash weight, and mechanical properties of male and female HYP mice, and Abe’s study
of the teeth, which found that male and female HYP teeth were similar [10], most earlier studies
were focused on males because of the likelihood of having more consistently severe disease
due to the hemizygous presence of only one X chromosome and, therefore, no normal allele
for the PHEX gene. This is in contrast to heterozygous females, which have one normal and
one abnormal PHEX allele.

These studies using a combination of morphometric and physical chemical methods to evaluate
calcified tissues show that marked correction of the mineral defects in HYP bones is achieved
over a 9-month period, with quantitative differences in mineral properties significantly
diminished by the continued expression of the TG. More interestingly, the TG has detectable
effects in the bones of WT animals that provide some insight into the actions of PHEX.
Expression of the TG did not significantly correct the HYP in HYP mice, although it did slightly
correct alkaline phosphatase levels, consistent with targeting the TG toward osteoblasts and
odontoblasts.

Circulating FGF23 is thought to mediate renal phosphate wasting, and perhaps plays a role in
the development of skeletal manifestations, independent of resultant ambient HYP [23].
Interestingly, FGF23 is also overexpressed in undifferentiated and early ameloblasts of HYP
animals [26]. A controversy in the hypophosphatemic rickets literature regards the “dominant”
nature of the disorder: there is a clinical impression that the spectrum of disease severity in
males is greater than that in females in XLH and HYP mice. Thus it is of interest that circulating
FGF23 levels in male HYP mice are higher than those in females. Moreover, “rescued” male
HYP mice have higher concentrations of circulating FGF23 than rescued female HYP mice.
FGF23 levels in rescued male HYP mice approximate those in female HYP + TG mice. It is
also possible that overexpression of hPHEX in male WT mice may actually further decrease
FGF23 levels, although this cannot be concluded from our data.

It is also of interest that FGF23 levels remained quite elevated in rescued HYP mice, yet the
skeletal manifestations of the disease were markedly corrected. In addition, there was not a
significant correction of serum P levels. Together, these findings provide strong evidence that
loss of function of PHEX plays a major and direct role in the genesis of skeletal abnormalities
in XLH/HYP, that these abnormalities are not entirely mediated by serum phosphate
concentrations, and, furthermore, that they appear to be independent of FGF23 effects.

Studies by Erben et al. [12] of 3-month-old offspring of crosses between male mice expressing
human PHEX under the control of a human β-actin promoter (PHEX-tg) and female
heterozygous HYP mice (PHEX-tg) reported normal bone and mineral ion homeostasis. HYP
mice showed the known phenotype, with reduced body weight, HYP, hyperphosphaturia, and
rickets. HYP/PHEX-tg mice had an almost-normal body weight relative to WT controls, a
dramatic improvement in femoral BMD, a nearly normal growth plate width, and, despite
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remaining disturbances in bone mineralization, almost-normal bone architecture and
pronounced improvements of osteoidosis and of the undermineralized halo formed by the
osteomalacic rim of the osteocytic lacunae and typically observed in HYP mice. However,
HYP and HYP/PHEX-tg mice had comparable reductions in tubular reabsorption of phosphate
and were hypophosphatemic relative to WT controls. Similarly, expressing PHEX under the
control of the collagen I promoter did not correct all the bone and tooth mineralization defects
at 3 months [13]. This was explained in part by the possibility that human PHEX does not work
efficiently in mice and in part by the possibility that others factor are affected by the loss of
PHEX at other sites.

In the two studies of younger HYP animals with osteoblast- and odontoblast-specific
expression of PHEX, the “partial normalization” of the mineral was based on qualitative
radiographic and histologic evidence. In the present study we provide quantitative data on the
mineralized tissues showing a more complete rescue at 9 months. The bone mineral content is
fully normalized (i.e., there is no significant difference between HYP + TG and WT, although
WT + TG has an even higher mineral content), and the crystal size returned to normal values
in HYP + TG animals. This occurs in the absence of a correction of serum phosphate, and thus
the correction is not based on a physicochemical correction. In the teeth, HYP and WT animals
do not differ at 9 months, thus no effect of the TG could be established.

Given the limited changes in circulating phosphate levels, this observed complete correction
of mineral content and ratio to matrix content in the skeleton may be a direct consequence of
restoring the local bone action of PHEX in rescued HYP mice bones. One potential mechanism
may involve the known interaction of PHEX with matrix extracellular phosphoglycoprotein
(MEPE) [27], perhaps preventing MEPE from being degraded. MEPE has been shown to act
as an inhibitor of mineralization once fragmented [27]. The N-terminal peptide of MEPE, the
ASARM peptide, is an inhibitor of mineralization in culture and in cell-free solution [28–30].
Phosphorylated ASARM can be degraded by PHEX [31], removing the inhibition. It has been
suggested that the presence of “minihibins,” peptides released from MEPE and other proteins,
is responsible for the impaired mineralization in HYP [28]. Unpublished studies from the
authors’ laboratory show that the intact protein promotes mineralization in the presence and
absence of hydroxyapatite crystals. To convert MEPE into the inhibiting ASARM peptide, a
cleavage is required, suggesting that other proteases are involved in the initial cleavage of
MEPE. The impaired mineralization in HYP is likely related to the inability to remove the
inhibitory effect of the ASARM peptide. It is also possible that PHEX interacts with other
proteins that regulate the mineralization process in a similar fashion [30,32].

The dentin in teeth of animals younger than the 9- month-old HYP mice studied here was
described [10,11,13] as being thinner and distinctly hypomineralized with respect to that in
WT animals, and to have larger crystal sizes than in the WT. From the micro-CT analysis,
which is a powerful tool for quantitation of such morphometric and densitometric
measurements in teeth, we were not able to detect any phenotypic WT vs. HYP in 9-month-
old molars. Dentin mineral differences were also not present between WT and HYP animals,
as concluded by the FTIRI analysis. Since we did not examine the teeth in any other age group,
we do not know if the phenotype described previously [10,11,13] was present earlier in our
animals and corrected later [33] due to continued dentin and mineral formation in HYP animals.

The differences between male and female HYP animals, and the response to rescue of both the
HYP and their WT counterparts, merit comment. While the mosaicism of the X chromosome
is likely to contribute to the milder appearance of bone and tooth defects in the females, the
influence of estrogen may also be important. Gonadectomy [25] of young animals caused male
and females to form their mineralized tissues similarly, whereas in the presence of their ovaries
the postpubescent female HYP animals gained mineral, while sham-operated and males
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without testes did not. Thus we can speculate that the sexual dimorphism observed in the
present study is due, to a great extent, to estrogen effects.
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Fig. 1.
Structure of the human PHEX transgene. Diagram of the transgene construct, which consists
of a 2.4-kb rat collagen I promoter element driving a 2250-bp human PHEX coding sequence,
followed by 2.2 kb of exons, introns, and polyadenylation/transcription termination sites (p/t)
from the human growth hormone (hGH) gene. The growth hormone exons (boxed and
numbered) are not translated. Restriction sites: B, BamHI; C, ClaI; H, XhoI; N, NotI; S, SalI;
X, XbaI. The transgene was excised as a XhoI/NotI fragment and microinjected into SJL ×
C57BL/6 F2 oocytes
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Fig. 2.
Serum FGF23 levels in 9-month-old mice. Mean ± SD. *p < 0.01 vs. WT; **p < 0.03 vs. HYP
of the same gender
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Fig. 3.
Histologic demonstration that expression of the transgene corrects the osteomalacia in the HYP
animal but has no apparent effect on the WT. a von Kossa-stained sections showing the tibia
of 9-month-old male HYP and WT animals with and without expression of the transgene (TG).
b Higher-power view of the same sections
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Fig. 4.
Micro-CT evaluation of a mouse molar. a Crown region of interest in a first molar defined in
a sagittal micro-CT projection of a mouse jaw. b Distribution of mineral densities for the crown
shown. Note the distinct distributions for dentin and enamel
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Fig. 5.
X-ray diffraction analyses of 9-month-old humerii demonstrate that expression of the hPHEX
transgene normalizes the average crystallite size in the male and female. Mean ± SD. *p < 0.01
relative to WT; **p < 0.01 relative to same genotype without the transgene

Boskey et al. Page 15

Calcif Tissue Int. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
FT-IR analyses of ground powders demonstrates that expression of the hPHEX transgene a
reduces the crystal size and perfection (crystallinity) and b increases the mineral content in the
HYP humerii. Mean ± SD. *p < 0.01 relative to WT; **p < 0.01 relative to same genotype
without the transgene
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Fig. 7.
Infrared imaging spectroscopy. a Typical images showing the distribution of mineral
parameters in male HYP, WT, and HYP + TG and female HYP and HYP + TG humerii. Mean
and SD for multiple images are summarized for b mineral/matrix and c crystallinity. *p < 0.01
relative to WT; **p < 0.01 relative to same genotype without the transgene
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Table 3
Histomorphometry of left tibial sections from 9-month-old mice: mean ± SD

WT WT + TG HYP HYP + TG

Male

N 5 4 8 5

OV/TV (%) 0.31 ± 0.18 0.44 ± 0.13 24.66 ± 13.95* 5.48 ± 3.36**

BV/TV (%) 19.6 ± 5.35 19.72 ± 4.37 87.5 ± 19.7* 24.7 ± 18.8**

OsTh (µm) 1.72 ± 0.24 2.1 ± 0.39 16.02 ± 6.05* 7.74 ± 1.06**

TbN (per mm2) 4.1 ± 0.75 4.38 ± 0.67 5.64 ± 0.48 3.87 ± 2.04

OV/BV (%) 1.56 ± 0.80 2.20 ± 0.23 46.44 ± 22.02* 25.49 ± 5.94

Female

N 4 5 17 3

OV/TV (%) 0.38 ± 0.11 0.29 ± 0.12 11.55 ± 9.4* 2.86 ± 1.33**

BV/TV (%) 12.5 ± 5.02 8.42 ± 2.51 37.1 ± 18.1* 16.9 ± 7.7

OsTh (lm) 2.03 ± 0.32 2.11 ± 0.64 10.02 ± 4.64* 6.01 ± 1.2

TbN (per mm2) 2.68 ± 0.73 2.14 ± 0.75 4.5 ± 1.52 3.1 ± 0.5

OV/BV (%) 3.17 ± 0.83 3.74 ± 1.88 27.1 ± 12.7* 19.5 ± 10.3

Note: WT wild type, TG transgene, HYP hypophosphatemia, OV/TV osteoid area/tissue area, BV/TV bone volume/tissue volume, OsTh osteoid thickness,
TbN trabecular number, OV/BV percentage osteoid.

*
p < 0.01 vs. WT;

**
p < 0.01 vs. same genotype without the TG
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Table 4
Micro-computed tomography (CT) and Fourier transform-infrared imaging (FTIRI) analyses of first molars from 9-
month-old mice

WT HYP

Male Female Male Female

Micro-CT

   Crown volume (mm3) 0.57 0.61 ± 0.05 0.60 ± 0.01 0.63 ± 0.03

   Dentin volume (mm3) 0.34 0.37 ± 0.04 0.32 ± 0.01 0.35 ± 0.02

   Enamel volume (mm3) 0.11 0.13 ± 0.01 0.09 ± 0.01 0.10 ± 0.01

   Average dentin mineral density (mg/cm3) 1355 1353 ± 8 1333 ± 2 1330 ± 13

   Average enamel mineral density (mg/cm3) 2029 2036 ± 1 2007 ± 17 2024 ± 20

Dentin FTIRI (relative scale)

   Mineral crystallinity 1.11 1.13 ± 0.09 1.14 ± 0.02 1.08 ± 0.03

   Carbonate-to-phosphate (×10−4) 70 72 ± 11 72 ± 8 74 ± 9

Note: WT wild type, HYP hypophosphatemia
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