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Abstract
Human X-linked dominant hypophosphatémie rickets 
(HPDR I) is characterized by hypophosphatemia, hyperphos- 
phaturia, abnormal vitamin D metabolism, and rickets/osteo
malacia. Two closely linked hypophosphatémie genes, hypo
phosphatemia (Hyp) and Gyro (Gy), are known on the mouse 
X chromosome. The Hyp phenotype is the equivalent of the 
human X-linked hypophosphatemia, while the human equiva
lent of the Gyro mouse has not been unambiguously identi
fied. We observed an Italian four-generation pedigree with a 
new form of X-linked recessive hypophosphatémie rickets 
(XLRH). We demonstrated that HPDR I and XLRH are two 
different X-linked genes and that XLRH maps in the Xpl 1.2 
region at 0% recombination fraction from the DXS1039 locus. 
We discuss this new finding in relation to the identification of 
the human equivalent of the Gyro mouse and to the recent 
mapping in Xpl 1.22 of another X-linked recessive renal dis
order named Dent disease.
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the tissue [1], Since correct mineralization 
depends on adequate concentrations of extra
cellular calcium and phosphate, rickets may 
result from a dietary deficiency or gastrointes
tinal malabsorption of calcium, phosphate 
and/or vitamin D, from various abnormali-

Introduction

Rickets can be defined as a disorder in a 
growing person in which a lag in bone miner
alization results in the accumulation of an 
abnormal amount of bone matrix (osteoid) in
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ties in vitamin D metabolism, and from renal 
phosphate tubulopathies as in the case of X- 
linked dominant (vitamin-D-resistant) hypo
phosphatémie rickets (HPDR I, XLH, HYP, 
McKusick No. 307800). HPDR I is the most 
common form of familial hypophosphatemia, 
characterized by a low serum level of phos
phate, hyperphosphaturia with a decreased 
TmPCVGFR (maximum tubular transport 
normalized to glomerular filtration rate), an 
inappropriately normal serum level of calci
trici (l,25-(OH)2D3; la,25-dihydroxychole- 
calciferol), rickets and/or osteomalacia.

Biochemical studies using the mouse mod
el for human X-linked hypophosphatemia, 
the Hyp mouse, have localized the defect to 
the brush border membrane of the renal prox
imal convoluted tubule [2, 3], However, it is 
still unknown whether this defect is a primary 
consequence of the disease gene or results 
from the abnormal function of a humoral fac
tor which regulates renal phosphate transport. 
Thus, after the initial localization of the 
HPDR I gene between DXS43 and DXS41 in 
the Xp22.1-p22.2 region [4-8] and the subse
quent refined genetic mapping [9], only the 
cloning of the gene may unravel the molecular 
basis of the disease.

More recently, Lyon et al. [10] identified a 
second X-linked hypophosphatémie mouse 
gene, namely Gy, which maps 1 cM distal to 
Hyp and 9 cM proximal to the Cream locus 
[11], In addition to small stature, rickets, hy
pophosphatemia, and impaired renal phos
phate reabsorption [10, 12], the Gyro mouse 
is characterized by inner ear abnormalities, 
circling behaviour, and hyperactivity [10]. 
With regard to the regulation of vitamin D 
metabolism, contrasting findings have been 
obtained by two different groups. Davidai et 
al. [13] have found that, unlike the Hyp 
mouse, the Gyro mouse shows normally regu
lated l,25-(OH)2D3 synthesis because phos
phate depletion, parathyroid hormone (PTH)

stimulation, and calcitonin administration 
led to an increase of l,25-(OH)2D3 serum lev
el, gastrointestinal calcium absorption, and 
calciuria. On the other hand, according to 
Tenenhouse et al. [14], the Gyro mice exhibit 
a fall in plasma 1,25-(OH)2D3 and a rise in the 
renal vitamin D degradative pathway. Fol
lowing the hypothesis that the X chromosome 
of all mammals carries homologous genes, it 
has been suggested that a second hypophos
phatémie gene, homologous to Gy, might be 
present on the human X chromosome.

A number of patients with X-linked hypo
phosphatemia (XLH) and hearing impair
ment have been described by Boneh et al. 
[15], who suggested that they may represent 
the human counterpart of the Gyro mouse 
[15]. Enia et al. [16] observed an Italian four- 
generation family (fig. 1) with a new form of 
hypophosphatémie rickets. Transmission of 
the disease in this family is consistent with X- 
linked recessive inheritance and the proposed 
denomination is therefore X-linked recessive 
hypophosphatemia (XLRH). We performed a 
linkage study in the family described by Enia 
et al. [16] demonstrating that HPDR I and 
XLRH are caused by mutations at two differ
ent loci on the X chromosome. Our results 
indicate that the XLRH gene is excluded from 
the HPDR I region in Xp22.1-p22.2 and that 
the most likely localization of this new gene is 
in Xp 11.2.

Material and Methods

Phenotypes of Patients
Inheritance of hypophosphatémie rickets in the 

G.C. pedigree reported in figure 1 is consistent with X- 
linked recessive transmission. A total of 20 family 
members including the 5 affected males were analyzed 
for this linkage study. The clinical and biochemical 
characteristics of this family have been described by 
Enia et al. [16].
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Fig. 1. ■ = Hypophosphatemia, hypercalciuria, high l,25-(OH)2D3, rickets/osteomalacia; 
■* = hypophosphatemia, hypercalciuria, high l,25-(OH)2D3, rickets/osteomalacia plus inner 
ear defect; 0, © = hypercalciuria alone. The haplotypes derived for the markers producing 
positive lod score values are also shown in'this figure. No recombinants between the XLRH 
gene and DSX1039 were found.

ried out and a mild degree of osteomalacia was found. 
However, on the basis of the criteria listed above, this 
individual cannot be considered as affected because he 
shows only osteomalacia as a possible manifestation of 
the disease. However, since this finding does not allow 
us to consider individual No. 17 as normal, we ex
cluded him from the linkage analysis.

The five affected males have rickets/osteomalacia, 
hypophosphatemia with a decreased TmPCVGFR, 
hypercalciuria, increased l,25-(OH)203 serum levels, 
and progressive renal failure with nephrocalcinosis (ta
ble 1). Mild proteinuria was the first sign of the disease 
in the cases studied at an early stage. The normal fami
ly members 2, 3, 4, 9, 11, 14 and 15 (see fig. 1) have 
hypercalciuria alone with the other biochemical values 
in the normal range. Hypercalciuria in these individu
als was considered as an independent trait which is 
very frequent in the general population (see discus
sion). Individual No. 17 (33 years old) has renal phos
phate transport, phosphatemia, and a l,25-(OH)2D3 
serum level in the low-normal range. In order to define 
more precisely his phenotype, bone biopsies were car

Typing for Restriction Fragment Length 
Polymorphisms (RFLPs) and Short Tandem 
Repeat Polymorphisms (STRPs)
28 informative RFLP and STRP markers used in 

the linkage analysis are shown in table 2. DNA isola
tion, electrophoresis, Southern blotting, hybridization 
and autoradiography for the 21 RFLPs were per-

271



Table 1. Laboratory data for affected males

Patient Sex Age Creatinine Protein- Serum 
years clearance uria 

ml/min/m2 g/1

TmP04 Calcium PTH l,25-(OH)2D3
mg/dl excretion (1-84) pg/ml

mg/kg/24 h pg/ml
PO43-
mg/ml

No.

16 31 10M 0.5 4.0 <1.0 2.2 190 59
6012 M 19 1.0 2.6 6.41.02 10 69

18 M 17 64 3.30.7 2.30 10.3 7 46
25 M 5 114 1.2 5.4 4.88 3.8 5 38
22 M 7 139 1.2 2.9 2.10 13.0 12 52

The lower limit of the normal range for TmPCfi is 2.2 mg/dl. The upper limit of urinary calcium excretion is 
4 mg/kg/24 h. The normal range for PTH is 10-65 pg/ml. The normal range for l,25-(OH)2D3 is 10-50 pg/ml. 
Patients 16, 12 and 18 were seen by us at an advanced stage of the disease when they had developed moderate 
(cases 12 and 18) to severe (case 16) renal failure. Case 25 was identified during the screening of the family and 
presented mild proteinuria and hypercalciuria.

formed using standard methods [17], The BglI and 
Bglll polymorphisms at the TIMP locus [ 18] and the 
Dral polymorphism at the OTC locus [19] were ana
lyzed by PCR. Data from different RFLPs of the same 
locus were combined and considered as a single haplo
type. In this way, the TIMP locus and the OATL1 
locus were considered as 4-allele systems.

PCR amplifications for DXS458, DXS1055, 
DXS1039, DXS991, DXS1204 and DXS1000 were 
performed as described elsewhere [20,21], Microsatel
lite analysis was carried out following previously de
scribed conditions [22], The primer sequences for 
DXS991 and DXS1000 are deposited in Genome Data 
Base, GDB. Those for DXS1055 were forward ATGG- 
G AT AC ACT GTT CT GGG and reverse TTAAA- 
CAATGCACAACTGGG; for DXS1039, forward 
CTCCTGTTCCTGGTATGTGA and reverse AGAA- 
GAATGCCTGTTNGGGT, and for DXS 1204, for
ward ATGAACCCTTAACTCATTTAGCAGG and 
reverse AGCNTGCACCAACATGCC. Analysis of the 
trinucleotide repeat corresponding to the AR locus was 
performed as described by Edwards et al. [23] with the 
following modifications: the amplification reaction 
was performed with unmodified oligonucleotides, and 
the cold amplification product was detected in 18% 
polyacrylamide gel electrophoresis.

MLINK, ILINK and LINKMAP programs [24], For 
the purpose of linkage analysis, XLRH was defined as 
an X-linked recessive fully penetrant disease, with a 
gene frequency of 0.001. Genetic mapping of DNA 
markers was performed as previously described [25].

Results

Exclusion of the XLRH Locus from the
Xp22. l-p22.2 Region
To test whether HPDRI and XLRH corre

spond to two different genes on the X chro
mosome, we performed conventional two- 
point linkage analysis using 7 RFLPs from the 
Xp22.1-p22.2 region (table 2). Negative lod 
scores were obtained for all these loci (ta
ble 3).

Multipoint linkage analysis performed us
ing 6 DNA markers from this region yielded 
multipoint lod scores of less than -2 for the 
whole region between DXS85 and DXS28 
(fig. 2), including the interval between 
DXS274 and DXS92 where HPDR I has been 
previously mapped [26]. The genetic map 
used in the multipoint linkage analysis was 
derived from Alitalo et al. [27],

Linkage Analysis
Conventional two-point linkage analysis between 

the hypophosphatémie locus and each marker, and 
multipoint linkage analysis were carried out using the
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Table 2. RFLP and STRP 
markers used in this linkage study Location Reference Marker 

type
ProbeLocus

Xp22.3-p22.2 
Xp22.2 
Xp22.2-p22.1 
Xp22.1 
Xp22.1 
Xp21.3 
Xp21.2 
Xp21.1 
Xp21.1 
Xpl 1.4-pl 1.3 
Xpll.3-pll.23 
Xpl 1.3-pl 1.23 
Xpl 1.3-pl 1.23 
Xpl 1.22 
Xpl 1.22 
Xpl 1.2 
Xpl 1.2 
Xpl 1.2 
Xpl 1.2 
Xpll.2 
Xqll.2-ql2 
Xql 1.2-ql2 
Xq21.1 
Xq22
Xq21.1-q2.3
Xq26.1
Xq27.2
Xq28

[18]DXS85
DXS43
DXS274
DXS41
DXS92
DXS28
DXS269
DXS206

L782 RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP
RFLP1
RFLP
RFLP1
RFLP
RFLP
RFLP
RFLP
STRP
STRP
STRP
STRP
STRP
RFLP
STRP
RFLP
RFLP
STRP
RFLP
RFLP
RFLP

[18]pD2
[18]CRI-L1391
[18]p99.6

pXG16 [18]
[18]Cl
[18]p20
[18]XJ2.3 

pOTC 
LI.28
TIMP1.1/1.2
HO ATI
GH183-1
pTAK8
pTFE-1.9
AFM168ya3
AFM119xd6
AFM106xa3
AFM151xf6
AFM248te9

[18]OTC
[18]DXS7

TIMP
OATL1

[18]
[18]
[18]SYP
[18]DXS146

TFE3
DXS1055
DXS1039
DXS1204
DXS991
DXS1000
DXS1

[18]
[25]
[25]
[25]
[25]
[25]
[18]p8
[23]HUMARA

pX65H7
AR

[18]DXS72
DXS17
DXS458
DXS10
DXS98
DXS304

[18]S9
Mfd79 [20]

[18]p6A-l
[18]4D-8
[18]U6.2

l The analysis was carried out by PCR.

To increase the informativity in this candi
date region, we performed the same analysis 
with microsatellite markers DXS1055, 
DXS1039, DXS1204, DXS991 and
DXS1000 which have been recently identi
fied [25], As can be seen from the haplotype 
reconstruction of figure 1, no recombinants 
were observed between XLRH and the 
DXS1039 locus which showed a maximum 
lod score of 3.21 at 0% recombination frac
tion (1 lod unit support interval: 0-18.1%, 
table 4). The 1 lod unit support interval for

Localization of the XLRH Locus 
Two-point linkage analysis between 

XLRH and several DNA markers from var
ious regions of the X chromosome (table 2) 
was performed. Negative lod scores were ob
tained for all markers (data not shown) except 
for those localized in the Xpl 1.22-pl 1.23 re
gion (table 4). In particular, the RFLPs at the 
SYP, DXS146, and TFE3 loci showed no 
recombinations with XLRH. However, none 
of these was informative in all the meioses 
analyzed.
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Fig. 2. Multipoint linkage analysis with DNA markers from the HPDRI region. Recombi
nation fractions were converted into centiMorgans using the Haldane mapping function.

the DXS1055 locus producing the second sig
nificant positive lod score of 2.23 at 6% 
recombination fraction is 0.3-31.2%.

Multipoint linkage analysis performed on a 
subset of the CEPH panel as already described 
[25], yielded the following most likely order 
and genetic distances (in cM) for three of the 
microsatellites and DXS7: tel - DXS7 - (16) - 
DXS1055-(8.6)-DXS1039-(3.8)-DXS991 
- cen. Odds favoring this order against inver
sions of the microsatellites were at least 253:1. 
Odds against location of DXS7 in another 
interval were at least 5,970:1. The same three 
microsatellite markers have been physically 
assigned to the short arm of the X chromosome

using three human-hamster somatic cell hy
brids retaining Xp only, Xq only, and the whole 
X chromosome (data not shown).

A multipoint linkage analysis using the 
above genetic map localized the XLRH gene 
in the Xpl 1.2 region at a recombination frac
tion of 0% from the DXS1039 locus with a 
multipoint lod score of 3.82 (fig. 3).

One lod unit support interval spans from 
7.2% recombination fraction distal to 2.7% 
recombination fraction proximal to 
DXS1039. The odds favoring the location of 
XLRH at 0 distance from DXS1039 against 
the other possible locations in the multipoint 
map are at least 340:1.
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Table 3. Results of two-point linkage analysis between XLRH and 7 DNA markers from the HPDRI region

Lod score at recombination fraction 0 max: 7-mLocus ?max ax

0.001 0.01 0.05 0.1 0.2 0.3 0.4

-1.32
-0.52
-0.19
-0.06

-0.66
-0.11
-0.08
-0.01

-0.25 0.6890
0.3800
0.5000
0.5500
0.2860
0.2420
0.2420

-12.39
-11.19

-2.40
-2.10
-8.19
-2.79
-2.79

-7.41
-6.22
-1.40
-1.11
-4.23
-0.83
-0.83

-4.00
-2.88
-0.72
-0.46
-1.61

-2.61
-1.58
-0.44
-0.23
-0.64

0.28DXS85
DXS43
DXS274
DXS41
DXS92
DXS28
DXS269

0.01 0.09
-0.02
-0.00

0.00
-0.00

0.06 0.23 0.16 0.37
0.88 0.70 0.380.40 0.77 0.51

0.40 0.77 0.88 0.70 0.38 0.51

Table 4. Results of two-point linkage analysis between XLRH and markers from the Xpl 1.22-pl 1.23 region

0 max:Lod score at recombination fraction ZmLocus .max ax

0.001 0.01 0.05 0.1 0.2 0.3 0.4

1.65 1.28 0.89 0.47 0.1160
0.0000
0.1390
0.0660
0.0000
0.0800

0.962.01 1.98 1.83SYP
DXS146 1.20 
TFE3 
DXS1055 0.81
DXS1039 3.21
DXS991 0.21

1.18 1.09 0.98 0.73 0.46 0.21 1.20
1.99 1.89 1.76 1.44 1.05 0.58 1.092.01

1.28 0.661.76 2.21 2.19 1.81 2.23
3.16 2.95 2.68 2.10 1.47 0.79 3.21

0.501.16 1.65 1.68 1.41 0.98 1.69

pothesize that only a few rearrangements oc
curring during evolution are responsible for 
the different relative order of clusters of 
genes in the two species [30-32], In most 
cases, this hypothesis can be used to predict 
the regional localization of human X-linked 
genes on the basis of the position of the corre
sponding loci on the mouse X chromosome, 
and vice versa.

Following this model, Buckle et al. [31] 
predicted that the human equivalent of the 
mouse hypophosphatémie locus Hyp may re
side either between GLA (Xq21.3-q22) and 
HPRT (Xq26.1), or in the distal region of the 
short arm of the X chromosome. The last pre
diction was confirmed by Thakker et al. [6] 
who mapped the HPDR I gene by linkage

Discussion

Ohno’s law [28] postulates that as a conse
quence of X chromosome inactivation, X- 
linked genes are conserved on the same chro
mosome in all mammalian species. A detailed 
and convincing demonstration of this hypoth
esis comes from the comparative mapping 
between humans and mouse. In these species, 
the X chromosomes share homology only be
tween themselves and not with autosomes. 
The only known exception consists of the 
CSF2RA gene [29] which maps to human 
Xp22.32, and to mouse chromosome 19.

In particular, on the basis of the distribu
tion of homologous loci on the human and 
mouse X chromosomes, it is possible to hy
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Fig. 3. Multipoint linkage analysis of the XLRH gene with Xpl 1.2 markers. A maximum 
multipoint lod score value of 3.82 has been obtained with the DXS1039 locus. Recombination 
fractions were converted into centiMorgans using the Haldane mapping function.

analysis to the Xp22.1-p22.2 region between 
DXS43 and DXS41.

The identification in the mouse of a second 
X-linked locus responsible for a different 
form of hypophosphatémie rickets, namely 
Gy, suggested that an additional locus could 
also be present in humans.

Our Italian four-generation pedigree shows 
a new form of X-linked recessive hypophos
phatémie rickets, XLRH [16]. This new dis
ease shares with the classical X-linked hypo
phosphatemia (HPDR I) some important fea
tures like hypophosphatemia, reduced tubular 
reabsorption of phosphate, rickets and/or os
teomalacia and, at the same time, shows the

following peculiarities: (a) normal regulation 
of vitamin D metabolism; the hypophospha
temia stimulates 25-hydroxyvitamin D-la- 
hydroxylase activity and, as a consequence, 
l,25-(OH)2D3 reaches a high serum level in 
our patients; (b) hypercalciuria with nephro- 
calcinosis and progressive renal impairment; 
the stimulation of intestinal calcium absorp
tion by the l,25-(OH)2D3 leads to an increase 
in the renal filtered calcium.

Hypercalciuria is also present in 7 unaf
fected members of our pedigree (fig. 1). A dif
ferent inherited form of hypophosphatémie 
rickets with hypercalciuria (HHRH) was ob
served in 9 members of a Beduin tribe in
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which the phenotype segregates as an autoso
mal recessive trait [33, 34], In that tribe, 21 
asymptomatic members presented idiopathic 
hypercalciuria while the phosphorus serum 
level and excretion were intermediate be
tween those found in patients and in normal 
members of the same tribe. The authors hy
pothesized that a single gene is responsible 
both for HHRH and hypercalciuria. The level 
of the phosphatemia appears to determine 
which subjects will have hypercalciuria alone 
and which will also have rickets.

In contrast, the 7 asymptomatic members 
of our pedigree show no other biochemical 
abnormality in addition to hypercalciuria. We 
therefore cannot postulate that a single gene is 
responsible in our pedigree for both XLRH 
and hypercalciuria. In this case, hypercalciu
ria is more likely to be caused by another gene 
which segregates independently of the new 
form of X-linked hypophosphatémie rickets. 
Hypercalciuria alone has been previously re
ported to segregate as an inherited trait in 
large pedigrees [35]. In order to test whether 
HPDR I and XLRH represent two different 
genes on the human X chromosome, we per
formed a linkage study in this pedigree using 
markers from the Xp22.1-p22.2 region where 
HPDR I is located. In this way, we excluded 
the whole region between DXS43 and DXS41 
where HPDR I maps.

On the other hand, positive lod score values 
were obtained using traditional markers from 
the Xpll.22-pll.23 region. To increase the 
marker informativity within this candidate in
terval, we performed the same analysis using 
some recently identified highly polymorphic 
markers [25], In this way, we mapped the 
XLRH gene to the Xp 11.2 region at 0% recom
bination fraction from the DXS1039 locus.

We conclude therefore that XLRH in our 
pedigree and HPDR I are two genetically inde
pendent forms of X-linked hypophosphatem
ia. On the basis of sensorineural hearing defi

cits due to cochlear dysfunction and the X- 
linked dominant pattern of inheritance, the 
patients described by Boneh et al. [15] may 
represent the human counterpart of the Gyro 
phenotype in the mouse. However, these pa
tients showed neither hypercalciuria nor a 
high level of l,25-(OH)2D3 [C. Scriver, pers. 
commun.]. In contrast, in our pedigree, all the 
affected males showed hypercalciuria and 
high levels of l,25-(OH)2D3, in addition to 
hypophosphatemia and rickets/osteomalacia. 
Inner ear involvement was documented in 
only one of these patients, while the other 
patients could not be examined. These clinical 
findings clearly indicate that the patients in 
our pedigree and those described by Boneh et 
al. [15] are affected with different disorders. 
This conclusion is in agreement with the ap
parent discrepancy between the X-linked 
dominant mode of transmission observed by 
Boneh et al. [15] and the X-linked recessive 
pattern of inheritance present in our pedigree.

It is interesting that X-linked recessive 
nephrolithiasis [36] was mapped to Xp 11.22 
using a large multigeneration pedigree [37]. 
This disease does not in any way affect the 
bone tissue, unlike the hypophosphatemias. A 
more recent mapping in Xpl 1.22 of a variant 
form of Fanconi syndrome, namely Dent dis
ease [38], is even more interesting because 
some of the features of the latter disorder (hy
pophosphatemia, hypercalciuria, nephrocal- 
cinosis and rickets) are found in the Italian 
pedigree studied in the present work. On the 
other hand some typical manifestations of 
Dent disease (generalized amminoaciduria, 
hypokalemia) suggesting that this is a general
ized proximal tubular defect, are absent in the 
Italian pedigree which shows decreased phos
phate-specific tubular reabsorption. Whether 
the phenotypes of Dent disease and of XLRH 
are caused by different genes or by different 
mutations in the same gene remains to be 
established.
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Also remaining to be established is which 
of the hypophosphatémie phenotypes corre
sponds to the Gyro mouse. The definition of 
dominant inheritance in the Gyro mouse was 
based only on the observation of hypophos
phatemia in carrier females presenting a mild
er phenotype than the affected males. Hypo
phosphatemia alone is also present in two car
rier females in our pedigree, namely individu
als No. 4 and 15 (fig. 1). It should be noted 
that the definition of the female phenotype at 
an X-linked locus can also be hampered by 
skewed lyonization.

On the basis of the few rearrangements 
which should have occurred in the human and 
mouse X chromosome during evolution, it is 
expected that the human equivalent of the 
Gyro mouse should map in the same region 
where HPDR I is localized [6]. Contrary to 
this expectation, the XLRH gene maps in a 
different position of the X chromosome. 
However, the hypothesis that only few inver
sions have separated the two chromosomes is 
based on the comparative mapping of a rela
tively small number of already identified con
served loci, whereas other rearrangements 
may have occurred during evolution [32],

In addition, only two clusters of loci on the 
long arm of the human X chromosome are 
kept in the same relative order in the middle 
portion of the mouse X chromosome. Since 
the mouse X chromosome does not have a 
short arm, the loci which are located on the 
short arm of the human X chromosome are 
necessarily rearranged in different positions 
on the mouse X.

In conclusion, only after a more detailed 
map of loci on the human and mouse X chro
mosomes is available, will it be possible to 
hypothesize additional intrachromosomal 
rearrangements which might indicate the 
most likely localization of the Gyro mouse 
equivalent on the human X chromosome.
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