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X-linked hypophosphatemia in Polish patients.
2. Analysis of clinical features
and genotype-phenotype correlation
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Abstract. Clinical and molecular data of 59 affected persons from 36 unrelated fami-
lies with XLH (36 probands and 23 members of their families) were analysed. Charac-
teristic phenotypic features (degree of leg deformities, growth failure, tooth
abnormalities, tubular reabsorption of phosphate, serum phosphate and
I,25-dihydroxyvitamin D; concentrations, head length and hearing defect in some
cases) were assessed in relation to the type and localisation of 29 different PHEX gene
mutations. The severity of clinical symptoms did not strictly depend upon the type and
localisation of the PHEX gene mutation. A hearing defect was correlated with muta-
tions in the beginning fragment, while tooth abnormalities and increased head length
with the mutations in the beginning and the terminal fragment of the gene. Phosphate
and vitamin D; supplementation usually slowed progressive growth retardation and leg
bowing. Our results point to the probability that alternative splicing occurs in the PHEX
gene, producing several active forms of the PHEX protein. Some of them might be in-
volved in bone turnover and dentin formation, others in renal phosphate uptake and vi-
tamin D; metabolism.

Key words: clinical and molecular data, genotype-phenotype correlation, pharmacological
treatment, PHEX gene, rickets, X-linked hypophosphatemia.

Introduction

X-linked hypophosphatemia (XLH) occurs with an incidence of 1:20000 and 1s
manifested by growth retardation and bone deformities that are more apparent in
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the lower extremities. Pseudofractures, bone and/or joint abnormalities appear
with age (MCKUSICK 1994, RASMUSSEN, TENENHOUSE 1995, WHYTE et al.
1996). Biochemical studies revealed hypophosphatemia, normal or low plasma
1,25-dihydroxyvitamin D; concentrations and elevated plasma alkaline
phosphatase activity resulting from decreased renal tubular phosphate reabsorp-
tion, abnormal regulation of renal 25-hydroxyvitamin D metabolism, and defec-
tive bone and tooth mineralization (SHIELDS et al. 1990, ECAROT et al. 1992,
YAMAMOTO et al. 1992, RASMUSSEN, TENENHOUSE 1995). The usual therapy is
a combination of phosphate supplementation and high doses of 1,25-dihy-
droxyvitamin D3 (GLORIEUX et al. 1972, VERGE et al. 1991, PETERSEN et al.
1992, SEIKALY et al. 1994). According to current knowledge, the disease is
a consequence of various mutations in the PHEX gene (HYP CONSORTIUM 1995,
ROWE et al. 1997, FRANCIS et al. 1997, HOLM et al. 1997, SULEK et al. 1998,
DIXON et al. 1998, FILISETTI et al.1999, TYYNISMAA et al. 2000) located at
Xp22.1. Probably the PHEX gene product takes part in processing a circulating
phosphaturic factor, MEPE, that influences osteoblast and renal cell function via a
protein kinase C mediated pathway (BONEH, TENENHOUSE 1990, ROWE et al.
2000). The precise pathogenesis of XLH is not yet known. ‘

In the second part of our work on X-linked hypophosphatemia in Polish pa-
tients we present biochemical, stomatological, audiological and anthropometrical
characteristics of patients with established genotypes and analyse correlations be-
tween clinical symptoms and the type and localisation of the PHEX gene muta-
tions.

Material and methods

Clinical features of 59 individuals from 36 unrelated families with X-linked
hypophosphatemia were analysed. Twenty-two patients with XLH presented as
a sporadic case in the family and 37 patients originated from 14 families in which
more than one member was affected. This group included 45 children (15 boys
and 30 girls) aged from 6 months to 16 yrs who were diagnosed and treated (some
of them since 1977) at the Department of Metabolic Diseases CMHI, and 14 un-
treated affected adult members of the families (5 hypophosphatemic fathers and
9 hypophosphatemic mothers of the patients). Treatment consisted of oral admin-
istration of phosphate salts (2-4 g per day) and 1,25-dihydroxyvitamin D5, plus or-
thopedic surgery if necessary. Changes in body height and leg deformities as well
as calcium-phosphate homeostasis were systematically monitored during
the treatment.

In the present study some retrospective biochemical, anthropometrical,
stomatological and audiological data were chosen for the analysis of XLH pheno-
type. Three biochemical parameters measured before the treatment were assessed:
serum phosphate concentration at fasting, 24-hour urinary excretion of phosphate
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expressed as maximum threshold of phosphate reabsorption (TmPO4/GFR), and
1,25-dihydroxyvitamin D5 level (GRADZKA et al. 1988). Control values of serum
phosphate concentrations in three distinguished age groups are: for <2 years
1.80-2.00 mmol/L, for 2-16 years 1.40-1.60 mmol/L, and for adults
0.90-1.30 mmol/L. Normal control values of TmPO,/GFR are 1.28-1.80 mmol/L
of glomerular filtrate. TmPO4/GFR was not determined in affected adults. Labo-
ratory control values for 1,25-dihydroxyvitamin Dj; level at normophosphataemia
are 38-60 pg/mL.

Degree of leg deformation (bowing legs) was determined on a scale of 0 to 3,
where 0 = no abnormalities, 1 = slight (3-6°), 2 = moderate (6-10°), 3 = severe de-
formation (>10°).

Body height was measured at the beginning (before the treatment) and several
times during the treatment. Height was normalised and expressed as standard de-
viation (SD, Z-score) from normal values for chronological age (according to
the charts for Polish healthy population).

Head length (G-OP, distance between glabella and opistokranion) was esti-
mated as a standard deviation (SD) score and normalised for age and sex (using
charts for Polish healthy population). Head length has been recently identified by
one of us (ARASIMOWICZ 2000) as a characteristic parameter for XLH among
a number of anthropometric parameters of the head.

- Stomatological examination included tooth abnormalities such as periodontal
abscess, enamel hypoplasia or crowded teeth. Degree of tooth abnormalities was
determined on a scale of 1 to 4, where 1 = slight, 2 = moderate, 3 = severe and
4 = very severe changes.

Some of the children with XLH underwent audiological examination and
sensorineural hearing loss was detected in a few cases.

Mutation analysis of all Polish patients with familial hypophosphatemic rick-
ets was performed and described in detail in our first paper (POPOWSKA et al.
2000). Thirty-six patients and 23 affected members of their families revealed
29 different PHEX gene mutations resulting from deletions, insertions and nucle-
otide substitutions. Fourteen out of all various mutations were present in more
than one affected person (2-5 individuals), related or unrelated.

Results

Clinical and biochemical data on examined patients with X-linked
hypophosphatemia

Selected clinical features and biochemical parameters were analysed to describe the

Phenotype of the examined hypophosphatemic patients (Table 1, Figures 1, 2, 3).
Pre-treatment serum inorganic phosphate concentration was low, ranging from

0.97 to 1.65 mmol/L (mean 1.20 = 0.25 mmol/L) in 7 children aged from 1 to
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19 months, 0.40 to 1.30 mmol/L (mean 0.84 + 0.19 mmol/L) in 38 children aged
from 2 to 16 yrs, and from 0.43 to 0.86 mmol/L (mean 0.69 £ 0.12 mmol/L) in
14 adults. The mean phosphate level did not differ in males and females of
the same age group. Pre-treatment urinary phosphate excretion expressed as
TmPO,/GFR was lowered to values ranging from 0.23 to 1.09 mmol/L (mean
0.69 + 0.22 mmol/L). Concentration of 1,25-dihydroxyvitamin D; was 31.2
+ 4.4 pg/mL in younger children and 42.5 + 17.8 pg/mL in older children.
The level of 1,25-dihydroxyvitamin D; was abnormally low in comparison with
the decreased level of phosphate in affected persons. Serum phosphate concentra-
tion, urinary phosphate excretion (TmP/GFR) and 1,25-dihydroxyvitamin Ds
level varied markedly among affected families and also among affected members
of the family, without strict correlation with disease severity.
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Figure 1. Correlation of height deficiency and changes in head length with location of
the PHEX gene mutations in XLH patients

Height valyes are expressed in SD and shown separately for affected girls (@), boys (A) and'their affected

mothers (O) or fathers (A). Black lines directed down or up indicate the direction and size of growth

changes after pharmacological treatment. Stars () represent head length values (in SD) in affected
patients.

Degree of leg deformities was used as a simple indicator of severity of the dis-
case, resulting directly from the impairment of bone mineralization (rickets,
OSteomalacia). Most of the affected patients, including children and adults,
showed severe or moderate deformations. In general, they responded well to carly
and systematic anti-rachitic treatment. In a few cases leg deformities were mild
(one boy no. 50 and three girls nos. 19, 58, 59 before treatment, and two related

untreated affected mothers nos. 55, 56)
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Figure 2. Analysis of degree of leg deformation in relation to localisation of the PHEX gene
mutations identified in XLH patients

Almost all patients showed growth retardation. In younger children height
ranged from —0.69 to —2.46 SD (mean value —1.45 + 0.62 SD) before treatment,
and from —0.44 to —3.16 SD (mean value —1.90 + 1.03 SD) after treatment. In older
children height ranged from —0.34 to —4.29 SD (mean value —2.80 + 0.83 SD), and
from +0.16 to —4.55 SD (mean —-2.71 £+ 1.15 SD) before and after treatment, re-
spectively. The affected (untreated) adults had a mean height SD score —3.94 +
1.35, ranging from —1.22 to —6.09. Growth retardation at the beginning seemed to
be less expressed in some patients (nos. 5, 30, 34, 43, 50, 54, 58 and 59) and/or re-
sponded unusually well to the treatment (in siblings nos. 4 and 5 [brother and sis-
ter], and nos. 25, 30, 33 and 59 [all girls]). In two families (iii and xxxv) with
affected children of both sexes, the boys revealed markedly more severe growth
retardation before the treatment (no. 4: —2.49 SD, and nos. 51, 52: —2.46 SD,
—2.31 SD, respectively) than their affected sisters (no. 5: —1.17 SD, and no. 53:
—0.69 SD, respectively).
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Figure 3. Comparison of tooth abnormalities in patients with different PHEX gene mutations

Head length, in general, was increased. A broad range of values in the exam-
ined children (from —2.6 to +4.1 SD; mean +0.93 + 1.08 SD) and in adults (from
—1.7t0+3.9 SD; mean +1.14 + 1.70 SD) was observed. Many patients (nos. 2, 5, 7,
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19, 30, 33, 38, 55, 56, 57 and 58) showed a marked increase in head length, but
some others (nos. 4, 8, 14, 17, 27, 34, 45, all members of families vi, X111, XXv1i,
and nos. 51-53 from family xxxv) revealed values similar to controls. It was no-
ticed that in some cases members of the same family (e.g. 111, xxxv) presented dis-
tinctly different values of head length.

Most of the patients had moderate or severe tooth abnormalities with no differ-
ences in expression between children and their affected parents. For example in
family vi two affected sons and their mother had severe tooth abnormalities. Simi-
lar observations were made in two other families, xxvi and xxxii (both carrying
the same PHEX gene mutation). Besides, affected girls (families 111 and xxxv)
showed lower degrees of abnormalities (moderate and slight, respectively) than
their affected brothers (severe, in each family). .

Some of the children with XLH underwent audiological examination and in
three boys (nos. 1, 4 and 9) sensorineural hearing loss was observed.

Correlation between type of mutations and clinical symptoms of the disease

Among the analysed patients, deletions were the most frequent causes of the dis-
case. In two patients (nos. 14 and 25) with in-frame deletions of 6 and 15 nucleo-
tides, respectively, severe height retardation, leg deformities and moderate/mild
tooth abnormalities were observed. Only slow improvement was observed after
long-term pharmacological treatment. The severe/moderate clinical symptoms
support the molecular prediction that shorter proteins will be produced, one with-
out three conserved amino acids in positions 338-340 (patient 14) and the other
without five amino acids in positions 508-512 (patient 25). In one of the families
(ii1) with the large in-frame deletion the course of the disease was rather mild.
The affected girl (no. 5) showed slightly decreased growth (=1.17 SD).The growth
of her affected brother was lower but responded very well to pharmacological
treatment (improvement from —2.49 to —1.01 SD).

In patients with frameshift deletions, shorter or longer fragments of the PHEX
protein are expected to be synthesised. The catalytic domain and substrate binding
domain are located in exons 17, 19 and 22, so all deletions placed upstream from
the above re gion would result in a fully inactive PHEX gene product. In agreement
with that statement, almost all of our patients having frameshift deletions In exons
3-14 showed severe or moderate leg deformities and tooth abnormalities. Height
deficiency was also marked and ranged from —1.8 to —3.8 SD in affected children
and from —3.1 to —6.1 SD in affected (untreated) adults.

Insertions were the least frequent type of mutations and were observed in
the PHEY gene of three patients. In family xxxiil wqith duplication of a 4 bp frag-
Ment in exon 20, translation of a shorter protein without several conserved amino
acids located in exons 21 and 22 is expected. Two affected members of the family
(father and daughter) showed very mild leg deformities and almost normal height.
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In family xxxv with another 4 bp duplication inserted in exon 22 the mutated
protein contains almost the entire sequence with catalytic and substrate binding
domains characteristic of the endonuclease. The unspecific C-terminal tail may to
some extent influence the protein structure and reduce the PHEX enzymatic activ-
ity. Two affected sisters (nos. 58 and 59) revealed mild symptoms of the disease
with slight leg deformations, low deficit in height (—1.33 SD and —1.03 SD, re-
spectively) and slight tooth abnormalities. Both girls were diagnosed at the age of
one year and the pharmacological treatment was introduced very early, when each
child started to walk. The affected father of these girls (no. 57), who had never
been treated, revealed much more severe clinical symptoms of the disease. It 1s
worth noticing that this man was less handicapped than other affected fathers (nos.
16 and 40).

Splicing mutations were observed in a group of ten unrelated patients. In most
cases they resulted from nucleotide substitutions and led to adjacent exon skip-

ping, frameshift and appearance of stop codons. A G— A substitution at the begin-
ning of intron 15 was identified in three unrelated sporadic cases and it was one of
the three most frequent mutations in our group of patients. The mutated PHEX
protein would be devoid of a large part of the polypeptide with catalytic and sub-
strate binding domains. Three affected girls (nos. 32-34) with that mutation exhib-
ited severe leg deformations and tooth abnormalities and moderate/severe growth
deficiency. In agreement with predicted translation of the inactive PHEX protein,
two of the girls who underwent early long-term systematic treatment revealed
only slow improvement in body height and shape of legs.

Eight out of 36 unrelated patients carried nonsense mutations distributed along
the gene. Depending on the stop codon localisation, a shorter or longer fragment
of the PHEX protein without or with partial enzymatic activity would be formed.
One nonsense mutation resulted from a substitution in nucleotide sequence coding
arginine-747 situated two amino acid residues away from the end of the coding
gene sequence. The mutation was identified in patient no. 51 and in five members
of family xxxv. Clinical symptoms of the disease showed some intra-familial vari-
ation. Some of the differences might depend on the patient’s age at diagnosis and
use of pharmacological treatment. In the siblings (except a very young girl),
growth deficiency at the moment of diagnosis was moderate (from —1.83 to
—2.46 SD). Except one case (no. 52), growth retardation has worsened in spite of
the treatment during the last 5-8 years, reaching values from —3.01 to —3.18 SD.
This unsatisfactory outcome may have resulted partially from poor compliance in
the regular use of phosphate and vitamin D. The leg deformities and tooth abnor-
malities varied in the examined children from mild to severe and both parameters
were not always parallel. Two affected adult females (nos. 55, 56) showed severe
tooth abnormalities and almost no visible leg deformities. The degree of growth
failure showed a pronounced difference in both women (-2.34 SD and —4.84 SD).
On the basis of this family it might be concluded that different phenotypic param-
eters in affected members of the same family are also the result of other factors
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(other genes, environmental factors including life style and treatment compli-
ance).

Patient no. 1 with a stop codon in exon 1 exhibited an inner ear defect and con-
sequent deafness. In two other patients (nos. 4 and 9), with deletions involving
the 5’ terminal region of the PHEX gene, hearing defects were also observed. Un-
fortunately, not all of our patients were available for hearing examination and no
final conclusion could be proposed.

In eight probands with XLH, three different missense mutations located in
¢xons 14, 15 and 17 were identified. One of them (R510P) was carried by a female
patient (no. 26) with severe leg bowing and moderate growth deficiency. Two oth-
ers (G579R and P534L) belong to the most frequent mutations in the PHEX gene.
The mutation G579R was identified in four Polish unrelated XLH patients (nos.
38, 41-43), two of them with a positive family history (families xxvi, xxvii).
The course of the disease was rather severe. Leg deformities ranged from moder-
ate to severe. Tooth abnormalities were severe in all diagnosed persons. Severe
growth deficiency was resistant to the treatment. The second recurrent mutation,

C1601—>T, resulted in substitution of a leucine for a proline-534. Our patients car-
rying the mutation (nos. 27-30) showed rather severe growth deficiency (except
one case) and moderate leg deformities and tooth abnormalities.

It was observed that the clinical symptoms of XLH in patients with missense
mutations might depend on the conservation of mutated regions and expected re-
sidual activity of the PHEX protein. In patients with mutations resulting in
frameshift and stop codons, moderate or severe clinical symptoms were observed,
which in some cases did not strictly correlate with predicted PHEX protein trans-
lation and its enzymatic activity.

Discussion

The analysed patients and affected members of their families exhibited typical
X-linked hypophosphatemic phenotypes, which were characterised by several
biochemical and clinical features. In general, patients showed growth retardation,
lowered renal tubular reabsorption of phosphate, low serum phosphate level, nor-
mal or low serum 1,25-dihydroxyvitamin D; concentration, increase in head
length, leg deformities and tooth abnormalities (periodontal abscesses, enamel
hypoplasia and crowded teeth). The degree of the symptoms was slightly influ-
tnced by early systematic treatment and to a lesser extent seemed to depend upon
the type and localisation of the PHEX gene mutations.

In our own experience based on long-term research on more than one hundred
XLH patients, growth failure is a primary defect of XLH and is only slowly influ-
nced by treatment, irrespective of its kind, compliance, age at the beginning and
duration (SYKUT-CEGIELSKA 1995). Growth retardation was rather severe in
MOst patients and it was only slightly influenced by the type of mutation. Standard
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deviation of body height for the same mutation in patients of the same sex reached
1.5 SD in the case of different families and only 0.1-0.5 SD in the case of members
of the same family. In two families with affected children of both sexes, the boys
displayed more severe growth retardation than their sisters, which seems to point
to a gene dosage effect. Deficiency in body height was less pronounced in treated
children than in untreated adults, showing that pharmacological treatment par-
tially influenced the final body height of the patients.

Similarly, tooth abnormalities were severe in almost all examined patients
with XLH. There were no marked differences between children and their affected
mothers and fathers. Moderate abnormalities in teeth were observed in patients
carrying one of the mutations localised in exons 6,9, 11, 12, 14 or 15. Besides, af-
fected girls (from two families) showed a lower degree of abnormalities than their
affected brothers, which correlated with lesser growth retardation in those girls.

Anthropometric measurement showed increased head length in several pa-
tients with XLH. Most of the patients with mutations in the first three exons (re-
gion with transmembrane domain) or the last nine exons (region with specific
substrate-binding and catalytic domains) revealed a pronounced increase in head
length (from +1.0 to +4.0 SD). The mutations in the middle region of the PHEX
gene seemed to have only a slight influence on this parameter (from —1.0 to
+1.0 SD). The correlation is not quite as strong in all cases. Clearly distinct values
of head length observed in some affected members of the same family carrying the
same mutation seem to indicate that the parameter is influenced not only by PHEX
protein activity, but by other genetic and environmental conditions, as well.

The hearing defect observed in three boys was linked with mutations located in
the beginning fragment of the gene (exons 1-5). Unfortunately, only one affected
patient from each family was available for the a:iological examination, so we
were not able to show a strict correlation between deafness, sex of the affected pa-
tient and type of mutation. The occurrence of deafness in a boy with nucleotide
substitution in exon 3 (C77S) has been reported by ROWE et al. 1997. Inner ear
defect was also observed in the Gy mouse with classic hypophosphatemic rickets
in which a deletion of exons 1-3 in Phex gene and a large deletion in the spermine€
synthase gene were identified (DU et al. 1996, STROM et al. 1997, MEYER et al.
1998).

Most of the mutations identified in Polish patients and localised to the begin-
ning of the PHEX gene would be expected to result in frameshift or stop codons
and, as a consequence, in a severe form of the disease. That is true for several pa-
rameters reflecting proper bone remodelling, turnover and mineralization, such as
body height, head length, leg deformities and tooth abnormalities. Changes ob-
served in all of these characteristics were assessed as severe or, at least, moderate.

The exact function of the PHEX gene is still unknown. It was found that
PHEX/Phex mRNA is expressed predominantly in human foetal and murine adult
calvaria, long bone and tooth, and, to a lesser extent, also in foetal lung, skeletal
muscle, brain, ovary, testis and liver (DU et al. 1996, BECK et al. 1997, GRIEFF et
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al. 1997, LIPMAN et al. 1998, RUCHON et al. 1998). Level of PHEX mRNA ex-
pression in human foetal tissue is at least two orders of magnitude lower than of

other genes like B-actin. This may be the reason for the observed difficulties in de-
termining the correct PHEX/Phex gene expression pattern. The product of
the PHEX gene is a membrane-bound endopeptidase (LIPMAN et al. 1998). It
presumably participates in the processing of phosphaturic factor, MEPE (ROWE et
al. 2000), which is expected to control mineralization and regulate renal phos-
phate reabsorption and 1,25-dihydroxyvitamin D3 metabolism.

Some disproportion in the involvement of different phenotypic parameters ob-
served by us seems to point to the probability of alternative splicing of the PHEX
gene. For example, severe growth deficiency but relatively slight influence on
teeth and the shape of the head was observed in some families (family xiii,
W403X; family xviii, P534L). This might indicate that the later processes are
modulated by a shorter form of transcript devoid of its middle part. Alternative
splicing and formation of several transcripts has been described for many genes,
for example the DMD gene located on the short arm of chromosome X (WORTON,
BROOKE 1995),

GUO and QUARLES (1997) showed that the PHEX gene is expressed in differ-
entiated osteoblasts. An osteoblast defect in XLH patients may be a reason for
the ineffectiveness of treatment with phosphate and vitamin D; in normalising
bone mineralization. Qur XLH patients, receiving an active metabolite of vitamin
D; and phosphate supplementation from the time of diagnosis to puberty, showed
only partial correction of skeletal lesions. Improvement was manifested by
aslight increase in the children’s growth (not in all patients) and more significant
hormalisation of bowing legs

In Summary, we can conclude that almost all patients with XLH revealed
growth retardation, leg deformities, tooth abnormalities, change in head length,
low serum phosphate level, lowered renal tubular reabsorption of phosphate, and
Normal or low serum 1,25-dihydroxyvitamin D; concentration. Comparison of pa-
tient genotype and phenotype revealed the existence of only slight correlatiop be-
tween clinical symptoms and the type and localisation of PHEX gene mutations.
Severe or moderate growth retardation in almost all patients indicate that
the whole gene sequence is necessary for correct mineralization in longitudinal
bones. Tooth structure and head length were more influenced by mutations local-
1sed at the beginning (region with transmembrane domain) and the end of the gene
(region with specific substrate-binding and catalytic domains). Hearing defect
Was observed only in patients with mutations located in the beginning fragment of
the gene. The above results seem to point to the probability of the alternative splic-
Ing of the PHEX gene in various tissues. )

Identification of the PHEX gene mutations in the XLH patients generally indi-
cates that the gene plays an important role in regulating phosphate uptake, vitamin

3 Metabolism and bone remodelling and mineralization processes. The exact
Pathogenesis of the disease with aspects of PHEX gene expression tissues, proba-
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bility of different transcript occurrence and types of PHEX substrates still need to
be elucidated.
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