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We describe the clinical, genetic, biochemical, and
molecular characterization of a mouse that arose in
the first generation (G1) of a random mutagenesis
screen with the chemical mutagen ethyl-nitrosourea.
The mouse was observed to have skeletal abnormali-
ties inherited with an X-linked dominant pattern of
inheritance. The causative mutation, named Skeletal
abnormality 1 (Ska1), was shown to be a single base
pair mutation in a splice donor site immediately fol-
lowing exon 8 of the Phex (phosphate-regulating
gene with homologies to endopeptidases located on
the X-chromosome) gene. This point mutation caused
skipping of exon 8 from Phex mRNA, hypophos-
phatemia, and features of rickets. This experimen-
tally induced phenotype mirrors the human condi-
tion X-linked hypophosphatemia; directly confirms
the role of Phex in phosphate homeostasis, normal
skeletal development, and rickets; and illustrates the
power of mutagenesis in exploring animal models of
human disease. (Am J Pathol 2002, 161:1925–1933)

Rickets is a disorder of the developing skeleton, with
major effects on the growth of endochondral-derived long
bones. Osteomalacia occurs in bones that have under-
gone epiphyseal closure. Rickets and osteomalacia oc-
cur secondary to low concentrations of calcium or phos-
phate in the extracellular fluid, associated with an
increase in the unmineralized extracellular matrix of
bone. Vitamin D has a major role in calcium homeostasis
and vitamin D deficiency remains a common cause of

rickets. During skeletal growth, vitamin D deficiency
leads to expansion and disordered arrangement of chon-
drocytes at the growth plate, because of failure of hyper-
trophic cartilage extracellular matrix to induce angiogen-
esis and calcification. Phosphate deficiency occurs less
commonly, but produces a similar phenotype.1

X-linked hypophosphatemia (XLH) is a dominantly in-
herited disease characterized by rickets and osteomala-
cia, dwarfism, hypophosphatemia, and elevated serum
alkaline phosphatase.2 The Phex (phosphate-regulating
gene with homologies to endopeptidases on the X-chro-
mosome) gene, which encodes a secreted endopepti-
dase, is mutated in XLH3 and a number of different mu-
tations have been found in different kindreds with XLH.3–8

Defective Phex function causes a decrease in extracel-
lular phosphorus and calcium levels, leading to reduced
bone mineralization. Phex protein levels are highest in
growing bone9,10 and Phex is thought to act on a circu-
lating substrate that represses phosphate resorption by
the renal sodium phosphate transporter in the proximal
convoluted tubule of the kidney.11 Recent evidence sug-
gests that a key substrate may be FGF-23.12

A detailed understanding of complex biological pro-
cesses such as bone development requires knowledge
about the roles of individual genes. The advantage of using
random mutagenesis and classical genetics to identify rel-
evant genes involved is that no previous knowledge con-
cerning gene function is required, or assumed.13 As the
genetically malleable organisms Drosophila melanogaster
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and Caenorrhabditis elegans do not undergo bone forma-
tion, genetic analysis of this process must be undertaken
using fish or mice. Mice are attractive because much is
already known about murine development, growth, and
physiology. Many of the genes in the mouse are conserved
in sequence, function, and relative location in humans.
Thus, understanding murine gene function through analysis

of mutations may allow inferences to be made about corre-
sponding human genes and diseases.13 Two strains of
mutant mice harboring deletions that encompass part of the
Phex gene, Hyp and Gy mice, have been described. We
describe the phenotype of a third mouse harboring a mu-
tation, termed Ska1, which arose during the course of mu-
tagenesis experiments using ethyl-nitrosourea (ENU).
Rather than harboring a large genetic deletion, as is the
case in Gy and Hyp mice, Ska1 is a point mutation that
results in aberrant splicing of the Phex gene, hypophos-
phatemia, and skeletal abnormalities consistent with rickets.

Materials and Methods

Mutagenesis

A single 250-mg/kg dose of ENU (Sigma Aldrich, St.
Louis, MO, USA) was injected intravenously into 8-week-
old male C57BL/6 mice as described previously.14 Mice
were left for 4 weeks to recover fertility and then crossed
to untreated C57BL/6 females. G1 mice were screened
for obvious external abnormalities. Animals with a phe-
notype of interest were mated to wild-type C57BL/6 mice

Figure 1. Affected male mice (Ska1/Y) are distinguished from wild-type
animals (�/Y) by the abnormal angulation of the hips and knees.

Figure 2. In comparison to wild-type females (left, �/�), X-rays reveal multiple skeletal abnormalities in the Ska1 heterozygous (middle, Ska1/�) and
homozygous (right, Ska1/Ska1) female mice. These defects include shortened and distorted long bones in the hind limbs, rib exostoses at the costochondral
junctions, a smaller pelvis with medial displacement of the acetabular cavity, cortical thinning, and reduced bone density in the pelvic bones and shaft of the
proximal femur and elliptical tail vertebrae.

Table 1. Phenotypes of Progeny Derived from Mating Affected and Unaffected Mice

Progeny

Parents Unaffected Affected

Mother Father Female Male Female Male

Affected Unaffected 34 28 41 27
Unaffected Affected 0 28 38 0
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to generate progeny, which were examined to ascertain
whether the phenotype was heritable. Mutations of inter-
est were maintained on an inbred C57BL/6 background.

Radiology

Mice were X-rayed using a Senographic DMR Special-
ized Mammography Unit (General Electrics, Fairfield, CT,
USA) and Kodak MR2000–1 film (Eastman-Kodak, Roch-
ester, NY) at a magnification factor of 1.8.

Skeletal Preparations and Histology

Mice were sacrificed and soft tissue was removed. The
remaining tissue was dissolved in 1% KOH and 20%
glycerol for 30 days. The skeleton was stained with aliza-
rin red and stored in glycerol. To measure bones, skele-
tons were scanned using an Agfa 1236 scanner. The
unmagnified image sizes were quantitated using Adobe
Photoshop 5.5. The resulting data were analyzed using
the statistical package “R” (http://www.r-project.org/).

For light microscopy, tissues from 8-week-old mice
were fixed in 3.7% formalin/phosphate-buffered saline
(PBS) (pH 7.4), and stored in fixative at 4°C. In some
cases tissues were decalcified in 10% formalin/PBS (pH
7.4) containing 20% ethylenediaminetetraacetic acid.
Paraffin blocks were prepared by standard histological

procedures. Sections were cut and stained with Safranin
O and fast green. For undecalcified sections, tibiae were
collected at 8 weeks of age, fixed in 3.7% formaldehyde
in PBS, and embedded in methylmethacrylate. Sections
were then cut and stained by a modified von Kossa
technique as described previously.15

Serum Biochemistry

Blood was obtained from mice by axillary bleeding and
allowed to clot for 1 to 2 hours. Serum was isolated by
centrifugation at 340 � g for 5 minutes and stored at 4°C.
Biochemical tests were performed by IDEXX Central Vet-
erinary Diagnostic Laboratories, Mount Waverley, Victo-
ria, Australia.

Mapping

A male C57BL/6 mouse carrying the Ska1 mutation was
crossed to a wild-type BALB/C female. The resultant F1

females were backcrossed to BALB/C to produce 164 N2
generation mice. N2 mice were classed as affected or
unaffected by their radiological phenotype. Mice were
genotyped using polymorphic microsatellite markers lo-
cated across the X-chromosome.

Table 2. Prevalence of Radiological Phenotypes in Ska1 Mice

Parameter

X-ray phenotype, fraction affected

Males Females

�/Y Ska1/Y �/� Ska1/� Ska1/Ska1

Pelvis 0/56 31/31 0/31 71/71 6/6
Femoral shortening 0/56 31/31 0/31 71/71 6/6
Elliptical vertebrae 0/56 31/31 0/31 71/71 6/6
Rib exostoses 0/56 16/31 0/31 22/71 2/6

Table 3. Comparison of Bone Dimensions in Ska1 and Wild-Type Male and Female Mice

Variable Model F test statistic P value

Radius length RadiusL � � � Mutation � � 195.89 1.09e-14
Ulna length UlnaL � � � Mutation � � 209.47 4.55e-15
Tibia length TibiaL � � � Mutation � � 451.93 �2.2e-16
Fibula length FibulaL � � � Mutation � � 296.97 �2.2e-16
Femur length FemurL � � � Mutation � � 412.08 �2.2e-16
Clavicle length ClavicleL � � � Mutation � � 52.77 5.33e-08
Mandible height MandH � � � Mutation � � 18.06 2.14e-04
Mandible length MandL � � � � 6.98 0.01
Obturator foramen height ObForH � � � Mutation � Sex � � 372.871 �2.2e-16

54.252 5.08e-08
Humerus length HumerusL � � � Mutation � � 212.57 1.32e-14
Pelvis height PelvisH � � � Mutation � � 196.23 1.93e-14

Bones of affected mice (13 Ska1/Y males and 14 Ska1/� females) and unaffected mice (5 �/Y males and 7 �/� females) were measured. The
data was analyzed using the statistical package R. All 11 variables were tested for normality and found to be adequately modeled with normal
distributions (Figure 3). One- and two-way linear models with the presence or absence of a mutant allele and sex as explanatory variables were fitted
with analysis of variance, where � represents the overall mean, and � the error in the model. This was possible because of the normality of the data.
Because of nonorthogonality of the experimental design the fitting order of the factors produced different fits. We chose the most parsimonious model
in all cases. All testing was adjusted using a Bonferroni correction which is the most stringent adjustment, by assuming independence of tests, for 11
tests. This reduces the single test significance level from 0.05 to 0.0046. Ten of the 11 response variables had significant F tests after fitting the
presence or absence of one parameter. The height of the obturator foramen also showed a significant sex effect and in this case the F statistic for the
fitting of the mutation term1 is shown above the F statistic measuring the significance of fitting the sex term.2
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Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Poly(A�) RNA was isolated from mouse calvaria as de-
scribed16 and reverse-transcribed using an oligo d(T)
primer (Promega Corporation, Madison, WI, USA) and
avian myeloblastosis virus reverse transcriptase (Roche
Molecular Biochemicals, Mannheim, Germany) under
standard conditions.17 A fragment encompassing Phex
exons 1 to 10 was amplified from the cDNA using primers
5�-GAGACCAGCCACCAAACCACGAAA-3� and 5�-GA-
ATAAACCATTCTCCACACACTAAA-3� and sequenced
with the same primers using a BigDye Terminator kit
(Applied Biosystems, Foster City, CA, USA). PCR was
initiated by incubation of the reaction at 96°C for 2 min-

utes, followed by 30 cycles of incubation at 96°C for 30
seconds, 55°C for 30 seconds, and 72°C for 1 minute and
was completed by incubation of the reaction at 72°C for
10 minutes.

Long-Range PCR

The Expand Long Template PCR System (Roche) was
used according to the manufacturer’s instructions with
primers 5�-GGTGGACACTGCTGTGCT-TTTAGGAGC-3�
and 5�-CCACATTCTCCGAGGGACCA-ATGTCTT-3�, com-
plementary to Phex exons 7 and 9, respectively. PCR
products were sequenced with primer 5�-TATGGAAATC-
CTATTGCACACACA-3�.

Figure 3. Comparison of the bone lengths from heterozygous females (Ska1/�) and hemizygous males (Ska1/Y) with their wild-type counterparts (�/� and �/Y). Bone
measurements were compared pairwise to determine whether they were correlated with each other depending on genotype (blue, affected Ska1/Y and Ska1/� mice; red,
unaffected �/Y and �/� mice). The identity of the measurements is shown in the boxes on the diagonal (L, length; H, height; Mand, mandible; ObFor, obturator foramen.
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Southern Blotting

Primers 5�-CATGGTAGAGGAAAAGGGCACTCT-3� and
5�-TATGGAAATCCTATTGCACACACA-3�, complemen-
tary to Phex intron 7 and intron 8, respectively, were used
to amplify a 527-bp fragment of Phex from genomic DNA.
This was subcloned and used as a radiolabeled probe on
Southern blots of genomic DNA digested with Scr FI as
described previously.16

Results

An ENU-Induced, X-Linked Dominant Mutation
Affecting the Skeleton in Ska1 Mice

In the course of conducting a random ENU mutagenesis
screen, a female first-generation (G1) mouse was ob-
served to have an abnormal gait, with bowing of the hind
limbs (Figure 1). The affected female mouse was mated
to a wild-type C57BL/6 male and was observed to give
rise to affected male and female progeny. The causative
mutation in this pedigree was termed Skeletal abnormality
1 (Ska1). To establish the colony we mated affected
females with wild-type males and reciprocally, affected
males with wild-type females. During this process it be-
came apparent that although affected females gave rise
to approximately equal numbers of affected and unaf-
fected male and female progeny, affected males sired
only unaffected male and affected female progeny, sug-
gesting that the skeletal abnormality was inherited in an
X-linked dominant manner (Table 1). Moreover, because
affected males sired no unaffected females, we can con-
clude that the mutation is fully penetrant.

To determine whether homozygous affected female
(Ska1/Ska1) mice could be generated, obligate heterozy-
gous affected female (Ska1/�) mice were mated with
affected hemizygous (Ska1/Y) males. As expected, all
female progeny and approximately half the male progeny
of this cross were affected (data not shown). Of the
female offspring, we predicted half to be homozygous for
the Ska1 mutation. When crossed to unaffected males, 2

of these females generated more than 10 progeny, all of
which were affected. The Ska1 mutation has since been
maintained by mating homozygous females with hemizy-
gous males and as expected all progeny are affected.

Ska1 Mutant Mice Are Hypophosphatemic and
Display Skeletal Features of Rickets

To determine the basis for the abnormality in gait, male
mice hemizygous for the Ska1 mutation (Ska1/Y), female
mice heterozygous and homozygous for the Ska1 muta-
tion and wild-type male and female mice were X-rayed.
X-ray analyses of 8-week-old mice revealed that not only
was the pelvis and acetabular angle of affected animals
abnormal and likely to contribute to the gait of the mice,
but other bones were also affected (Figure 2; Table 2).
Notably X-rays showed that in all affected mice many
bones appeared shorter than in wild-type mice and the
vertebrae of affected mice were elliptical. In 30 to 50% of
affected hemizygous male mice, heterozygous female
mice and homozygous female mice, exostoses on the
ribs were also observed.

To examine further the bone defects, cleared skeletons
were prepared from affected and unaffected male and
female mice and the length and/or width of nine bones
were measured. One- and two-way linear models with the
presence or absence of a mutant allele and sex as ex-
planatory variables were fitted with analysis of variance.
This was possible because of the normality of the data.
Because of nonorthogonality of the experimental design
the fitting order of the factors produced different fits. We
chose the most parsimonious model in all cases. Ten of
the 11 bone measurements were significantly shorter in
mutant mice and appeared independent of sex. Only the
mandible length was not significantly shorter. Scatter-
plots for the 11 variables show the tight correlations in
most cases and also distinct clustering according to
presence or absence of the mutant allele (Figure 3). The
tight correlations between most variables indicate that
these bones are equally affected by the mutation. The
obvious exception to this is the mandible that appears to

Figure 4. Safranin O and Fast Green sections of the ribs of female homozygous (Ska1/Ska1) and wild-type mice (�/�) showing exostoses.
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be less significantly affected by the Ska1 mutation than
other bones. These results are summarized in Table 3.

A histological examination of decalcified and undecal-
cified bone sections was performed to examine the
defects in Ska1 mice in greater detail. Examination of
hematoxylin and eosin-stained sections of ribs from wild-
type and affected Ska1 mice confirmed the presence
of exostoses, which were initially observed radiologically
(Figure 4).

Undecalcified Von Kossa-stained sections from wild-
type and affected mice (Figure 5, a and b) demonstrated
characteristic features of hypophosphatemic rickets in-
cluding increased width of unmineralized epiphyseal
growth plate, reduced bone width in the central metaph-
ysis, and increased trabecular bone volume in the prox-
imal metaphysis. High-power images at the growth plate
reveal delayed cartilage calcification in the hypertrophic
zone and epiphyseal end of the growth plate in affected
Ska1 mice compared to wild-type (Figure 5, c and d), and
a substantial increase in hypertrophic zone width in af-
fected mice. This increase in hypertrophic zone width is
consistent with a reduction in bone resorption,18 also
suggested by increased cartilage remnants within the
secondary spongiosa in Ska1 mice (data not shown).

Cortical bone thickness was reduced in affected Ska1
mice, compared to wild-type mice, and osteoid width was
dramatically increased (Figure 5, e and f). The slow rate
of osteoid calcification was also indicated by the irregular
and low density of calcification at the mineralization front
in affected Ska1 mice, compared with the clearly delin-
eated mineralization front in wild-type mice. Although in
wild-type mice cortical osteoid was covered with osteo-
blasts, cortical osteoid in Ska1 mice lacked coverage by
osteoblasts, as previously observed in human biopsies.19

Primary and secondary spongiosa in wild-type mice were
densely mineralized and displayed a low percentage of
osteoid surface with narrow osteoid seams. In contrast,
mineralization was delayed in Ska1 mutant mice (Figure
5, g and h). In Ska1 mice mineralization did not begin until
after cartilage resorption, vascularization, and generation
of marrow space had commenced at the growth plate.
Mineralization progressed gradually, with only sparse
calcification in the most proximal regions. Throughout this
region, very wide osteoid seams were observed, indicat-
ing prolonged mineralization lag time. Chondrocytes and
remnants of the growth plate were present in the miner-
alized trabeculae, indicating impaired osteoclastic bone
resorption.

Serum phosphate, calcium, and alkaline phosphatase
levels were compared in cohorts of wild-type mice and
hemizygous, heterozygous, and homozygous affected
Ska1 mice. All three genotypes of Ska1 mice had mark-
edly reduced serum phosphate levels and markedly ele-
vated serum alkaline-phosphatase levels (Table 4). In
addition, modest reductions in serum calcium were also
observed. Comparison of these parameters between het-
erozygous and homozygous affected females revealed
that although there was no significant difference in either
serum calcium or phosphorous levels, the serum alkaline-
phosphatase levels observed in homozygous females
were significantly higher than those of heterozygous
females.

Ska1 Is an Allele of Phex that Affects Gene
Splicing

The location of the causative mutation on the X-chromo-
some was mapped using a standard backcross. Mice
(164 N2 generation) were genotyped for 19 microsatellite

Figure 5. Von Kossa staining of undemineralized sections of the tibiae of
homozygous (Ska1/Ska1) females (b, d, f, and h) in comparison to wild-type
(�/�) females (a, c, e, and g), demonstrates an increase in the width of the
hypertrophic zone (c, d), decreased thickness of the cortical bone (e, f), and
delayed mineralization at the growth plate (g, h).
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markers located across the X-chromosome. Informative
recombinations narrowed the candidate interval contain-
ing the mutation to between DXMit98 (65.2 cM) and
DXMit179 (65.5 cM) (Figure 6). The Phex gene lies in this
region of the genome and has been associated with a
similar skeletal phenotype in Hyp and Gy mice.20,21

The Phex coding region was amplified by RT-PCR from
mRNA isolated from the bone of Ska1 and wild-type mice
and sequenced. This showed that 84 nucleotides, homol-
ogous to exon 8 in human Phex (GenBank accession
number Y10196), were absent from the Phex mRNA in
Ska1 mice (data not shown). A region extending across
intron 8 of Phex was amplified from genomic DNA pre-
pared from wild-type and Ska1 male mice. Sequencing of
this product revealed the presence of a CG to TA point
mutation at the first nucleotide pair of intron 8 (Figure 7).
This mutation destroys the splice donor sequence and
likely causes skipping of the previous exon during pre-
RNA splicing (Figure 7).22 This mutation also destroys an
Scr FI site, allowing homozygous and heterozygous Ska1

mice to be distinguished from wild-type mice by Southern
blotting (data not shown).

Discussion

In this study we describe a novel, mutagen-induced allele
of the Phex gene, termed Ska1. The PhexSka1 allele con-
tains a point mutation in the splice donor site of intron 8
leading to an in-frame deletion of exon 8 from Phex
mRNA. The deleted region is in the predicted extracellu-
lar domain of the Phex protein and encompasses a po-
tential N-linked glycosylation site.23 The loss of exon 8
from the human Phex gene, resulting in deletion of 28
identical amino acids, has been observed in an XLH
patient [PHEX database (PHEXdb), PHEXdb Web Site,
Montreal Children’s Hospital, Quebec, Canada (URL:
http://www.data.mch. mcgill. ca/phexdb)], suggesting that
this region is normally required for Phex function in both
humans and mice.

In addition to a number of documented mutations in
the human Phex gene, two other mouse mutants, Gy
(Gyro) and Hyp (Hypophosphatemic), harbor mutations in
Phex. Unlike the allele described in this study, the Gy and
Hyp mutations are large deletions, which in Gy mice also
extend to neighboring gene(s). In contrast to Ska1 mice,
Gy mice exhibit behavioral abnormalities and male Gy
mice are sterile and have reduced viability.24 These non-
skeletal effects suggest that deletion of gene(s) near
Phex impacts on the phenotype of Gy mice. The skeletal
abnormalities of all three strains appear to be similar and
are presumably because of loss of function of the Phex
gene. Like the hemizygous male mice, female mice ho-
mozygous for the PhexSka1 allele are viable and fertile,
allowing a comparison with heterozygous females. All
homozygous and heterozygous females examined had
radiological evidence of disease and a similar proportion
showed evidence of exostoses on the ribs. Serum bio-
chemical analyses revealed that although phosphorous
and calcium levels were comparable, alkaline phospha-
tase levels were significantly elevated in homozygous
females compared with their heterozygous counterparts.
This suggests that for some aspects of the phenotype,
the PhexSka1 allele exerts a dominant effect, whereas for

Figure 6. Maternal X-chromosome haplotypes of the four most informative
affected male (A) and unaffected male (U) backcross (N2 generation) mice.
f, C57BL/6 allele; �, Balb/C allele.

Table 4. Comparison of Serum Phosphate, Calcium, and Alkaline Phosphatase in Wild-Type (�/� and �/Y), Hemizygous (Ska1/
Y), Heterozygous (Ska1/�), and Homozygous (Ska1/Ska1) Mice

Sex Genotype Number

Calcium
(mmol/L)

mean � SD

Phosphorous
(mmol/L)

mean � sd

Alkaline
phosphatase

(IU/l)
mean � SD

Male �/Y n � 19 2.47 � 0.09 2.33 � 0.21 156 � 23
Male Ska1/Y n � 14 2.41 � 0.11 1.41 � 0.18* 494 � 221*
Female �/� n � 18 2.47 � 0.05 2.47 � 0.05 192 � 15
Female Ska1/� n � 7 2.34 � 0.09 1.15 � 0.22* 338 � 61*
Female Ska1/Ska1 n � 15 2.27 � 016* 1.21 � 0.17* 497 � 121*†

P values were calculated using the Student’s two-tailed t-test with unequal variance. Comparisons of serum calcium, phosphorous, and alkaline
phosphatase levels were made between affected (Ska1/Y) and unaffected (�/Y) males, between affected heterozygous (Ska1/�) and unaffected (�/�)
females and between homozygous (Ska1/Ska1) and heterozygous (Ska1/�) females. All testing was adjusted using a Bonferroni correction, which is
the most stringent adjustment, by assuming independence of tests, for 12 tests. This reduces the single test significance level from 0.05 to 0.0041. For
comparisons to unaffected mice * denotes P � 0.0041 and for comparisons between homozygous and heterozygous female mice † indicates P �
0.0041.
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other aspects it exerts a semidominant effect. The rela-
tionship between phenotypic severity of disease and gene
dosage may be explored further using PhexSka1 mice and
will be aided by the generation of other Phex alleles by gene
targeting and through random mutagenesis.

Given that Phex is a putative transmembrane protease
expressed on osteoblasts and not directly involved in
renal phosphate transport, the systemic effects of altered
Phex function may result from failure to process a circu-
lating substrate. A candidate substrate for Phex has re-
cently been identified as FGF-23.13 Mutations in FGF-23
prevent proteolytic cleavage by Phex and cause autoso-
mal dominant hypophosphatemia.13,25 Furthermore, on-
cogenic hypophosphatemic osteomalacia is very similar
to XLH and appears to be caused by tumors that secrete
FGF-23.26 These observations suggest that increased
net biological activity of FGF-23 and consequent renal
phosphate wasting is the common link between XLH,
oncogenic hypophosphatemic osteomalacia, and auto-
somal dominant hypophosphatemia. We have character-
ized an experimentally induced XLH phenotype and us-
ing a combination of classical genetics and gene
mapping, identified a point mutation that disrupts Phex
function by deleting exon 8. These findings directly con-
firm the role of Phex in phosphate homeostasis and rick-
ets and will provide further insights into the molecular
interactions between Phex, FGF-23, and phosphate reg-
ulation in skeletal development and bone disease.
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