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Abstract

Autosomal dominant hypophosphatemic rickets (ADHR) is
an inherited disorder of isolated renal phosphate wasting,
the pathogenesis of which is unknown. We performed a ge-
nome-wide linkage study in a large kindred to determine
the chromosome location of the ADHR gene. Two-point
LOD scores indicate that the gene is linked to the markers
D12S314 [Z(6) = 3.15 at 6 = 0.0], vWf [Z(B) = 5.32 at 6 =
0.0], and CD4 [Z(0) = 3.53 at 6 = 0.0]. Moreover, multilo-
cus analysis indicates that the ADHR gene locus is located
on chromosome 12p13 in the 18-cM interval between the
flanking markers D12S100 and D12S397.

These data are the first to establish a chromosomal loca-
tion for the ADHR locus and to provide a framework map
to further localize the gene. Such studies will permit ulti-
mate identification of the ADHR gene and provide further
insight into phosphate homeostasis. (J. Clin. Invest. 1997.
100:2653-2657.) Key words: hypophosphatemia « rickets « os-
teomalacia « phosphate « chromosome 12

Introduction

Serum phosphate concentrations are regulated by a complex
and poorly understood process. Insight into this process can be
obtained by analysis of genetic aberrations in phosphate ho-
meostasis. Autosomal dominant hypophosphatemic rickets
(ADHR;! MIM 193100) is a disorder characterized by isolated
renal phosphate wasting with inappropriately normal calcitriol
concentrations. Patients frequently present with bone pain,
rickets, and tooth abscesses. Recent studies (1) demonstrate
that ADHR is incompletely penetrant, with variable expres-
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sion and age of onset. Additionally, among those individuals
who present during childhood, some individuals lose the phos-
phate wasting defect (1). The primary abnormality that under-
lies the disorder is unknown, and there are no animal models
for the disorder. To elucidate the pathogenesis of this disorder,
we performed a genome-wide linkage study in a large kindred
to determine the chromosome location of the ADHR gene.
Our results localize the disease gene to an 18-cM interval on
the short arm of chromosome 12.

Methods

Patients. We obtained blood from 125 members of a North American
Caucasian kindred (family 1406: 20 affected patients, 2 obligate carri-
ers, 45 unaffected individuals, 40 individuals with unknown diagnostic
status, and 18 spouses). The family has been described in detail previ-
ously (1). In brief, affected individuals were defined by the presence
of hypophosphatemia, normocalcemia, and normal renal function.
Serum phosphorus values for children were interpreted using age-
specific normal ranges (2). In addition to serum biochemistries, histo-
ries, physical exams, and, in some instances, measurement of urinary
phosphate excretion were used to determine phenotype. Individuals
were classified as unknown with respect to diagnostic status if serum
phosphorus values fell within the indeterminate range (2.4-3.1 mg/dl
in adults), they gave histories of rickets or bowing as children that
could not be documented, or other aspects of their presentation led to
phenotypic uncertainty. Phenotypic variability in this disorder has
been described previously (1). For all subjects, phenotype was deter-
mined with the clinician blinded to the individual’s genotype. The
study was approved by the Duke University Medical Center Institu-
tional Review Board, and all subjects gave written informed consent
before participating.

PCR amplification of microsatellite markers. DNA extraction from
whole blood was performed as described previously (3). Primer pairs
for the various microsatellite repeat markers were used to amplify
30 ng of genomic DNA. The PCR products were radiolabeled with
3P by direct incorporation of [*?P]JdCTP added to the reaction mix-
ture or prior 5’ labeling of one of the primers using T4 polynucleotide
kinase (4). The PCR products were separated by electrophoresis on
standard polyacrylamide sequencing gels and visualized by autora-
diography. Genotypes for key recombinant individuals were confirmed
by resampling and regenotyping. Primer sequences for the markers
are available from the Genome Database (http://gdbwww.gdb.org).
Sequences for vW{ primers are as follows: forward, 5'-CCCTAGT-
GGATGATAAGAATAATC and reverse, 5'-GGACAGATGAT-
AAATACATAGGATGGATGG. All genetic marker data were
maintained in the PEDIGENE database system (5).

Linkage analysis. Two-point and multipoint linkage analyses were
performed using the VITESSE program (6). We assumed that the
disease was transmitted as an autosomal dominant trait with disease
allele frequency of 0.0001. Penetrance was modeled using two differ-
ent approaches, a full-pedigree model and an affecteds-only model.
For the full-pedigree model, we estimated the penetrance of the dis-
ease gene using maximum likelihood techniques as described by
Chatkupt et al. (7). Specifically, the likelihood of the pedigree data
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was maximized over disease allele penetrance. The maximum likeli-
hood estimate of the penetrance in this pedigree was 0.57. We also
used an affecteds-only or low-penetrance model, in which the pene-
trance of the disease allele was assumed to be low. This analysis uses
genotypic data from all family members, but limits the use of pheno-
typic data to only those individuals affected with the disease. This
conservative analysis allows inference of missing genotypes in family
members unavailable for DNA sampling and maximizes the ability to
establish linkage phase, while using the phenotypic data only from
those individuals whose diagnostic status is certain. The approximate
95%-support interval for markers that generated a logarithm of odds
(LOD) score > 3.0 was calculated using the one LOD score down
method (8). Marker allele frequencies were calculated from a series
of at least 80 unrelated Caucasian controls. These frequencies, along
with more than 250 others, are available via the World Wide Web at
http://www.medicine.duke.edu under the Section of Medical Gen-
etics, or via anonymous ftp at dnadoc.mc.duke.edu in the /pub/
ALLELE_FREQ directory.

Simulation studies were performed to assess the maximum attain-
able LOD score for the pedigree using the computer program SIM-
LINK (9). For these analyses, we assumed the availability of a tetraal-
lelic marker with frequencies 0.40, 0.30, 0.20, and 0.10, generating a
heterozygosity value of 0.70, which was linked to the ADHR locus at
5% recombination.

The genetic map for the ADHR region was developed using
CEPH (10) pedigree genotype data extracted from the Cooperative
Human Linkage Center database (http:/www.chlc.org). The CRI-
MAP program was used as described previously (11) to determine
the most likely order of and sex-averaged distances between those
markers that were in the region of the ADHR locus, were most infor-
mative in the pedigree, and were determined by visual inspection of
the pedigree data to flank the disease locus. These markers included
D12S100, D12S314, vW1, CD4, D12S397, and D12S77.

Results

We undertook a genome-wide linkage search with microsatel-
lite repeat markers spaced at 20-30-cM intervals. We analyzed
> 170 markers across the genome. LOD scores > 3 (corre-
sponding to odds of linkage > 1,000:1) were obtained only for
markers on chromosome 12p. Two-point LOD scores and the
associated maximum likelihood estimate of the recombination
fraction (8) between the ADHR gene locus and the markers
are listed in Table I. In the full-pedigree analysis, several
markers yielded LOD scores > 3.0, including D12S314, vWf,
and CD4, which produced LOD scores of 3.15, 5.32, and 3.53,
respectively, at 8 = 0.00. Each of these markers yielded higher

LOD scores for the affecteds-only analysis (4.11, 5.65, and
3.73, respectively).

For the multipoint analysis, we generated a genetic map,
with sex-averaged recombination fractions as follows: tel-
D12S100 - 0.08 - D12S314 - 0.04 -vWf - 0.03 - CD4 - 0.03 -
D128397- 0.06-D12S77-cen. The order of the markers in this
genetic map was supported with odds of 1,000:1 over the next
most likely map order.

Multipoint linkage analysis using the full-pedigree model
yielded a multipoint LOD score of 8.14, when the ADHR gene
was placed at no recombination with vWf (Fig. 1). For the af-
fecteds-only analysis, the maximum multipoint LOD score was
8.13, also at no recombination with vWf. For comparison, the
simulation results determined that the maximum overall LOD
score attainable from this pedigree is 9.94 for the full-pedigree
analysis and 7.63 for the affecteds-only analysis (at a genetic
distance of 5 cM). Since the multipoint LOD scores were high-
est at markers that demonstrated no recombination with the
ADHR gene, we repeated the simulation studies to determine
the highest potential LOD score assuming no recombination
between the disease and marker locus. At zero recombination,
the maximum attainable LOD scores were 10.76 and 8.38 for
the full-pedigree and affecteds-only analyses, respectively, in-
dicating that virtually all of the available linkage information
in the pedigree was extracted in the multipoint analysis.

Visual inspection of the genetic marker data showed the
distal flanking genetic marker to be D12S100 and the proximal
flanking marker to be D12S397, spanning an approximate dis-
tance of 18 cM. Fig. 2 illustrates a portion of family 1406 dem-
onstrating segregation of a disease-associated haplotype, a
proximal recombinant event with D12S397, and recombina-
tion events establishing D12S100 as the distal flanking marker.

Discussion

The investigation of families in which diseases altering phos-
phate homeostasis are segregating provides an invaluable tool
for elucidating the genetic control of these mechanisms. Link-
age analysis is the first step in identifying a gene by the posi-
tional cloning approach. The advantage of this approach,
which has been used to identify a large number of genes (12),
is that knowledge of gene function is not necessary to locate
the disease gene. In this study, we localized the ADHR gene
locus segregating in this family to an 18-cM interval flanked

Table I. Two-Point LOD Scores for Markers Surrounding the ADHR Locus

Marker Full-pedigree analysis Affecteds-only
95%-support
0 6 0 6 Z(9 6 interval Z(H) 2}
0.00 0.05 0.10 0.15
D12S100 —10.49 —0.65 0.40 0.82 0.99 0.23 NA 0.88 0.24
D12S314 3.15 2.87 2.58 2.26 3.15 0.00 0.00-0.18 4.11 0.00
vWit 5.32 4.87 4.39 3.87 5.32 0.00 0.00-0.11 5.65 0.00
CD4 3.53 3.33 3.03 2.68 3.53 0.00 0.00-0.15 3.73 0.00
D128397 —3.57 2.04 213 1.96 2.13 0.09 NA 1.96 0.09
D12S77 —0.67 421 4.17 3.87 425 0.07 0.05-0.16 4.17 0.07

Two-point LOD scores for chromosome 12 markers versus ADHR for full-pedigree (penetrance = 0.57) and affecteds-only analyses. 6, Recombina-
tion fraction. 6, recombination fraction at the maximum LOD score. Z( ), maximum LOD, NA, Not applicable.
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distally by D12S100 and proximally by D12S397. This conclu-
sion is supported by both the full-pedigree and affecteds-only
analyses, which yielded LOD scores significantly greater than
the classic threshold of 3.0. Interestingly, affecteds-only analy-
sis yielded higher two-point LOD scores than full-pedigree
analysis, suggesting that some of the pedigree members cur-
rently classified as unaffected may be gene carriers. This result
is consistent with our previous data, which demonstrated that
the disease is not highly penetrant (1).

straints.

Before localization of the ADHR gene in this family, we
assessed three genes that were feasible candidates based on
their function and potential pathogenetic relationship to ADHR.
These candidates included two sodium-dependent phosphate
cotransporters (located on chromosomes 6p and 5g35) and
stanniocalcin (8p21). Stanniocalcin was a feasible candidate
for ADHR, following recent observations (13, 14) indicating
that parenteral administration of human stanniocalcin results
in increased uptake of phosphorus in the mammalian kidney.

Figure 2. Pedigree show-
ing evidence for segrega-
tion of haplotype with
ADHR disease pheno-
type. Filled bars and sym-
bols, Affected individu-
als. Open bars and

Markers 5 symbols, Unaffected indi-
D12S314 viduals. Circles, Females.
\é‘gf Squares, Males. Genetic
D125397 4001 4000 4005 marker genotypes are
listed under individuals.
Note that this pedigree
oo 3051 046 3047 also demonstrates evi-
dence for recombination
between the ADHR
O ‘ ® O ;/ gene ar}d .Dl2S397'in .
2001 2000 2007 2158 z159 2141 2140 2081 080  transmission from indi-
zgggHH;gg’; IH “IH 1;; 5 HH zgggﬁﬂgg’ MU vidual 2140 to individual
(60| [| |(1a0) | 160 | {140 160|135 160 %40 | 1e0| |13 (55)[ || [(170) [ 160 W] {160 1306, thus defining the
ey U (191) | 195 @J187 1osBll207  1e5 211 187 i 195 (199 Ulf(20m) | 195 M]211 proximal boundary for
the minimum candidate
region. Two linkage-
phase unknown recombi-
; ‘ ] i nation events define
151 R0 14740 151871151 151 3 151 151 D 151 151134151 15100151 | 147 (8481 1a g D1ZS~1OO s the di'stal.
254| |@2sa  252| |l 2s4 254 | | 250 254 6 24| |W254 246| |W254 240 ||| 245 | 246| |W254 (254 | |256) ~ flanking marker (i.e., in
10| |His0 a0l |f %0 scolll 1350 seo | |35 is| (W50 55| |Miso 1ol |l|335 | o| |Miso  4coff| |%e0 the pedigree, the disease
187 /0195 191 /M 195 1950 {187 1950|195 199| @195 199| iM1s5 207(]l1207 |207Ui(0211 (195 B0  gene segregates with the

149, 137, and 151 alleles).
The linkage phase of re-
sults in parentheses is in-
ferred based on most
likely haplotype. Results

0140 0142 ek
151[7 147 151 N 151 for individuals 2001 and
212 248 |l 254 .
%g $.100 1352 1;10 2141 are inferred but not
207|207 207 [J[J 211 genotyped. NT, Not tested.
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In all cases, markers surrounding these regions generated con-
sistently negative LOD scores.

With the identification of the 18-cM candidate interval on
12p13, a directed investigation of candidate genes located in
this region is now feasible. A computer search of the Online
Mendelian Inheritance in Man database (OMIM) (http:/
www3.ncbi.nlm.nih.gov:80/Omim) identified many known genes
on 12p13. These include several members of the proline-rich
protein family (15), microfibril-associated glycoprotein 2 (16),
neuron-specific enolase (17), and guanine nucleotide-binding
B3 polypeptide (GNB3; reference 18). GNB3 is part of a 223-kb
gene-rich contig which contains several genes of known func-
tion, including CD4, ubiquitin isopeptidase T, and triosephos-
phate isomerase, as well as several genes of unknown function,
including “gene A,” “gene B,” and Destrin-2 (19, 20). None of
the above genes are obvious candidates for the ADHR gene,
with the exception of GNB3 and “gene A.” GNB3 codes for
the B3 G protein subunit (18), and one of the splice variants of
“gene A” contains seven putative transmembrane domains con-
sistent with membership in the G protein—coupled receptor su-
perfamily (19). In light of the role that G proteins and G pro-
tein—coupled receptors play in transmembrane hormonal and
sensory transduction processes, it is tempting to speculate that
a mutation, either activating or inactivating, in GNB3 or “gene
A” might result in phosphate wasting.

Our study capitalized on the availability of a single large
pedigree. This approach allowed us to localize the ADHR
gene without concerns about genetic heterogeneity; however,
it limits the generalizability of our results. Whether the gene
on 12p is responsible for all cases of ADHR remains to be de-
termined. Furthermore, it will be of interest if studies of hypo-
phosphatemic bone disease (HBD; reference 21) demonstrate
linkage to 12p13, since this disorder may be a forme fruste of
ADHR. Studies linking HBD to 12p13 would support the no-
tion that ADHR and HBD are not separate disorders. Addi-
tionally, linkage studies of tumoral calcinosis, an autosomal
dominant disorder (22) characterized by increased phosphate
retention and elevated calcitriol concentrations (the converse
of ADHR), should examine the 12p13 region, since tumoral
calcinosis and ADHR could result from a different mutation in
the same gene.

Regulation of phosphate homeostasis is a poorly under-
stood process, and perturbation of any one of a number of
steps in this process could lead to phosphate wasting. Current
models of phosphate homeostasis indicate that renal phos-
phate wasting could result from (a¢) mutations in a gene that
enable the organism to assess extracellular phosphate concen-
trations (a phosphate sensor); (b) activating mutations in a
gene(s) that codes for a renal phosphate-wasting hormone
(phosphatonin) or its receptor (including associated G pro-
teins); (¢) mutations in a gene(s) that codes for a phosphate-
conserving hormone or its receptor; (d) mutations in genes
that code for repressors or inducers for the above hormones;
(e) mutations in genes that code for enzymes that activate or
degrade these hormones; and (f) mutations in genes that code
for the sodium-dependent phosphate cotransporters. The pri-
mary defect in ADHR results in isolated renal phosphate
wasting, and the disorder could result from any of the previ-
ously mentioned mechanisms. Isolation of the ADHR gene
may result in identifying one of the genes in the above model
or, if the ADHR gene codes for a protein that has none of the
above functions, isolation of the ADHR gene may result in
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changes to the current model. Indeed, such a situation existed
with the gene responsible for X-linked hypophosphatemic
rickets (HYP). HYP is an X-linked dominant disorder that re-
sults in isolated phosphate wasting. Positional cloning efforts
led to the identification and cloning of the gene responsible for
HYP, now referred to as PEX (23). PEX is a member of the
M13 metalloprotease family. Although the function of this
protein in phosphate homeostasis has not yet been deter-
mined, it likely functions to degrade a phosphate-wasting hor-
mone (phosphatonin) or to activate a phosphate-conserving
hormone. Since previous models failed to postulate an enzy-
matic role for the HYP gene product, the identification of
PEX resulted in modifications to models of phosphate homeo-
stasis. Similarly, identification of the ADHR gene may lead to
additional changes in models of phosphate homeostasis.

In summary, our data are the first to establish a chromo-
somal location for the ADHR gene and to provide a frame-
work for further localization of the gene. Identification of the
ADHR gene will require a multifaceted approach, including
assessment of candidate genes and investigation of other
ADHR families, which may provide additional recombinants
to narrow the interval of interest on chromosome 12p13. Such
studies will permit ultimate identification of the ADHR gene
and provide important insight into phosphate homeostasis.
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