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Abstract

This thesis includes three studies examining the role of the type I (NPT1) and type II
(NPT2) renal sodium (Na*)-phosphate (Pi) cotransporter genes in inherited
hypophosphatemias. In the first study, the chromosomal locations of the NPT1 and
NPT2 genes in human and rabbit are determined by physical mapping techniques. The
NPT1 and NPT2 genes map respectively to human chromosomes 6p22 and 5q35 and
to rabbit chromosomes 12p11 and 3pl1l. The localization of the two cotransporter
genes to autosomes excludes them as candidate genes for X-linked hypophosphatemia.
In addition, these assignments agree with the previously reported homology between
rabbit chromosome 12 and human chromosome 6 and provide the basis for the
establishment of a conserved syntenic group between rabbit chromosome 3 and human
chromosome S.

The goal of the second study was to clone, sequence and characterize the structure of
the human NPT2 gene in order to design intronic primers to amplify NPT2 exons from
patient DNA. Parallel experiments were performed on the mouse Npz2 gene, so that a
vector could be designed to knockout the mouse Npr2 gene. In both species, the type
II renal Na*-Pi cotransporter gene is approximately 16kb in length and is comprised of
13 exons and 12 introns. This work provides a basis for the study of the regulation of
NPT?2 transcription and facilitates the screening of DNA samples from patients with
autosomally inherited disorders of renal Pi reabsorption for mutations in the NPT2
gene.

In the third study, polymorphic markers flanking the NPT1 and NPT2 genes were
typed in members of a Bedouin kindred segregating the autosomal disorder Hereditary
hypophosphatemic rickets with hypercalciuria (HHRH). Genotype data were examined
for excess homozygosity and allele sharing among affected pedigree members. Data
did not reveal excess allele sharing on either chromosome 6 or 5, where the NPT1 and
NPT2 genes are located, but suggested chromosome 3p as a site for further
investigation. Identification of a HHRH locus is the first step toward identifying a gene
involved in the pathophysiology of this disorder.



Résumé

Cette theése comprend trois études sur le role du géne cotransporteur rénal de type I et I
dans I'hypophosphatémie héréditaire. Dans la premiére étude, on détermine par des
techniques de cartographie physique que les génes NPT2 et NPT1 sont localisés chez
I'homme sur les chromosomes 6p22 et 5935 respectivement, et sur les chromosomes
12p11 et 3pl1 chez le lapin. Localisés sur des autosomes, ces deux génes ne sont pas
susceptibles d'étre responsables de I'hypophosphatémie liée au chromosome X. En
plus de confirmer I'homologie déja connue entre le chromosome 12 du lapin et 6 de
I'homme, ce résultat fournit la base pour I'établissement d'une section de
correspondances chromosomiques entre les chromosomes 3 du lapin et S de I'homme.

L'objectif de la seconde étude est de cloner, séquencer et caractériser la structure du
geéne humain NPT2 afin de déterminer ultérieurement les amorces introniques qui
amplifieront les exons NPT2 dans I'ADN du patient. Chez la souris, des expériences
similaires ont été faites dans le but de concevoir un vecteur qui détruise le géne Npr2.
Les génes NPT2 et Npr2 ont une longueur approximative de 16 kb et sont composés de
13 exons et de 12 introns. Ces connaissances sont d'une part nécessaires pour I'étude
de la régulation de la transcription du géne NPT2; et d'autre part elles facilitent la
recherche de mutations de ce géne dans I'ADN des patients atteints de
I'hypophosphatémie héréditaire.

Dans la troisi¢me partie, on dispose des échantillons de I'ADN de 61 membres d'une
famille bédouine, dont certains qui souffrent de la maladie autosomale appelée le
rachitisme héréditaire hypophosphatémique avec hypercalciurie (RHHH). Aprés
détermination de la taille des all¢les des marqueurs polymorphiques qui entourent les
génes NPT1 et NPT2, les données du génotype ont permis de détecter une
homozygosité excessive et I'alléle commun (sharing) chez les membres atteints. II s'est
avéré que les chromosomes S et 6, qui contiennent les génes NPT1 et NPT2, ne
présentaient pas de l'alléle commun, contrairement au chromosome 3p qui requiert une
recherche plus approfondie. La localisation du RHHH sur un chromosome permetirait
d'identifier un des génes responsables de la pathophysiologie de cette maladie.
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one or more papers submitted or to be submitted for publication, or the
clearly-duplicated text of one or more published papers. These texts must
be bound as an integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges
between the different papers are mandatory. The thesis must be written in
such a way that it is more than a mere collection of manuscripts; in other
words, results of a series of papers must be integrated.

The thesis must still conform to all other requirements of the "Guidelines
for Thesis Preparation”. The thesis must include: a table of contents, an
abstract in English and French, an introduction which clearly states the
rationale and objectives of the study, a review of the literature, a final
conclusion and summary, and a thorough bibliography or reference list.

Additional material must be provided where appropriate (e.g. in
apperdices) and in sufficient detail to allow a clear and precise judgmem to
be made of the importance and originality of the research reported in the
thesis.

In the case of manuscripts co-authored by the candidate and others, the
candidate is required to make an explicit statement in the thesis as to who
contributed to such work and to what extent. Supervisors must attest to the
accuracy of such statements at the doctoral oral defense. Since the task of
the examiners is made more difficult in these cases, it is in the candidate's
interest to make perfectly clear the responsibilities of all the authors of the
co-authored papers.”

This dissertation includes four published articles. Three of these articles are presented
in chapter 2 and a fourth in chapter 3. All four manuscripts were co-authored by my
supervisor Dr. H.S. Tenenhouse. I performed the work described in the four
manuscripts with the exception of the following contributions made by co-authors.
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Chapter I  General Introduction

Background

Phosphorus plays a fundamental role in many aspects of cellular metabolism. It
participates in energy provision and transfer in the form of ATP. It is involved in the
regulation of enzyme activity via phosphorylation and dephosphorylation reactions and
its concentration influences metabolic pathways such as glycolysis, and the formation
of 1,25-dihydroxyvitamin D. It also is a component of DNA, RNA, membrane
phospholipids and bone.

In combination with calcium (Ca2+), phosphorus forms hydroxyapatite, the major
mineral component of bone. The total phosphorus content of a 70kg man is about 700g
(Chan and Bell, 1990), approximately 80-85% of which is deposited in the skeleton
(Schrier and Gottschalk, 1988). The remainder is widely distributed throughout the
body with roughly 14% intracellular and 1% in the extracellular fluid (Knochel and
Agarwal, 1996). Serum phosphorus exists primarily as inorganic phosphate (Pi) with
some organic phosphate found bound to proteins and in phospholipids. At
physiological pH, serum Pi is present in two forms, HPO4-2 and H,POy’!, at a ratio of
4:1. Serum Pi concentrations vary both with age and time of day, but are generally
maintained in adults between 2.5 and 4.5 mg/dl (Knox and Haramati, 1985). Adequate
levels of serum Pi, especially during the growth period, are necessary for normal bone
formation.

Serum Pi concentration is determined by dietary phosphorus intake, intestinal
phosphorus absorption and reabsorption of phosphorus by the kidney. The US Food
and Drug Administration recommends that 1gm of phosphorus be ingested daily.
Although, the bioavailability of phosphorus varies depending on the type of food,
meeting this recommendation is easily achieved by eating a balanced diet rich in protein.
The phosphorus content of the average US diet ranges between 800-1600mg per day
(Rasmussen and Tenenhouse, 1995). Dietary phosphate deficiency is unlikely to
develop except under conditions of extreme starvation or as a consequence of the
administration of therapeutic phosphate binders (Rasmussen and Tenenhouse, 1995).

The major portion of ingested organic phosphate is broken down into Pi which is
absorbed in the intestinal tract. There are two mechanisms for intestinal Pi absorption.
The first is concentration dependent, passive diffusion. The second process is active
sodium (Nat)-dependent Pi transport, which is upregulated by the hormone 1,25-
dihydroxyvitamin D (1,25(OH),D). Under normal conditions, intestinal Pi absorption

2



Chapter 1 General Introduction
occurs principally by passive diffusion and the amount of phosphate absorbed in the
intestine exceeds the body's requirements. Hormonal regulation of Pi absorption plays
a minor role in maintaining phosphate homeostasis, functioning only under conditions
of dietary Pi deprivation. The highest rate of intestinal Pi absorption occurs in the
jejunum, followed by the duodenum and the ileum (Chan and Bell, 1990; Schrier and
Gottschalk, 1988; Walling, 1977).

Renal phosphorus reabsorption

It is the kidney that plays the most important role in maintaining Pi homeostasis, and
therefore, is important for proper bone mineralization and growth. Most of the Pi in
serum (90-95%) is freely filtered at the glomerulus (Schrier and Gottschalk, 1988).
Renal handling of Pi consists of regulated reabsorption from the glomerular filtrate.
Once in the kidney, the proximal tubule (PT) is the major site of filtered Pi reabsorption
and its regulation. In the normal subject, up to 85% of filtered Pi is reabsorbed in the
PT, with 60% in the proximal convoluted tubule (PCT) and 15-20% in the proximal
straight tubule (PST) (Chan and Bell, 1990; Rasmussen and Tenenhouse, 1995;
Tenenhouse, 1997). The epithelial cells lining the PT are polarized with an apical brush
border membrane (BBM) and a basolateral membrane (BLM). The two cell membranes
are structurally and functionally different allowing for unidirectional transepithelial
transport of Pi (Berry, 1987). Epithelial cells of the proximal tubule reabsorb Pi from
the lumen by transporting it across the BBM, through the PT cell, and out across the
BLM into the blood (Murer, 1992) (Figure 1).

Pi uptake across the BBM is the rate-limiting step in the overall process of Pi
reabsorption. The transport of Pi across the BBM occurs by a Na*-dependent process.
The driving force of Pi transport, which occurs against its electrochemical gradient, is a
Na+* gradient maintained at the BLM by a Nat*/potassiurtn ATPase (Figure 1). The
binding of Nat to the apical surface of the cotransporter facilitates binding of Pi and the
dissociation of Na* signals dissociation of Pi at the intracellular surface. Two
kinetically distinct Na*-dependent Pi transport systems in the kidney have been defined
(Walker et al., 1987); a high-capacity low-affinity system in the PCT believed to
reabsorb the bulk of filtered Pi and a low-capacity high-affinity system in both the PCT
and PST that reclaims the residual Pi (Murer et al., 1991; Walker et al., 1987).
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Figure 1. Transepithilal transport of inorganic phosphate (Pi) in a mammalian renal
proximal tubule cell. Pt entry at the brush border membrane (BBB) occurs against an
electrochemical gradient. The driving force is the sodium (Na") gradient maintained by
the Na*/potassium (K") ATPase at the basolateral membrane (BLM). It is postulated that
Pi is transported out of the cell across the BLM via one of three mechanisms: diffusion,
Na"-Pi cotransport, or anion (A-) exchange.




Chapter ]  General Introduction
Regulation of renal BBM Nat-Pi cotransport

The major regulators of renal Na*-Pi cotransport are parathyroid hormone (PTH) and
dietary phosphate intake (Pi availability) (Murer and Biber, 1996; Murer et al., 1991).
The primary physiological role of PTH is the maintenance of Ca2* homeostasis. When
serum Ca?* levels are low, PTH stimulates 25-hydroxyvitamin-D-1-a-hydroxylase (1-
a-hydroxylase) activity. The enzyme 1-a-hydroxylase converts 25-hydroxyvitamin D
into 1,25(OH);D, the most biologically active of the vitamin D metabolites (Reichel et
al., 1989). The increase in serum levels of 1,25(OH),D induces bone resorption which
results in an increase in both serum Ca2?+ and Pi levels. 1,25(0OH),;D also acts on the
intestine to increase the absorption of Ca2* and Pi. In the kidney, PTH stimulates renal
Ca?2+ reabsorption, thereby further increasing serum Ca2+ levels. To prevent
extracellular Ca?+ and Pi from exceeding their solubility product, PTH inhibits renal Pi
reabsorption.

PTH action decreases the Vmax of both the low-affinity, high-capacity and high-
affinity, low-capacity Na+-Pi cotransport systems without changing the affinity of the
transport systems for phosphate (Quamme, 1990; Rasmussen and Tenenhouse, 1995).
This inhibition of renal Na*-Pi cotransport systems by PTH occurs via both protein
kinase A and protein kinase C signaling pathways and is independent of protein
synthesis (Cole et al., 1987; Murer et al., 1991). It was shown that the inhibitory
action of PTH on renal Pi transport is blocked by disrupting the microtubule network
and preventing endocytosis (Kempson et al., 1989). Although an active endocytic
pathway is necessary for the full inhibitory effect of PTH on apical Na*-Pi cotransport
activity, PTH does not increase the overall level of endocytosis in the cell (Paraiso et
al., 1995). It is believed that PTH stimulates the preferential shuttling of Na*-Pi
cotransporters into endocytic vesicles (Murer and Biber, 1996). In this way, endocytic
removal of Na+-Pi cotransporters can be increased without increasing the overall rate of
endocytosis of the cell. Endocytic internalization of the cotransporters from the plasma
membrane is followed by rapid lysosomal proteolysis (Pfister et al., 1997) and
recovery of Na+-Pi cotransport activity requires de novo protein synthesis (Murer et al.,
1996; Paraiso et al., 1995).

Like PTH, Pi deprivation stimulates the activity of 1-a-hydroxylase activity in the PT
of the kidney. This increases serum levels of 1,25(OH),D which promotes bone
resorption and increases intestinal absorption of Ca2+ and Pi in an effort to raise serum
concentrations. The effect of dietary Pi deprivation on renal Pi reabsorption is opposite
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to that of PTH. Dietary Pi deprivation stimulates an acute increase in the overall
capacity of the renal PT to reabsorb Pi that occurs within 4 hours of a decrease in serum
Pi levels (Levine et al., 1986; Trohler et al., 1976). The rapid adaptive increase in renal
PT BBM Na*-Pi cotransport activity and BBM Na+-Pi cotransporter protein abundance
is independent of protein synthesis. Similar to the response of the renal PT to PTH, the
acute response of the renal PT to dietary Pi restriction is mediated by microtubule-
dependent translocation of Na*-Pi cotransporter proteins (Lotscher et al., 1997). The
acute increase in Na+-Pi cotransport activity is due to insertion of presynthesized Na+-
Pi cotransporter proteins into the BBM (Levi et al., 1994; Lotscher et al., 1997). Only
after prolonged Pi deprivation is protein synthesis required to increase Nat-Pi
cotransport activity (Levi et al., 1994; Lotscher et al., 1997).

In addition to PTH and dietary Pi, there are many other hormonal and non-hormonal
regulators of Na+*-Pi cotransport (Knox and Haramati, 1985; Ritz et al., 1980).
Although the mechanisms are not fully understood, hormones which stimulate Pi
reabsorption include insulin (Abraham et al., 1990), insulin-like growth factor-I
(Caverzasio and Bonjour, 1989), and thyroid hormone (Noronha-Blob et al., 1988).
Factors which inhibit renal Pi reabsorption are PTH-related peptide (Pizurki et al.,
1988), calcitonin (Yusufi et al., 1987), atrial natriuretic factor (Nakai et al., 1988),
epidermal growth factor (Arar et al., 1995), transforming growth factor-a (Pizurki et
al., 1990) and gluccocorticoids (Levi et al., 1995).

Isolation and characterization of renal Na+-Pi cotransporters

Since renal Na*+-Pi cotransporters are of low abundance and are imbedded within
cellular membranes, they are difficult to purify by traditional methods without
inactivating them. A group in Switzerland recently isolated, by expression cloning in
Xenopus oocytes, several renal-specific high-affinity Na*-Pi cotransporter cDNAs
(Magagnin et al., 1993; Verri et al., 1995; Wemer et al., 1991). The cDNAs encode
for two distinct types of renal Na*-Pi cotransporters, type I, NPT1 and type II, NPT2
(Table 1). The two types demonstrate only 20% homology. The 2.1kb NPT1 mRNA
encodes a ~50kD protein, where as the larger 2.7kb NPT2 mRNA encodes a ~70kD
protein. Both have been localized to the renal BBM (Biber et al., 1993; Custer et al.,
1993).Two other membrane proteins, Ram-1 and Glvr-1, originally described as cell-
surface viral receptors, have been shown to mediate Na*-Pi cotransport (Kavanaugh et
al., 1994). These proteins are expressed in the kidney as well as in a wide variety of
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Table 1. Renal Na+ -Pi cotransporter types

NPT1 NPT2
» Cloned cDNAs human (NPT1) human (NaPi-3)
rabbit (NaPi-1) rabbit (NaPi-6)
mouse (Nptl) mouse (NaPi-7)
rat (NaPi-2)
opossum (NaPi-4)

flounder (NaPi-5)

+« mRNA size ~25kb ~2.7kb
« Protein size ~ 467 aa ~639 aa
* Homology
between groups 20%
. « Regulation not pH dependent pH dependent
not affected by dietary Pi intake regulated by dietary Pi intake
not a target for PTH action target for PTH action
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cell types including brain, liver, muscle and bone morrow (Kavamaugh and Kabat,
1996). Although their transport activity is increased by Pi deprivation, they are
unlikely to be important for the maintenance of serum Pi levels. It is more likely that
Ram-1 and Glvr-1 have a role to play in the maintenance of intracellular Pi levels
necessary for normal cellular functions. Characterization of the transport properties
revealed that the NPT2 cotransporter is the only known Na*-Pi cotransporter with
activity that is regulated like the renal PT by PTH and dietary Pi intake (Murer and
Biber, 1997).

Inherited disorders of Pi homeostasis

The maintenance of appropriate extracellular Pi levels is vital for achieving proper
skeletal mineralization. While bone abnormalities are associated with several disorders
of altered phosphate homeostasis, little is known about the role of renal Pi transport in
the etiology of bone disease. The McKusick catalogue of Mendelian inheritance in man
(McKusick et al., 1992) lists 5 inherited disorders of phosphate homeostasis where the
primary defect is thought to disturb renal Pi transport (Table 2). All of the disorders are
rare.

The two disorders that I will focus on are X-linked hypophosphatemia (XLH) (Winters
et al., 1958), also known as both familial hypophosphatemic rickets and Vitamin D
resistant rickets, and hereditary hypophosphatemic rickets with hypercalciuria (HHRH)
(Tieder et al., 1985). Less is known about the other three disorders, all of which show
autosomal transmission. Hypophosphatemic bone disease has been described in §
patients and is characterized by modest short stature, nonrachitic bone abnormalities
and hypophosphatemia. Autosomal dominant vitamin D resistant rickets was first
shown in 5§ members of a three generation pedigree. Two of these S cases exhibit
autosomal dominant transmission. Examination of a larger pedigree revealed extensive
phenotypic variability (Econs and McEnery, 1997). Autosomal recessive
hypophosphatemic rickets was diagnosed in two offspring of a first cousin mating.

XLH was the first of the inherited disorders of Pi homeostasis to be described (Albright
et al.,, 1937). It is the most prevalent of the 5 disorders with an incidence of
approximately 1:20,000 births and displays X-linked dominant transmission (Winters
et al,, 1958). HHRH was described in a large Bedouin kindred by Tieder in 1985.
HHRH is thought to be very rare. Only a small number of sporadic cases (Chen et al.,
1989; Glorieux et al., 1986; Nishiyama et al., 1986) and two other
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Table 2. Inherited Hypophosphatemias

X-linked Hypophosphatemia (XLH) 307800, 307810

Hereditary Hypophosphatemic Rickets with Hypercalciuria (HHRH) 241530

Hypophosphatemic Bone Disease 146350
Autosomal Dominant Vitamin D Resistant Rickets 193100

Autosomal Recessive Hypophosphatemic Rickets 241520

Taken from McKusick et al. 1992
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Israeli families (Arie et al., 1982; Tieder et al., 1992) have been reported with HHRH.
HHRH displays autosomal inheritance which has been described as both autosomal
recessive (Tieder et al., 1985) and autosomal dominant (Rasmussen and Tenenhouse,
1995; Tieder et al., 1987).

X-linked hypophosphatemia (XLH)

In addition to hypophosphatemia, the clinical manifestations of XLLH include decreased
renal phosphate reabsorption, growth retardation, femoral and tibial bowing, impaired
bone mineralization and radiologic and histomorphometric evidence of rickets and
osteomnalacia (Table 3). Rickets and osteomalacia are metabolic disorders of bone in
which the mineralization of the epiphyseal cartilage and organic bone matrix is
impaired. The epiphyseal region of bone is an area of high mitotic activity responsible
for bone elongation. This abnormality results in a decrease in the amount of
mineralized bone and an increase in the amount of osteoid (cartilage or organic
component of bone, which is secreted by osteoblasts), leading to decreased bone
strength. Bones become soft, bend easily and are liable to deformities and
pseudofractures (Van De Graaf and Fox, 1992). Serum 1,25(0OH),D levels are normal
in spite of hypophosphatemia indicating that XLH patients fail to respond to
hypophosphatemia with an appropriate increase in renal 1-a-hydroxylase activity.
They do not show an increase in serum 1,25(OH),;D or an increase in urinary Ca2+
excretion.

There is an acquired, rare, tumor-induced disease called oncogenic hypophosphatemic
osteomalacia (OHO) with symptoms very similar to XLH. Patients with OHO have
hypophosphatemia, resulting from impaired renal reabsorption of filtered Pi,
inappropriately low serum levels of 1,25(OH),;D and osteomalacia (Weidner, 1991).
The symptoms are reversed upon removal of the tumor. Of interest is the finding that
conditioned medium obtained from OHO cultured cells inhibits Na+*-Pi cotransporter
activity in kidney cell lines (Cai et al., 1994). Since substances that have a role in
normal physiologic processes are frequently secreted by tumors in an upregulated
fashion, these findings suggest that the tumor secretes a phosphaturic factor which
normally controls Pi reabsorption (Econs and Drezner, 1994). Scientists have named
this putative phosphate regulating hormone "phosphatonin” (Econs and Drezner,
1994).
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Table 3. Comparison of the disorders XILH and HHRH

XLH (Hyp) HHRH

- Clinical -
Growth retardation
Bowing of lower limbs
Shortened stature
Rickets / Osteomalacia

- Biochemical -
Hypophosphatemia
Decreased renal Pi reabsorption
Failure to increase serum Appropriate increase in
1,25(0OH2)D in response to serumn 1,25(OH)D in
low serum Pi response to low serum Pi
No hypercalciuria Hypercalciuria
- Inheritance -
X-linked dominant autosomal ? - unclear

11
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Mouse homologues of XLH

There are two mouse models for XLH, hypophosphatemic Hyp (Eicher et al., 1976;
Tenenhouse and Scriver, 1992) and gyrorotory Gy (Lyon et al., 1986). The Hyp
mouse arose spontaneously at the Jackson laboratories. The Gy mouse was the
offspring of a pregnant mouse exposed to radiation at day 17 of gestation. Both Hyp
and Gy mice display rachitic bone disease, reduced growth rate, short stature,
hypophosphatemia and decreased renal Na+-Pi cotransport. Although earlier studies
suggested that these mice exhibited differences in the regulation of vitamin D (Davidai
et al., 1990), it has recently been shown that dietary Pi induces similar responses in
both PTH and 1,25(OH);D levels in the two mice (Meyer et al., 1996; Tenenhouse et
al.,, 1992) . However, Gy mice do exhibit inner ear abnormalities, extreme
hyperactivity and circling behavior not seen in Hyp mice (Lyon et al., 1986). Hyp
and Gy mice were originally described as closely linked on the X chromosome. Due
to a single recombination event they were not considered to be allelic (Lyon et al.,
1986).

Much of what is know about the pathophysiology of XILH comes from studies in Hyp
mice. These mice have an intact low-affinity, high-capacity Na+-Pi cotransport system.
Although the affinity for Pi is similar in normal and Hyp mice, the Vmax of the high-
affinity, low-capacity Na+-Pi cotransporter in Hyp mice is half that of normal mice
(Tenenhouse et al., 1989). These data suggest that the number of high-affinity Pi
transport sites may be decreased in Hyp renal BBM. Renal mRNA from Hyp mice
injected into Xenopus oocytes results in 50% lower Na+-Pi cotransport activity than an
equivalent amount of mRNA from normal littermates (Tenenhouse et al., 1994).
Murine type II renal Na*-Pi cotransporter (Npr2) cDNA and antibodies raised to
synthetic Npt2 -COOH terminal peptide, were used to examine the effect of the Hyp
mutation on renal expression of Na+-Pi cotransporter mRNA and protein. The study
demonstrated that Hyp mice have a reduction in the abundance of Npt2 mRNA and
protein compared to the levels observed in normal mice (Tenenhouse et al., 1994),
suggesting that Npr2 may be the mutated gene responsible for XLH. Recent studies
have concluded that the reduction in renal Na*-Pi cotransport activity in Gy mice is
also associated with a proportional decrease in Npt2 mRNA and protein (Beck et al.,
1996: Tenenhouse and Beck, 1996). In order to determine if either the NPT2 or NPT1
gene was a candidate for XLLH, I established the chromosomal location of these genes
by fluorescent in situ hybridization (Kos et al., 1994; Kos et al., 1996) (See Chapter 2,
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Chromosomal Localization). By mapping the NPT1 and NPT2 genes to autosomes, I
excluded them as candidates for XILH.

PEX

Soon afterwards, the HYP Consortium identified by positional cloning the mutant gene
responsible for XLH at Xp22.1 (The Hyp Consortium, 1995). The gene exhibits
homology to a family of endopeptidase genes (Turner and Tanzawa, 1997), including
neutral endopeptidase (NEP) (Shipp et al., 1991), Kell blood group antigen (Lee et al.,
1991) and endothelin converting enzyme (ECE) (Shipp et al., 1991; Xu et al., 1994)
and was thus designated PEX (phosphate regulating gene with homology to
endopeptidases, on the X-chromosome) (The Hyp Consortium, 1995). (Please note
that the symbol PEX is also used as nomenclature for multiple peroxisomal proteins
(peroxins) e.g., PEXS).

Mammalian endopeptidases are cell-surface proteins believed to be involved in the
postsecretory activation or inactivation of a variety of peptide hormones. NEP is
widely distributed on mammalian cells and terminates the actions of a variety of
peptides, including some involved in cardiovascular regulation, inflammatory response
and synaptic neuropeptide metabolism, by cleaving peptide bonds on the amino side of
hydrophilic amino acid residues (Turner and Tanzawa, 1997). ECE converts the
inactive, 38-residue, big endothelin-1 peptide into endothelin, a 21-residue vasoactive
peptide by cleavage at specific amino acid residues (Xu et al., 1994).

Various types of PEX mutations including deletions, frameshift and point mutations
were detected in XLH patients. These mutations likely result in a loss of normal PEX
function and not activation of an aberrant function (Dixon et al., 1996; Holm et al.,
1996; Mokrycki et al., 1996; Rowe et al., 1997) . Mutations in the murine homologue
of human PEX have been detected in both the Hyp and Gy mouse (Beck et al., 1997;
Strom et al., 1997).

Surprisingly, Northern blot, RNAse protection and RT-PCR analysis of murine and
human tissues were unable to demonstrate Pex expression in normal kidneys (Beck et
al., 1997; Du et al., 1996) Of seven tissues examined by Northern blot, only bone
showed detectable Pex expression (Du et al., 1996). Therefore the defect in bone
mineralization seen in XLH patients is likely a consequence of a primary defect in the
PEX gene, expressed in bone, and not low plasma Pi levels to which it was originally
attributed.

13
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It is postulated that the PEX enzyme processes one or more hormones that are part of a
cascade of proteins involved in regulating renal Na+-Pi cotransporter gene expression,
such as the putative phosphate regulating hormone phosphatonin. This is consistent
with studies demonstrating that a humoral factor underlies the inhibition of renal Pi
transport in Hyp mice. Parabiosis experiments showed that normal mice surgically
joined to Hyp mice developed hypophosphatemia, decreased renal Pi reabsorption and
decreased Na+-Pi cotransport activity at the BBM (Meyer et al., 1989). Transplantation
studies in which kidneys from normal mice were transplanted into Hyp mice
demonstrated a persistence of hypophosphatemia and decreased Pi reabsorption
(Nesbitt et al., 1992). The results of these experiments suggest that the renal Na*-Pi
cotransport defect is not intrinsic to the kidney, but dependent on an extrarenal
phosphaturic factor.

This concept of an extrarenal factor being responsible for the renal Na+-Pi cotransport
defect conflicts with the results of earlier experiments (Bell et al., 1988) which showed
that primary renal epithelial cell cultures from Hyp mice display reduced Pi uptake and
abnormal vitamin D metabolism after several days in culture. Based on what is known
regarding the regulation of Na*-Pi cotransporter activity by PTH and dietary Pi
restriction, an explanation for the earlier observation may be that insufficient time had
passed to allow the primary cell cultures to synthesize new Na+-Pi cotransporter
proteins or that Na+-Pi cotransporter proteins were not being properly shuttled to the
BBM. Nevertheless, the defect in Pi uptake observed in Hyp culture was not as
profound as it is in Hyp mice.

Hereditary hypophosphatemic rickets with hypercalciuria (HHRH)

HHRH shares many characteristics with XLH, including growth retardation, femoral
and tibial bowing, impaired bone mineralization, radiologic and histomorphometric
evidence of rickets and osteomalacia, hypophosphatemia and decreased renal phosphate
reabsorption (Gazit et al., 1991; Tieder et al., 1985; Tieder et al., 1987) (Table 3).
HHRH is distinguished from XLH by the following biochemical differences. HHRH
patients respond appropriately to hypophosphatemia and show an increase in serum
1,25(0OH);D levels. The increased serum [,25(OH);D levels cause an increase in
intestinal absorption of Pi and Ca2+ in HHRH patients. The excess Ca2+ absorption is
compensated for by increasing urinary Ca2+ excretion (hypercalciuria). This suggests
that the regulation of vitamin D metabolism is intact in HHRH patients, but altered in
XLH patients (Tieder et al., 1985; Tieder et al., 1987). HHRH patients also differ
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from XLH patients in their response to treatment. Complete remission of the HHRH
phenotype is seen after therapy with phosphate alone (Tieder et al., 1992), whereas
treatment with both phosphate and vitamin D is necessary to ameliorate the symptoms
of XLH (Rasmussen and Tenenhouse, 1995).

Subsequent examination of the Bedouin kindred where HHRH was first described
revealed that many presumed normal individuals display idiopathic hypercalciuria (TH).
IH is defined as hypercalciuria without an identifiable systemic cause and is common in
the general population. It can occur in a variety of forms and is believed to have a
genetic component (Scheinman, 1998). In the Bedouin HHRH kindred, IH is thought
to be due to increased intestinal Ca2+ absorption, secondary to mild hypophosphatemia
and stimulation of 1,25(OH),D production, and to represent the mild, heterozygotic
form of HHRH.

Overview of gene mapping

The goal of mapping is to find the relative locations of genes, markers, or disease loci
on a given chromosome (Hudson et al., 1995; Schuler et al., 1996). In general, there
are two types of gene maps. Physical or syntenic maps assign the location of a gene to
a specific chromosome or chromosome segment by assaying for the presence of genes
or their products (O'Brien et al., 1988). Genetic maps, also known as meiotic or
linkage maps, assign genes relative to other loci. These maps are based on measuring
the number of times two or more markers recombine during gamete formation or the
number of times they are inherited together (O'Brien et al., 1988). Both types of maps
provide information on the chromosome location, order and distance between markers.

Physical maps

There are many techniques for creating physical maps such as, cloning and sequencing
(Smith and Cantor, 1986), somatic cell hybrid mapping, radiation hybrid mapping
(Cox et al., 1990; Hudson et al.,, 1995) and cytogenetic mapping. All physical
mapping techniques require either an enzyme activity, antibody, probe or polymerase
chain reaction (PCR) product to assay the location of the marker. The latter three
physical mapping techniques, somatic cell hybrid (Kos et al., 1994; McPherson et al.,
1997), radiation hybrid (McPherson et al., 1997) , and cytogenetic mapping (Kos et
al., 1994; Kos et al., 1996; McPherson et al., 1997),were used to localize the NPT1
and NPT?2 genes in Chapter 2.
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Somatic Cell Hybrid Mapping

The resolution of somatic cell hybrid (SCH) mapping is usually limited to the level of a
chromosome. Human and rodent cells are cultured together and treated with agents that
induce membrane fusion (D'Eustachio and Ruddle, 1983). These hybrid cells retain
the entire complement of rodent chromosomes but lose human chromosomes in
different combinations. Mapping data is collected by monitoring the loss or presence of
a marker (D'Eustachio and Ruddle, 1983). Concordant association of 2 human
markers in a hybrid cell line is interpreted as evidence for synteny (O'Brien et al.,
1988).

Radiation Hybrid Mapping

Radiation hybrid (RH) mapping is a regional somatic cell hybrid technique with a
resolution of ~500kb (Cox et al., 1990). Instead of using normal human cells, cells are
subjected to a lethal dose of x-rays, which breaks the chromosomes into fragments.
before fusion with rodent cells (Goss and Harris, 1975). Hybrid cells randomly retain
one or more fragments of human chromosomes. Increasing the dose of radiation will
lead to more breakage and decrease the size of the retained fragments, thereby
increasing the mapping resolution that can be achieved with RH cell lines. The unit of
measurement in RH mapping is the centiRay (cR). A distance of 1cR corresponds to
1% frequency of breakage between two markers after a given exposure to X-rays. The
further apart markers are on a chromosome, the more likely they are to be separated by
a break and be found on different fragments. RH cell lines are scored like SCH cell
lines for the presence of markers and the data are analyzed statistically to yield
information about the relative order and distance of the markers.

Cytogenetic Mapping

Cytogenetic banding techniques are often used to characterize the rescued chromosomal
material in somatic cell and radiation hybrid cell lines. As a result, the accuracy of these
hybrid cell mapping techniques is dependent on the quality of the cytogenetic
characterization of the cells. The field of cytogenetics has also made many direct
contributions of the construction of physical maps. One of the greatest advances in
cytogenetics has been the development of fluorescent in situ hybridization (FISH)
(Lichter et al., 1991; Lichter and Ward, 1990; Trask, 1991).
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FISH represents the most direct approach for determining the location, order and
orientation of genomic clones. The wide range of resolution and the applicability of the
FISH technique to several areas of genome research is currently not possible with any
other mapping technique (Heiskanen et al., 1996). Probes of various types and sizes
(genomic DNA , cDNA or RNA, PCR products, plasmids, cosmids etc.) are labeled
with biotin or deoxygenein (DIG), hybridized to template DNA, and visualized directly
with a microscope after incubation with fluorochrome conjugated antibodies to biotin or
DIG.

The resolution obtained by FISH depends on the method used to prepare the template
genomic DNA. The less condensed the DNA template, the higher the resolution.
Metaphase chromosomes provide the lowest resolution of the DNA templates: in order
for two loci to be distinguished they must be separated by greater than 1 megabase
(Mb). Therefore, metaphase chromosomes are not generally used as a template for
ordering probes. However, metaphase chromosomes are the best templates for
determining chromosome assignment and detecting homologous regions. During
metaphase, chromosomes condense and display distinct, reproducible banding patterns,
when stained with fluorochromes or dyes. These bands are due to differences in gene
density, replication time, base composition, repeat number and chromatin structure and
are unique to each chromosome and species (Hsu, 1979). Chromosome nomenclature
defines obvious morphological features, such as the ends of chromosome arms, the
centromere, the bands and the subbands. The bands are numbered consecutively from
the centromere outward along each chromosome arm. Consequently, when using
metaphase chromosomes as a template for FISH, cytogenetists are able to identify the
telomere/centromere orientation and to localize a probe to a specific chromosome band.

Other DNA templates for FISH include mechanically stretched chromosomes,
interphase nuclei and DNA fibers. These templates provide higher resolution than that
seen when metaphase chromosomes are used as a template, but lack some other
qualities that enable chromosome orientation and identification. For instance, the
stretching of metaphase chromosomes by centrifugation before fixation increases their
length by 5-20 times, allowing for the resolution of probes separated by 200kb. While
the telomere/centromere orientation remains discernible, the procedure distorts the
morphology and banding of the chromosome necessary for its identification (Laan et
al., 1995). The chromosomal mapping of the NPT1 and NPT2 genes in Chapter 2 was
accomplished by FISH of labeled NPT1 and NPT2 cDNA probes to metaphase
chromosomes (Kos et al., 1994; Kos et al., 1996; McPherson et al., 1997).
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Genetic map

The creation of a genetic map was first described in 1913 by Sturtevant who determined
the order of 6 sex-linked markers in Drosophilia (Sturtevant, 1913). He observed that
during meiosis certain segments of chromosomes recombine while others remain intact,
and that the frequency of recombination between any two markers serves as an index of
the distance between them (Sturtevant, 1913). According to Mendel's law of
independent assortment, markers that are not allelic assort independently of one
another. However, it is only when markers are on different chromosomes or far apart
on the same chromosome that the law of independent assortment holds true. Markers
on the same chromosome only assort independently when they are separated by a
crossover event. A crossover is the breakage and exchange of genetic material between
the strands of homologous chromosomes. If the probability of breakage is equal along
the length of a chromosome, then markers separated by a large distance will have more
places for breaks to occur and a greater frequency of crossover events than markers
situated very close to one another (Ott, 1991).

Crossovers are recognized by looking at the haplotypes passed from parents to
children. Markers situated very close together on the same chromosome will not
recombine and assort independently, but will be transmitted together to the gamete. By
counting how often markers have recombined or conversely, how often they have been
transmitted together, one can deduce the order and distance between markers for
mapping purposes. Independently inherited markers are expected to produce equal
numbers of recombinant and nonrecombinant haplotypes. Thus, when markers are
found together more than 50 percent of the time they are said to be linked (Ott, 1991).
The term syntenic means "on the same thread” and refers to genes located on the same
chromosome whether or not they are physically close enough together that the
recombination frequency suggests linkage.

Recombinant individuals arise due to crossovers. However, not all crossovers result in
an identifiable recombinant. A parent must be doubly heterozygous for the haplotypes
produced to be distinguished. The pedigree in Figure 2 is an example of a case where
recombinant and nonrecombinant haplotypes produced by a parent cannot be
distinguished. The father's haplotype is AB/ab. The mother has the haplotype
A*b/ab. The haplotypes of the children are Ab/ab and A*b/ab. One child is scored as
a recombinant Ab/ab, having received from the father alleles that were present on
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Ala A+ |a

Blb blb
xAla Ae|a
bib blb
R NR

Figure 2. Family with genotypes at two loci showing one recombinant (R) and one
nonrecombinant (NR) offspring. Recombination is determined based on the paternal
haplotypes only. The maternal hapiotype is noninformative for linkage. An x marks the

site of crossing over.
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different chromosomes (A/b). The second child is scored as a non-recombinant
A*b/ab, because the alleles are the same as found in the parents. It is clear that the
father's chromosome did not undergo recombination. Because the mother is
homozygous for b alleles, it is not possible to tell whether or not a crossover occurred
between a and b. In this example, the maternal haplotype is uninformative for linkage
analysis. A mating is potentially informative when at least one of the parents is a
double heterozygote, but ideally one wants both parents to be doubly heterozygous.

To obtain informative data one must be able to trace a crossover event. To increase the
chances of getting informative data, it is best to use genetic markers that are highly
polymorphic among the population. A marker is considered polymorphic if it has two
or more alleles, and the rarest allele has a frequency greater than 0.01 in the population.
The degree of informativeness or polymorphism of a genetic marker depends on the
number of alleles at the marker locus and their relative frequencies in the population. In
general, highly polymorphic markers have many alleles that are of equal frequency.
The two units used to measure the degree of marker polymorphism are the polymorphic
information content (PIC) (Botstein et al., 1980) and heterozygosity (Shugart, 1995)
values.

With the exception of genes localized to the X-chromosome, which are relatively easy
to identify by their pedigree pattern, few genes were genetically mapped in humans
before the 1980s. One reason for this is that unlike experimental organisms, such as
Drosophilia and mice, where breeding times are short and offspring numbers large,
human matings can not be arranged to suit experimental purposes. A second reason is
that before the 1980s few genetic markers had been found in humans which were
polymorphic enough to allow existing mating in natural populations to be informative
for linkage analysis (Lander, 1988).

Up until the 1980s, human genetic markers consisted mainly of protein isoforms,
chromosome variants, blood groups, or phenotypes which had low polymorphic
values. For instance, the most common allele for three erythrocyte markers, Lutheran,
Kell, and adenylate kinase, was found at a frequency of greater than 0.95 in European
individuals (Renwick, 1969). Consequently, the construction of human genetic maps
lagged behind the maps of other organisms. The advent of recombinant DNA
technology provided the means to detect new types of markers and brought about rapid
advances in human genetic mapping. The first novel polymorphic DNA markers to be
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described were the restriction fragment length polymorphisms (RFLPs)(Botstein et al.,
1980). These markers arise by point mutations in DNA sequence which remove or
create restriction enzyme cut sites, or by insertion, duplication or deletions in DNA
which change the size of a restriction fragment. Although usually only biallelic, the
frequency of each of the two RFLP alleles is close to 0.50. RFLPs are found
throughout the genome at approximately every one thousand base pairs (Botstein et al.,
1980). This means they are common enough to be used for the construction of a true
linkage map of the human genome (Botstein et al., 1980; Lander, 1988).

Other markers were soon discovered that were comprised of repeated DNA sequences
which vary in length among individuals; variable number of tandem repeats (VNTRs)
(Nakamura et al., 1987) or minisatellites (Jeffereys et al., 1985) and short tandem
repeats (STRs) also known as simple sequence repeats or microsatellites (Weber and
May, 1989). Although VNTRs have higher polymorphic values than RFLPs, they
cluster in the telomeric region of chromosomes decreasing their usefulness for making
genetic maps (Royle et al., 1988). However, STRs have very high polymorphic values
(http://gdbwww.gdb.org) and are scattered throughout the genome at about every S0-
100Kb (30-60Kb) (Stallings et al., 1991). The STRs can be strings of dinucleotide,
(for example strings of repeated cytosine and adenine nucleotides), trinucleotide
(Gastier et al., 1995), or tetranucleotide repeats. These markers are easily typed by
PCR using primers specific for the regions flanking the repeated sequence. Most
recently, single nucleotide polymorphisms (SNPs) that can be typed using high-
throughput DNA chip technology have been identified (Wang et at., 1998). The
markers used for the genetic mapping in my thesis research were STRs.

Conversion and integration of the maps

All of the mapping techniques provide information about marker order and the relative
distances between markers, but the actual physical distance between markers is often
very different (Ott, 1991). The unit of measurement for genetic maps is a centiMorgan
(cM). By definition, 1cM is the distance within which recombination occurs 1% of the
time. Assuming that the total human genetic map is 3,600cM and there are 3.1x10° bp
in the haploid genome (Dib et al., 1998), a genetic distance of 1cM corresponds to
approximately 1,000kb or | megabase (Mb). Although recombination is assumed to
occur at a constant rate randomly throughout the genome, in reality there are
recombination hot spots and areas of repressed recombination. There are also
differences in the rate of recombination between the sexes. Consequently, 1cM may
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Chapter I  General Introduction
correspond to a IMb separation of two markers, to a 10Mb separation in an area of
repressed recombination or to a 0.1Mb separation in an area of increased
recombination. The RH mapping unit, cR, (see above) is analogous to the cM in that it
corresponds to a 1% frequency of breakage between two markers, but is dependent on
the dosage of X-rays administered. As part of the international project to sequence the
human genome, efforts are being made to combine markers previously localized and

ordered using the different mapping techniques into an integrated map (Hudson et al.,
1995).

Methods of detecting linkage

In addition to a genetic map of localized markers, linkage analysis requires a statistical
method to determine the probability that two markers are linked. One of the best
known methods is the LOD score method (Ott, 1991). To perform linkage analysis
marker parameters such as the allele frequencies in the population need to be specified.
When one of the markers is a disease locus, additional parameters such as mode of
inheritance, disease frequency, phenocopy frequency and penetrance values need to be
specified. For single gene disorders, the genetic model, the disease frequency,
phenocopy frequency and penetrance values are usually available. To perform linkage
studies, investigators first collect DNA samples from families while carefully and
accurately documenting the pedigree structure and each individual's affection status.
Then the DNA samples are genotyped for polymorphic markers. Finally, statistical
assessment of linkage is performed. Once a chromosomal location is determined,
additional markers in the region are genotyped to identify markers that flank the disease
gene more closely.

LOD score method

The LOD score method is used to determine the odds in favor of two loci being linked
versus being unlinked (Ott, 1994). The base 10 logarithm of this ratio is the LOD score
(Z (8) ), which stands for "logarithm of the odds favoring linkage”. The logarithm of
the likelihood ratio is taken so that the scores from different meioses can be added.
LOD scores > 3.0 indicate significant evidence (1000:1 odds in favor) of linkage while
scores < -2.0 lead to the conclusion of non-linkage. It is usually necessary to combine
LOD scores from different families to achieve a LOD score above 3.0.
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The formula for calculating a LOD score is:

Z (8) =logjo L®©)

L(0.50)
In words:
Z (8) = log__ (probability of the data if loci are linked with a recombination fraction of 8<0.50)
10

{probability of the data if loci are unlinked 8= 0.50)

The recombination fraction, @, is related to the genetic distance between the disease
gene and marker locus. The larger the value of 8 the more likely that a gametic
haplotype is a recombinant. 6 can range from zero for markers showing complete
linkage with no recombination, to 0.50 for unlinked loci. The numerator of this
equation is based on the numbers of recombinant and nonrecombinant progeny
observed in the family. The denominator of this equation is the probability that the data
were observed assuming independent segregation of loci.

Many factors complicate the search for disease genes using the LOD score approach.
These include uncertainties about the genetic model, locus heterogeneity, and
misdiagnosis of phenotype. Complex disorders, such as insulin-dependent diabetes or
Alzheimer's disease, are defined as such because the disease trait does not follow a
simple dominant or recessive inheritance pattern. These diseases are thought to be
caused by several genes acting together to increase the risk of disease expression. A
lack of knowledge about the genetic model, the ways in which the genes interact, and
the effects of environmental variables can decrease the power of the LOD score method
to such an extent that it is impossible to detect linkage in complex disorders. Therefore,
investigators have come up with other model-independent, non-parametric approaches
to assess where disease loci map (Econs and Speer, 1996).

Non-parametric methods to map disease genes often rely on allele sharing or identity by
descent (IBD) measurements between affected pedigree members to determine where a
disease locus may lie. When two people possess alleles of the same type which were
not inherited from a common ancestor, the alleles are said to be identical by state (IBS)
(Figure 3). If two individuals possess alleles of the same type which were inherited
from a common ancestor they are considered to be identical by descent (IBD) (Figure 3)
(Schork and Chakravarti, 1996). When performing IBD mapping, one assumes that a
common ancestor brought an allele which predisposes for either a simple or complex
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a) b)
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13 214 113 1]4
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Figure 3. Examples of situations in which IBD and IBS information can and can not
be determined. The numbers represent alleles (genotypes) at a single locus. For
situation a), the two offspring share no alleles IBS or IBD. For situation b), the two
offspring share a single ailele (1)both IBS and IBD. For situation c), the two offspring
share both alleles IBS and IBD. For situation d), the two offspring share both alleles
IBS, but only a single allele (3) is unambiguously shared IBD (modified from Schork
and Chakravarti, 1996).
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disease into the family or population. No assumptions need to be made regarding the
mode of inheritance or frequency of the disease allele. Over time, recombination and
random segregation reduce the amount of allele sharing amorg the affected members,
except in the region containing the shared disease allele. Therefore, linkage of a disease
to a locus is detected by virtue of the fact that affected relatives will have inherited the
same alleles on one or both chromosomes more often than expected under random
segregation. After combining the number of shared alleles (O, 1 or 2) between affected
relatives, a test is applied to determine if the observed results are significantly different
from the expected results.

A subset of IBD mapping is homozygosity by descent mapping (homozygosity
mapping) (Lander and Botstein, 1987). When performing homozygosity mapping one
assumes that an ancestor, common to all the affected individuals, brought an allele
which predisposes for a rare, recessive disease into the family or population (Figure 4).
A consanguineous mating increases the chance that the offspring will inherit two copies
of a disease allele identical and homozygous by descent. Linkage of a rare, recessive
disorder to a locus is detected by locating overlapping regions of homozygosity in
affected individuals from inbred pedigrees. Inbred affected individuals from unrelated
pedigrees will be homozygous at the same markers more often than expected under
random segregation, while closely related inbred affected individuals will be
homozygous for the same allele at the same markers more often than expected under
random segregation (Figure 4b). The homozygosity mapping approach does not work
well if more than one disease allele is segregating in the family, because of the presence
of affected individuals that are compound heterozygotes and not homozygotes at the
disease locus (Figure 5). Both IBD and homozygosity mapping approaches were used
to analyze the genotype data for the large Bedouin HHRH kindred in an effort to map a
HHRH disease gene.

The role of the NPT1 and NPT2 genes in inherited hypophosphatemias
and the aims of my thesis.

The efforts of many scientists over the past 20 years have highlighted the importance of
renal Pi reabsorption, and more specifically Na*-Pi cotransport, in maintaining
sufficient serum Pi levels to achieve proper bone development. My thesis centered on
ascertaining whether the NPT1 and NPT2 genes are candidates for inherited disorders
of Pi homeostasis. The laboratory obtained five renal Na*-Pi cotransporter cDNA
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Figure 4. Homozygosity mapping. The small circles represent linked marker loci.
The colors and shading refer to the alleles at each locus. The arrows point to the
founding mutant allele at the third gene in the eight marker haplotype of the great
grandfather. Part a) depicts a recessively inherited trait segregating in an inbred family.
Portions of the great grandfather's chromosome, including the mutant allele and flanking
portions of the great grandfather's haplotype, are passed on to each of his children and
grandchildren. The union of two first cousins resulted in an affected male offspring who
is homozygous by descent for the same mutant allele. Part b) depicts two other inbred
families with mutations at the same gene. Although the alleles are different in these

families, the markers that show homozygosity are the same.
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Figure §.  Allelic heterogeneity in an inbred family. This picture depicts a
recessively inherited trait segregating in an inbred pedigree. Disease alleles of
independent origin have entered the pedigree on three different haplotypes (A, B, C).
There are four affected individuals. Affected individual 1 is a compound heterozygote of
haplotypes A and B. Affected individual 2 is a compound heterozygote of haplotypes C
and A. Affected individual 3 is homozygous for haplotype A and affected individual 4 is
homozygous for haplotype B.
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clones: rabbit (Werner et al., 1991) and human (Chong et al., 1993) NPT1 and rabbit
(Verri et al., 1995), rat and human (Magagnin et al., 1993), NPT2 (Table 1). My first
goal focused on the physical chromosomal mapping of the NPT1 and NPT2 genes in
human and rabbit to determine if they were potential candidates for X-linked or
autosomally inherited hypophosphatemias. My second goal was to sequence the
promoter and characterize the structure of the NPT2 gene so that primers could be
designed to amplify NPT2 exons from patient's DNA. This was necessary since NPT2
expression is kidney-specific and it was not feasible to obtain kidney biopsies from
patients for RT/PCR of cellular RNA. Finally, I used genetic mapping methods to
determine whether there was evidence for linkage of HHRH to either the NPT1 or
NPT2 genes.

The following three chapters contain the results of the laboratory experiments and data
analysis conducted while registered as a graduate student in the Department of Biology
at McGill University. My research work was conducted in three McGill teaching
hospitals: the Montreal Children's Hospital, the Jewish General Hospital and the
Montreal General Hospital (MGH), as well as in the Department of Pathology at the
University of Montreal and at the Center for Genome Research at the Whitehead
Institute for Biomedical Research of Massachusetts Institute of Technology (WICGR).
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Chapter 2. Chromosomal localization of the NPT1 and NPT2
genes

This chapter includes three published manuscripts that focus on the physical mapping
of the NPT1 and NPT2 genes. The FISH technique was used in each of the

manuscripts presented.
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""Localization of a renal sodium-phosphate cotransporter gene to human
chromosome 5q35'", Genomics volume 19: 176-177 1997.

Experiments in mice showed that renal Npt2 gene expression was decreased in Hyp
mice relative to normal littermates, suggesting that the NPT2 gene could be the mutant
gene responsible for X-linked hypophosphatemia in mice and human. The purpose of
this study was to localize the human NPT2 gene in order to determine whether it was a
candidate gene for X-linked hypophosphatemia.
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Localization of a Renal Sodium-
Phosphate Cotransporter Gene to
Human Chromosome 5q35
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Several Mendelian disorders of renal phosphate reabsorp-
tion. associated with hypophosphatemia and bone disease,
have been described (6). These include X-linked hypophos-
phatemia (XLH), hereditary hvpophosphatemic rickets with
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Chromosomal localizationof the NPTI and NPT2 genes

hypercalciuria. hypophosphatemic bone disease. and autoso-
mal dominant and autosomal recessive hvpophosphatemic
rickets. The underlying mechanisms for renal phosphate wast-
ing in these disorders remain unknown. The proximal tubule is
the major site of renal phosphate reabsorption (1). Thus, mu-
tations in genes that participate in the transepithelial trans-
port of phosphate in this segment of the nephron may be re-
sponsible for these disorders. Recently, a cDNA encoding a
renal proximal tubular, brush-border membrane Na“-phos-
phate cotransporter (NaP,-3) was cloned from human kidneyv
cortex (5). As a tirst step in establishing whether mutations in
the NapP,-3 gene are the cause of inherited disorders in phos-
phate homeostasis. we sought to determine its chromosomal
localization.

To establish whether NaP,-3 was a candidate gene tor XLH.
the most prevalent of the Mendelian hvpophosphatemias (9).
we performed Southern analyses of digests of genomic DNA
from XY, XX. and XXX human fibrobiast cell lines. using a
P.labeled NaP,-3 cDNA probe. A gene dose etfect was not
observed, therebyv providing evidence for autosomal localiza-
tion of the NaP,-3 gene.

To determine on which autosome the NaP,-3 gene lies, we
amplified DNA from the NIGMS Human/Rodent Cell Hybrid
Mapping Panel No. 2 (3), using human-specific PCR primers
that were based on the NaP,;-3 sequence (5) (sense. **P-labeled
GGAGGTGAGCTCTGCCATC: antisense, CAGTTAAAG-
CAGTCATGCACC). The PCR products were electrophoresed

FIG. 1. Fluorescence in situ hvbridization of a 2.7-kb biotinviated Na/,-3 cDNA probe to human metaphase and prometaphase chromo-
somes localizes the renal Na*® -1, cotransparter gene to chromosome Sgi5.

GENOMICS 19, 176-177 (1994)

Q8RR -TH43/94 $6.00

Copvnizht « 1994 hy Academic Press. Inc.

All rights of reproduction in any form reserved.
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on a standard polyacrylamide sequencing gel and visualized by
autoradiography. Human genomic DNA gave a band at 269
bases. indicating that the primers flanked an intron of 122
bases. Amplification occurred with only one cell line in the
panel. This cell line, No. 10114. contains human chromosome
5. The primers did not amplifv DNA in either the murine or
hamster controls.

To determine the precise localization of the NaP,-3 gene on
human chromosome 5. we performed high-resolution fluores-
cence in situ hybridization using a method for mapping genes
directly on banded chromosomes (4). Metaphase and prometa-
phase chromosomes were obtained from cultures of normal
human peripheral blood lymphocytes that were synchronized
with thymidine and treated with 3-bromodeoxvuridine (4).
Before use, chromosome spreads were treated with RINase and
denatured for 2 min in 70% formamide/2x SSC at 70°C. A
2.7-kb NaP,-3 cDNA in pSPORT (5) was CsCI purified, biotin
iabeled by nick-transiation (Bionick, BRL), and denatured at
95°C for 10 min. After overnight hybridization at 37°C (2), the
slides were washed and incubated with immunofiuorescent re-
agents to produce a signal at the site of hybridization (4). Di-
rect banding of hybridized chromosomes was achieved by
counterstaining with propidium iodide. The slides were viewed
using a Leitz Aristoplan epifluorescent microscope with a
filter combination appropriate for fluorescent labeling. Local-
ization of the NaP;-3 gene was established by analysis of 67
randomly selected metaphase and prometaphase spreads.
Fifty percent exhibited a signal on both chromatids, and 85%
exhibited at least one signal, on band q35 of chromosome 5
(Fig. 1).

The present results rule out the NaP;,-3 gene as a candidate
gene in XLH (9). These findings are consistent with the dem-
onstration that in the murine X-linked Hyp homologue of the
human disease, the renal defect in brush-border membrane
Na*-phosphate cotransport is not intrinsic to the kidney but
rather depends on a circulating humoral factor for its expres-
sion (7, 8). Further work is necessary to establish whether mu-
tations in the NaP;-3 gene are responsible for autosomally in-
herited disorders of phosphate homeostasis with impaired
renal phosphate reabsorption (6).
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"High resolution mapping of the renal sodium-phosphate cotransporter
gene (NPT2) confirms its localization to human chromosome 5q35",
Pediatric Research volume 41: 632-634 1997.

Subsequent to our localization of the NPT2 gene to 5935, another group published that
the NPT2 gene localized to 5q13 (Ghishan et al., 1994). This is a significant
discrepancy since efforts to map autosomal hypophosphatemias by linkage analysis
require the selection of polymorphic markers that map close to the candidate gene of
interest. This study was undertaken to confirm the localization of the NPT2 gene to
5q35 and to identify polymorphic markers flanking the NPT2 gene.
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High Resolution Mapping of the Renal
Sodium-Phosphate Cotransporter Gene (NPT2)
Confirms Its Localization to Human
Chromosome 5q35
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The precise chromosomal localization of the type Il renal-
specific Na™-phosphate (P,) cotransporter (NPT2) gene (gene
symbol SLC17A2) is necessary for the identification of closely
linked polymorphic markers to determine whether NPT2 is a
candidate gene for inherited disorders of renal P, reabsorption.
Recent studies by two different groups localized NPT2 to human
chromosome 5q35 and 5ql3, respectively. To resoive this dis-
crepancy, we used three independent methods. The results using
a human chromosome S/rodent somatic cell hybnd deletion
panel. fluorescence in siru hybridization with a PAC clone
containing the NPT2 locus. and analysis of a chromosome
S-specific radiation hybrid panel were all consistent with the

1514

5q35 assignment of the NPT2 gene. The radiation hybrid results
placed NPT2 between polymorphic microsatellite markers
D55498 and D5S469. These findings will allow the initiation of
linkage analysis to determine if NPT2 has a causative role in
Mendelian disorders of renal P, wasting. (Pediatr Res 41: 632~

634, 1997)

Abbreviations
NPT2, type II renal sodium-phosphate cotransporter
P,, inorganic phosphate
PCR, polymerase chain reaction
FISH, fluorescence in situ hybridization

The mammalian kidney is an important arbiter of extracel-
lular phosphate (P;) homeostasis. Renal reabsorption of filtered
P, occurs predominantly in the proximal tubule where concen-
trative Na™-gradient dependent P; transpornt across the brush-
border membrane is the rate limiting step in the overall P;
reabsorptive process and the major site for its regulation (1. 2).
Recently, homologous cDNAs encoding high affinity, renai-
specific, brush-border membrane Na“-P; cotransporters (NPT2
type. Genome Data Base symbol SLC17A2) were cloned from
several mammalian species (3-6), thereby providing useful
probes to study the regulation of renal NPT2 gene expression
and determine whether NPT2 is a candidate gene for Mende-
lian disorders of renal P; reabsorption (7, 8).

We demonsuated that renal NPT2 gene expression is sig-
nificantly reduced in X-linked Hxp mice, a murine homologue
of human X-linked hypophosphatemia (9). We also showed
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that the NPT2 gene maps to human chromosome 5q35 (10) and
mouse chromosome 13B (X. Zhang, H. S. Tenenhouse, A. S.
Hewson, H. Murer. and P. Eydoux, manuscript submitted for
publication) by FISH, using the corresponding NPT2 cDNAs
as probes. These findings indicate that mutations in NPT2 are
not responsible for the homologous human and murine X-
linked hypophosphatemias and suggest that the gene at the
X-linked hypophosphatemia (Hyp) locus is involved in the
regulation of renal NPT2 gene expression. A candidate gene
for X-linked hypophosphatemia has recently been identified
.

To determine whether NPT2 is a candidate gene for auto-
somal disorders of renal P, wasting (7. 8), polymorphic mark-
ers mapping close to the NPT2 gene on chromosome 5q35 (10)
are required for linkage analysis. However, the application of
this approach has been complicated by a second report which
localized the NPT2 gene to human chromosome 5q13 (12).
The present study was undertaken to resolve this discrepancy.
We used NPT2-specific primers to PCR amplify genomic DNA
from a pane! of human-hamster somatic cell hybrids which
either contain or lack DNA in regions ql13 and Q35 of chro-
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mosome 5 (13, 14) and a panei of chromosome 5 radiation
hybrids (J. D. McPherson. unpublished data). In addition, we
identified polymorphic microsateilite markers that flank the
NPT2 locus on human chromosome 5 using the radiation
hybrid panel and confirmed the localization of the NPT2 gene
to chromosome 5g35 by FISH using an NPT2 genomic clone
as probe.

METHODS

Deletion panel mapping. NPT2-specific oligonucleotide
primers (forward 1405: 5'-CCGCTCACACTGGGTTCCAA-
3% reverse 1667: 5'-AGTGAGGGCAGCAGCAGGAA-3)
were used to amplify DNA isolated from somatic cell hyvbrids
obtained from a chromosome 5 deletion panet (13. 14). The
NPT2 primers are numbered according to their position in the
NPT2 cDNA ([NaP.-3 in (3)]. The PCR amplification condi-
:ons were 1.5 mM MgCl,. 0.4 uM ot each primer, 200 uM of
cach ANTP and | unit of Tag polymerase (Boehringer Mann-
heim) with the supplied buffer. The PCR cycling paramerters
were 94°C. 3 min (94°C, 30 s/64°C. 5 s/72°C, 30 s) X 33:
72°C. 7 min with an MJ Research PTC200 Thermocycler. PCR
preducts and DNA Molecular Weight Marker VI (Boehringer
Mannheim. [ndianapolis, IN) were separated on 6% acrylamide
gels.

Radiation hybrid mapping. NPT2-specific oligonucleotide
arimers (forward 618: 5'-GGAGGTGAGCTCTGCCATC-3":
.zverse 764: 5'-CAGTTAAAGCAGTCATGCACC-3") were
used to amplify DNA isolated from 180 chromosome 3-spe-
cific radiation hybrids (J. D. McPherson. unpublished data).
PCR conditions were essentially the same as above with the
following cycling parameters: 94°C. | min (94°C. 30 s/60°C,
30 s/72°C. 30 s) X 35: 72°C. 10 min. PCR products and DNA
Molecular Weight Markers (Boehringer Mannheim) were sep-
arated on 3% agm:ose gels and the hybrids scored for the
~resence or absence of the NPT2 locus. The position of NPT2

.iative to previously ordered chromosome 5 markers was
determined using the rh2pt and RHMAXLIK programs with
the SAVMAX value of the latter set to 8 (15).

FISH. A human PAC clone (203K6) containing the NPT2
locus was isolated from an arrayed library (generously pro-
vided by Pieter de Jong) using the NPT2-specific primers
(forward 618 and reverse 764) described above. DNA from the
PAC 203K6 clone was direct labeled with fluorescein-dUTP
(Prime-It Fluor. Stratagene. La Jolla. CA) as recommended by

.¢ supplier and hybridized to human metaphase chromo-
somes. and images were collected as previously described (16).
. Over 30 metaphase spreads were examined.

RESULTS

Figure | depicts the results of PCR ampilification of DNA
isolated from a human chromosome 5 natural deietion panel.
selected from human/hamster somatic cell hybrids (13, 14). An
*"PT2 PCR product of the expected size (962 bp) was gener-
u.ed with DNA from ali cell lines containing the distal portion
of the long arm of chromosome 5 (HHW 105, HHWi064,
HHWI421, HHW1499, and HHW1600) but not with DNA
from HHW 1138, a cell line lucking the region of interest (Fig.

Chromosomal localizationof the NPT] and NPT2 genes
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Figure . Regional mapping of NPT2 by PCR amplification of DNA from a
panel of human-hamster somatic cell hybrids. Solid lines below the lanes
indicate the portion of human chromosome 5 present in the indicated hybrids.
The PCR conditions were 1.5 mM MgCl.. 0.4 uM of each primer (forward
1405: §"-CCGCTCACACTGGGTTCCAA-3": reverse 1667: 5°-AGT-
GAGGGCAGCAGCAGGAA-3°). 200 uM of each ANTP and [ unit of Tuy
polymerase ( Boehringer Munnheim). The PCR cycling parameters were 94°C.
3 min: (94°C, 30 /64°C. 5 8/72°C, 30 s) X 33: 72°C. 7 min with an MU
Research PTC200 thermocycler. PCR products were separated on 6% acryl-
amide gels. Visible fragments of 2176 and 1766 bp (doublet), 1230. 1033. 653.
and 517 bp were obtained with DNA Molecular Weight Marker VI (Boehr-

inger Mannheim).

[). These findings localize NPT2 to 5q33.2-qter. Moreover, the
demonstration that a PCR product was obtained with DNA
from HHW 1064, a cell line lacking the 5q13 region (Fig. 1).
indicates that NPT2 does not map to this locus as reported by
Ghishan er al. (12). No PCR product was detected in negative
controls run in the absence of DNA or in the presence of
hamster (UCWS6) DNA (Fig. 1). A PCR product of the
expected size was obtained with human (46XY) DNA as
template (Fig. 1).

Radiation hybrid mapping was performed by PCR analysis
using NPT2-specific primers and DNA isolated from 180
chromosome $5-specific radiation hybrids. The hybrids were
scored for the presence or absence of the NPT2 locus by the
presence or absence of a 269 bp NPT2 PCR product. The
position of NPT2 was determined relative to 248 markers
previously ordered on human chromosome S by radiation
hybrid mapping (J. D. McPherson. unpublished data). The
NPT?2 locus was localized between D55S498 and D5S469 using
the RHMAXLIK program (15) at a log likelyhood > I0E-3.
The calculated distance between NPT2 and D5S469 was 32.2
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centiRavs (cR) and between NPT2 and D355498 was 65.9 cR.
with associated LOD scores of 16.02 and 8.08. respectively.
Calibration of the chromosome 3 radiation map. using both the
chromosome size and sequence-tagged sites generated from the
end clones of an 850-kb YAC. vielded an approximate vaiue of
40 kb/cR. in agreement with that of a previous study (17).
Thus. NPT2 is estimated to be 2.6 Mb distal to D55498 and 1.3
Mb proximal to D5S469. The known localization of the dinu-
cleotide repeat markers D55498 and D3S469 to distal 3q is
consistent with the data from the chromosome 5 deletion
mapping panel shown in Figure [.

The localization ot NPT2 to human chromosome 3g35 was
also confirmed by hybridization of human metaphase chromo-
somes with fluorescein-labeled, denatured genomic DNA from
a human PAC clone (203K6) containing the NPT2 {ocus ¢data
not shown). The genomic probe hybridized oniy to the q35
region of chroriosome 5. Of all chromosomes examined wich
hybridization to 5g35. greater than 90% showed a signal on
both chromatids. No signal was observed on any other chro-
mosome.

DISCUSSION

We demonstrate by three independent methods that the gene
encoding the high affinity. renal-specific brush-border mem-
brane Na™-P, cotransporter (NPT2. gene symbol SLC172A)
maps to human chromosome 5q35. The methods include PCR
amplification of genomic DNA from a panel of human-hamster
somatic cell hybnds that either lack or contain DNA in regions
5q13 and 5q35 (13. 1$) and a chromosome 5 radiation hybrid
panel (J. D. MgPherson. unpublished data). using NPT2-
specific primers. In addition. FISH was performed with an
NPT2 genomic clone as probe. The present findings are con-
sistent with our previous mapping data in which a human
NPT2 ¢cDNA was used as a probe for FISH (10). We suggest
that the localization of NPT2 to chromosome 5qli3 (12) was
likely the result of nonspecific hybridization (only nine cells of
50 examined gave a positive signal) (12). Moreover. improper
chromosomal assignment may have occurred since hybridiza-
tion was not performed directly on banded chromosomes (12).

Using the radiation hybrid panel. we were able to contirm
the localization of NPT2, to position NPT2 relative 1o other
chromosome 5 loci. and to identify flanking polvmorphic
microsatellite markers D55498 and D55469. These data pro-
vide a basis for linkage analysis to determine whether the
Na”-P, cotransporter is a candidate gene for several autosomal
disorders of renal phosphate wasting (7. 8).

The NPT2-specitic primers used in the present study were
designed {rom the ¢cDNA sequence (3). Each of the NPT2-
specitic primer pairs spans an intron. generating a PCR product
that is larger than that expected tfrom the cDNA sequence. The
size of NPT2 introns was derived by cloning and charucteriza-

Chromosomal localizationof the NPTI and NPT2 genes

tion of the human NPT2 gene (18). Primer pairs “forward
618/reverse 764" and “forward 1405/reverse 1667 amplify
introns 6 and 12 which are 122 and 700 bp. respectively (I8).
Because NPT2 is renai-specific and not expressed in white
blood celis or skin fibroblasts. a knewledge of the intron/exon
boundaries of the NPT2 gene is mecessary for mutation analysis
of the NPT2 coding sequence in genomic DNA samples. This
information is relevant to patients with autosomal disorders of
renal P, wasting once linkage to polymorphic markers flanking
NPT2 on human chromosome 5q33 is established.
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"Comparative mapping of Na*-phosphate cotransporter genes, NPT1 and
NPT2, in human and rabbit'’, Cytogenetics and Cell Genetics volume
75: 22-24 199e6.

A great deal can be learned about the evolutionary history of related species by
comparing their chromosomes and, when possible their gene maps (Mange and Mange,
1990). It has often been observed that closely related species have similar
chromosomes and gene maps. Conserved chromosomal segments can serve as
phylogenetic characters for tracking rearrangements resulting in evolution and
speciation and for reconstruction of ancestral genomes (O'Brien et al., 1997).

Comparative gene mapping in mammals was first performed early in the history of
genetics (Womack, 1987). The first linkage group reported in a mammalian species
was between the loci albino and pink eye in mice (Haldane et al., 1915), a linkage
conservation later demonstrated in both rats (Castle and Wachter, 1924) and deermice
(Clark, 1936). The gene map of the laboratory mouse was essentially the sole
reference for the organization of genes on mammalian autosomes up until the 1970's.
[ts relationship to the maps of others species was unknown simply because maps of
other species did not exist (Womack, 1987). When Ohno postulated the conservation
of the mammalian X chromosome (Ohno, 1967), the paucity of mapping data in
mammalian species other than the mouse prohibited scientists from generating models
of autosomal conservation (Womack, 1987). The complete synteny conservation of
greater than 14 genes on the X chromosome in mouse and man supports Ohno's
hypothesis that chromosomal rearrangements involving the X chromosome and
autosomes are strongly selected against. Similarly, complete synteny conservation is
found for all genes mapped to the Y chromosome (Nadeau, 1989).

In addition to providing tools for studying evolution and speciation, comparative gene
mapping and knowledge of the gene maps of other species have applications to the
study of human disease. For example, when the location of a gene is known in another
species, one can often determine where the gene will be found in humans by comparing
the gene map of that species to the human gene map. Knowledge of other mammalian
gene maps can aid in the identification or creation of animal models to study disease
physiology and the adaptation processes used by other species to overcome disease.
These models can provide clues for designing and testing treatments for human disease
(O'Brien et al., 1997).
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Comparative mapping data are presently available for more than 25 species of
mammals. In some pairs of species the number of genes mapped in both species is less
than 20. In mouse and human the locations of more than 250 genes have been mapped
(http://www _jax.org). The chromosomal distribution of homologous genes between
different species can be characterized in three ways, depending on the number and
order of genes in each segment (Nadeau, 1989). Homology segments are the
fundamental units of comparative gene mapping, because segments can be marked by a
single gene localized in the two species. A gene that identifies a homology segment
therefore represents the first evidence concerning the location of a homologous
chromosomal segment (Nadeau, 1989). Conserved syntenies occur when two genes
localize to the same chromosome in the two species, regardless of gene order. An
example of a conserved synteny is the pair of genes DHFR and HTRA. The DHFR
gene is on human 5q and mouse 13 and the HTRAI gene is also on human 5q and
mouse 13 (Oakey et al., 1991). Conserved linkages are the most rigorously defined
segments because both synteny and the gene order must be conserved, which are
important for understanding the extent and nature of conservation (Nadeau, 1989).

The aim of this comparative gene mapping study was to localize the NPT1 and NPT2
genes in rabbit and determine whether they mapped to established human-rabbit
syntenic groups.

38



Chapter 2

Cytogenct Cell Genet 78:22-23(1996)

Chromosomal localizationof the NPTI and NPT2 genes

Cytogenerics and
Genetics

Comparative mapping of Na*-phosphate
cotransporter genes, NPT1 and NPT2, in human

and rabbit

C.H.Kos,' F. Tihy,2 H. Murer,3 N. Lemieux,? and H.S. Tenenhouse'-*

Depaniments of  Biology and ¢ Pediatnces. McGill University. Montreal. Québec (Canadal:
< Déparncment dec Pathologic. Faculte de Médecine. Universite ge Montreal. Montreéal. Québec (Canada). and
Institute of Physiology. University of Zunch. Zunch (Switzeriand)

Abstract. The chromosome locations ot the rabbit r1Oncro-
lagus cuniculus) Na° -phosphate cotransporier genes NPT1 and
NPT2 were determinced by (luorescence in sity hyvbridization.
Qur resuits localize NPT to rabbit chromosome 12pll and
NPT2 10 rabbit chromosome 3p! 1. The corresponding gences in
the human map to chromosome bands 6p22 and 3q33. respec-

tively. These assignments agree with the previously reported
homology between rabbit chromosome 12 and human chromo-
some 6 and provide the basis for the establishment of a con-
served syntenic group between rabbit chromosome 3 anc
human chromosome S.

The karvotype of the rabbit (Orverolagus cumiculuss is
believed to have remained similar to the ancestral kanvotyvpe of
eutherian mammals. Earlier cyvtogenctic studies companing hu-
man and rabbit chromosomes revealed considerable homology
in the banding patterns of most of the chromosomes of the two
species (Dutriilaux et al.. 1980). Comparauve genc mapping in
these two species has shown that the similanity in banding pat-
terns is retlected 1n conscrved svatenic gene content (Soulié and
de Grouchy. 1982, 1983: Xu and Hardison. {989, 199]).

The genes NPT1 and NPT2 encode two disunct. renal-spe-
cific. high-aflinuy Na--phosphate cotransporier tvpes which
display 20'% simianty (Murcr and Biber. 1996). Both Na--
phosphate cotransporiers reside at the brush-border membrane
of proximal tubular cells. where the bulk of filicred phosphate
is rcabsorbed (Murer and Biber. 1996). The human NPT genc
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was previously mapped to 6p23 — p21.3 using human sornatic
cell hybrid and chromosome 6 deletion paneis (Chong et al..
1993). The NPT2 gene was localized to human chromosome
band 5q35 by tluorescence in situ hvbridization (FISH) (Kos et
al.. 1994).

Comparison of the R-band paiterns of human and rabbit
chromosomes (Dutrillaux et al.. 1980) and a previous compara-
tive gene mapping study (Lemicux and Dutrillaux. 1992)
showed that the long arm of human chromosome 6 is homolo-
gous to the long arm of rabbit chromosome 12. However. 10
date. no genes mapping 1o the short arm of human chromo-
some 6 have been mapped in the rabbit. Moreover, similanties
between human chromosome 5 and a rabbit chromosome have
not been reported by either comparative banding or gene map-
ping. Because of the lack of banding similarity between human
chromosome 5 and a rabbit chromosome. comparative gene
mapping is the only approach so far likely to determine which
regions of the rabbit genome are homologous to human chro-
mosome S. The availability of the corresponding rabbit NPT
(NaPi-1: Werner et al.. 1991) and NPT2 (NaPi-6: Vemmi et al..
1995) cDNAs made it possible to map these two genes and
determine homology segments in the rabbit with the short arm
of human chromosome 6 and the long arm of human chromo-

some 3.

39



LY

Chromosomal localizationof the NPT! and NPT2 genes

Chapter 2

Fig. 1. Localization of the NPT1 and NPT2
genes o human and rabbit BrdU-substituted
chromosomes by FISH. Fluorescent signals depict
the localization of NPT1 to HSA 6p22 (a) and
OCU 12plt (b) and of NPT2 to HSA 3g35 (e)
and OCU 3p!1 (d). following R-banding. In cach
case. hybnidization of biounviated. full-length
cDNA probes to human or rabbit metaphase and
prometaphase chromosomes was pertormed as
descnibed n the Matenals and methods.

Materials and methods

Metaphase and prometaphase chromosomes were prepared from hurnan
and rabbit lymphoblast cultures as descrnibed by Drouin et al. (1988). Priorto
harvesting the cultures. $-bromodeoxyundine (BrdU') was added to the cul-
tures to reveal early replicating bands. Rabbit NPT1 (NaPi-1: Wemer et al..
1991)and NPT2 (NaPi-6: Verm et al., 1995) and human NPT (Chonget al..
1993. a gift from Dr. Mark Hughes, Nauonal Center for Human Genome
Rescarch, Bethesda. MD. USA) and NPT2 (NaPi-3: Magagnin et al.. 1993}
cDNAs were used in this study. The insert sizes of rabbit NaPi-1 and NaPi-6
cDNAs in pSport were 2.1 and 2.7 kb. respectively. The insert sizes of human
NPT! and NaPi-3 ¢cDNAs in pSport and pBluescnipt were 2.5 and 2.7 kb,
respectively.

The specificity of the rabbit NaPi-1 and NaPi-6 cDNA probes was tested
by Northern analysis of total RNA from rabbit kidney. The rabbit NaPi-1
and NaPi-6 ¢cDNAs cach hybndized to a single renal transcript of the
expected size (Wemner et al.. 1991: Vern ct al., 1993), indicating that ¢cach
prooe 1s gene specific (data not shown). The probes were biotinylated accord-
ing to the Bronick protocol (GIBCO BRL). Prior to hybnidization. the probes
were denatured at 95°C for 8 min. Two hundred nanograms of cach dena-
tured probe was hybndized to denatured metaphase spreads at a final con-
ceatration of 20 ng/ml After overnight hybridization at 37°C. the slides
were washed and incubated with immunotluorescent agents to produce a sig-
nal at the site of hybridization (Lemicux and Dutnitlaux, 1992). The chromo-
somes were counterstained with propidium iodide. The antfade agent p-phe-
nviencdiamine was added at pH 11 for visualization of R-bands under UV
light (Lemicux et al.. 1992). Hybridization signals were considered positive
when present repeatedly on at [east one chromatid.

Resuits and discussion

Assignments to human (HSA) and rabbit (OCU)

chromosomes

The NPTI1 gene mapped to HSA 6p22 (Fig. 1a). Localiza-
tion was established by analysis of 32 metaphase spreads with
76 signals. Twenty-four (75%) of the metaphases showed a sig-
nal on each of the two chromatids. These results confirm and
refine the previous localization of NPT to HSA 6p23—p21.3
(Chong et al.. 1993) and place the gene distal to the HLA locus.
In the rabbit. NPT1 mapped proximal to the centromere on
OCU 12pl | (Fig. 1b). Sixty-seven metaphase spreads with 160
signals were examined. Fiftv-one (77%) of the metaphases
exhibtted two signals.

The NPT2 gene was previously mapped to HSA 5q35 (Kos
et al.. 1994), which lies above the telomere of the long arm of
HSA 5 (Fig. lc). In the rabbit. NPT2 mapped to OCU 3pl 1.
which is at the proximal end of the short arm above the cen-
tromere (Fig. 1d). Thirty-two metaphases exhibited 54 signals.
Fourteen (44%) of the metaphase spreads showed a signal on
both chromatids.
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Comparison between human and rabbit chromosomes

The present localization of NPT1 to HSA 6p22 and OCU
12pl11 is consistent with previously reported homologies be-
tween HSA 6 and OCU 12 suggested by comparative banding
studies {Dutrillaux et al.. 1980). In addition. comparative map-
ping of the superoxide dismutase 2 gene (SOD2) using FISH
revealed SOD2-homologous segments at HSA 6g21 and OCU
12q (Lemieux and Dutrillaux, 1992). Thus. markers from both
the long and short arms of HSA 6 have been mapped to homol-
ogous arms of OC U 12. While the SOD2 and NPT genes are
syntenic in both human and rabbit. it is believed that a peri-
centric inversion occurred in the human lineage. producing a
longer short arm (Lemieux and Dutrillaux. 1992). The break-
points of the inversion seem to have been distal to 6q21 and
proximal to 6p22.

Comparative banding of human and rabbit chromosomes
has not revealed any homology between HSA 5 and OCU 3
(Dutrillaux et al., 1980). This suggests that. unlike the OCU
12/HSA 6 ancestral chromosome, the ancestral chromosome
that has given rise to OCU 3 and HSA § underwent consider-
ably more rearrangement. The basic unit of comparative gene
mapping is a homology segment. It represents the first evidence
concemning the location of a homologous chromosomal segment
and can be marked by a single gene (Nadeau, 1989). The chro-
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mosomal localization of NPT2 to OCU 3pl1 now identifies a
homologous segment in these two species and provides the
basis for establishing whether there exists a syntenic region
between HSA 5q35 and OCU 3pl1. Closer examination of the
R-banding pattern of the distal end of HSA 5q does suggest
some similarity to OCU 3p. It will be of interest to assign addi-
tional loci from HSA 5q3$ in the rabbit to determine the extent
and boundaries of the conserved region.

[t is clear that a great deal of similarity in the organization of
the genome can exist even between divergent mammaiian spe-
cies and that homologous regions can remain conserved over
millions of vears of evolution. Comparative mapping of the
NPTI1 and NPT2 Na-*-phosphate cotransporter genes in the
human and rabbit heips to determine unassigned syntenic
groups in these two species and helps to define regions repre-
senting relics of ancestral linkage groups not yet disrupted by
chromosomal rearrangements.
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"Structure of murine and human renal type II Nat-phosphate
cotransporter genes (Npt2 and NPT2)", Proceedings of the National
Academy of Sciences USA volume 93: 7409-7414 1996.

In this article, the structures of the human NPT2 and mouse Npt2 genes were
determined. Knowledge of the human NPT2 gene structure is necessary for
ascertaining whether NPT2 mutations are present in pedigrees segregating autosomally
inherited disorders of phosphate homeostasis because NPT2 mRNA expression is
kidney-specific and kidney samples are not available for direct mutation analysis of
patient NPT2 transcripts. The mouse Npt2 gene was also characterized so that a knock
out vector could be designed for creation of a mouse lacking the Npr2 gene.
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ABSTRACT Na*-phosphate (Pi) cotransport across the
renal brush border membrane is the rate limiting step in the
overall reabsorption of filtered Pi. Murine and human renai-
specific cDNAs (NaPi-7 and NaPi-3. respectively) related to this
cotransporter activity (type [1 Na*-Pi cotransporter) have been
cloned. We now report the cloning and characterization of the
corresponding mouse (Npr2) and human (NPT2) genes. The
genes were cloned by screening mouse genomic and human
chromosome 35-specific libraries. respectively. Both genes are
approximately 16 kb and are comprised of 13 exons and 12
introns, the junctions of which conform to donor and acceptor
site consensus sequences. Putative CAAT and TATA boxes are
located. respectively. at positions — 147 and —40 of the Npr2 gene
and —i43 and —51 of the NPT2 gene. relative to nucleotide | of
the corresponding cDNAs. The transiation initiation site is
within exon 2 of both genes. The first 220 bp of the mouse and
human promoter regions exhibit 725 identity. Two transcription
start sites (at positions —9 and — 10 with respect to nucleotide 1
of NaPi-7 cDNA) and two polvadenviviation signals were iden-
tified in the Npr2 gene by primer extension, £° and 3’ rapid
amplification of cDNA ends (RACE). A 484-bp 5’ flanking region
of the Npr2 gene, comprising the CAAT box. TATA box. and exon
1, was cloned upstream of a luciferase reporter gene: this
construct significantly stimulated luciferase gene expression.
relative to controls. when transiently transfected into OK cells.
a renal cell line expressing type [1 Na~-Pi cotransporter activity.
The present data provide a basis for detailed analysis of cis and
trans elements involved in the regulation of Npt2/NPT2 gene
transcription and facilitate screening for mutations in the NPT2
gene in patients with autosomally inherited disorders of renal Pi
reabsorption. '

The mammalian kidney is an important arbiter of extracellular
phosphate (Pi) homeostasis. Renal Pi reabsorption occurs
predominantly in the proximal tubule where concentrative.
Na - -gradient dependent Pi transport across the brush border
mcmbrane is the rate limiting step in the overall Pi reabsorp-
tive process and the site for its regulation (1-6}. Aithough
parathvroid hormone and Pi availabilitv arc the most impor-
tant rcgulators of renal Na®-Pi cotransport. a varicty ot
hormoncs including thyroid hormone. 1.25-dihydroxyvitamin
D. insulin-like growth factor 1. insulin. epidermal growth factor.
and plucocorticoids can also modulate cotransporter acuvity
(1-6). However. the molecular mechanisms invoived in many of
these repulatory processes have not been clearly detined.
Several Mcendclian disorders of Pi homeostasis can be attnib-
uted to a specific defect in renal Pireabsorption (7. 8). Autosomal
and X-linked forms have been deseribed and both are charae-
erized by reduced growth rate and hypophaosphatemic bone
discase (7. 8). The mutant genes responsible for the defect in renal
Pi transport in these conditions arc unknown, with the exception

The publication cnts ot this article were detraved i part by puge cranee
puyment. This article must theretore be bereby marked “advertisenment™ m
accordance with 18 US.C. §1733 solely to indicate thes fact.

of a candidate gene (PEX) for X-linked hypophosphatemia.
recently identified by positional cloning (9).

The cloning of homologous cDNAs encoding high-affinity.
renal-specific tvpe II Na~-Pi cotransporters from several mam-
malian species has provided structural information about the
molecular entities that mediate the cotransport process (10-13).
Injection of cloned cRNAs into Xenopus oocytes conferred
Na~-dependent Pi transport with kinetic parameters. Na~-Pi
stoichiometry. and pH dependence similar 1o that seen in isolated
renal brush border membrane vesicles (10-13). The cDNAs
encode glvcosyiated proteins of ~70 kDa with eight putative
transmembrane domains (10-13) that have been localized by
immunohistochemistry to the apical surface of proximal tubular
cells (14).

The human tvpe 11 Na~-Pi cotransporter gene (NPT2) was
mapped to human chromosome 5q35 by fluorescence in sifu
hvbridization (15), thereby ruling it out as a candidate gene for
X-linked hypophosphatemia. consistent with the positional clon-
ing of the PEX gene (9). Of interest, however. is the demonstra-
tion that in hypophosphatemic (#Hyp) mice harboring the homol-
ogous X-linked mutation. decreased renal Pi reabsorption can be
ascribed to a decrease in brush border membrane Na~-Pi co-
transport that is associated with a proportional decrease in type I
Na~-Pi cotransporter mRNA and immunoreactive protein (16).
These findings suggest that the PEX gene product plays an
important role in the regulation of type Il Na~-Pi cotransporter
gene expression. However. the mechanism for this reguiation is not
understood.

The present study was undertaken to define the structure of the
murine (Npr2) and human (NPT?2) tvpe 11 Na~-Pi cotransporter
genes. Promoter sequences and intron/exon boundaries were
identified for both genes. Our results thus provide a basis for
tuture studies to characterize promoter activity. elucidate the
mechanisms underlving the regulation of Npt2/NPT2 gene ex-
pression. and screen for mutations in paticnts with Mendelian
hvpophosphatemias that arc autosomally inherited.

MATERIALS AND METHODS

Southern Blot Analysis of Mouse and Human DNA. Genomic
DNA from mouse liver and human peripheral blood leukocytes
was isolated by the phenol-chloroform method described by
Sambrook er al. (17). DNA ( i} ug) was digested with restriction
endonucleases (5 units/ug DNA) under conditions specificd by
the supplier and clectrophoresed on 0.8% agarose gels in 1 X
TAE buffer (0.04 M Tris acctate/0.001 M EDTA.pH 8.0). A 1-kb
DNA ladder (GIBCO/BRL) was run in parailel with the digested
DNA. DNA frugments were capillary transferred to nitrocellu-

Abbreviation: RACE. rapid amplification of cDNA ends.
Data deposition: The sequences reported in this paper have been
depanited in the GenBank database [accession nos. USeaod-USA673.
L3749, and US783Y (for mouse) and US6674-US669S and UST548
S{fur human)j . o
C.M.H.. AS.H.. and C.H.K. contributed cqually to this publication
and arc listed alphabetically. )
$To whom reprint requests should be addressed at: Montrcal Chal-
dren’s Hospital, 2300 Tupper Street. Montreal, Quebec H3H 1P3.
Canada. c-mail: mdhtermusica.meyill.ca.
/
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Fri. L. Organzauon ot the mouse \pr2 gene. Genomie clones and subclones used tor the analysis of Mpr2 gene structure are mdicated. The
rostriction map of the M2 sene was denved by digestion of subatoned genomice fragments with £coREE). HindiIT (H). and Sacl (S). The posiion
arintrons (depicted by datted sertical fines and numbered 1-123was determined by sequencing across intron, exon boundarics of subcloned genumue
tragments and PCR products ampiitied trom mouse genomie DNAL using exonwe pramers. [atron size was estimated by restriction analysis. by direct
segquenany tor smail introas. and by estimating the size of PCR ampittication products for large mtrons, Exons are depicted as fifled boxes (numbered

1=NIH and therr size iy mdicated by the number above cacit box.

lose membranes [supported nitrocellulose BA-(SISS. Schieicher
& Schuell] or nvlon membranes (Biodvne B transter membrane:
Pail) with 20 SSC a» descnived elbsewhere (17). Full-iength
murine NaPi-7 (13) and human NaPi-3 (10) ¢cDNAs were -P-
labeled to a specific activity of 1 < 10" cpm. pg with [a-"P]
JCTP (3000 Ciymmol: 1 Ci = 37 GBg: [CN) using o Radpnime
DNA Lubeling kit (GIBCO BRL). Hybnidization was pertormed
at42°C for 16-18 hin 1077 Goxtran suitate. 4077 formamide. 4 -
SSC. 102 M Tns-HCl (pH 7.0). 1 < Denhardt's solution and
herninge sperm DNA (0L mgy mb). The membranes were washed
several times with 2 = SSC. 0,177 SDS at room temperature and
with {11« SSC.0.177 SDS at 65°C. Mouse DNA was digested
with EceRIL fHind{1. B/ EcoRV_ Mlul. und human DNA with
EcoRIL. HindlIl, Mil. EcoRV. Kpnl. Bamttl. and BawinHI -
Vil

Murine and Human Genomic DNA Library Screening, A A
DASH I mouse (1298V strain) genomic DNA library (recenved
trom A. Karaplis. McGill University) was screened with a tull-
length rat NaPi-2 ¢DNA probe (10). Two genonuc clones. des-
ignated A 153 and A YC (Fig. 1), were isolated. Digestion of the
[3.3-kb clone with EcoRI generated 2.1-0 7.7-0 and 3.3-Rb trag-
ntents (designated pB 2.1 pB 7.7 and pB 3.5 in Fig. ). whichwere
subcloned into pBluesenipt HE (Stratagene). To clone the 37
tankmnyg region of the Apr2 gene. i A Gem H ibrary denved trom
mouse AB-1 embryvonie stem cell DNA G gitt from UL Muller.,
Unnveraity of Zarich) was sereened with o 37 fragment ot the
NuPi-7 cDNA (345 bp derived by digestion with Ml and Sacl).
Onc ot three positive clones. spanning 1 Rb (A LG in Fig. Tr was
digested with BamHI to sield a 0.0-Kb trugment (pB 6.0, Fig. 1.
winch was turther digested with £coR1L Two of 3 rosulting
tragments. designated pB LS (1. 5-kb tragment) and pB 14
(1.4-kb tragment) (Fig. 1) were subcloned into pBluesenior H. A
2.0-kb tragment (pB 20, Freo 1y which overlapped oo the
sequence of pB LS and pB3 L4 (Fig 1y was obtained by s ardiil
digesuon ot A TLO and was subcloned into pBluesenipt 1A
human chromosome S-specitic A hbrary (Amertcan Type Culture
Collection) was screened with o tull-length human ¢CONA
(NaPi-3) probe (1)), Onge ot tour positive A clones was digested
with FcoRI and 3.8- and 4.2-Ab fragments were subcloned o
pBlucsenipt 1L

Nucleotide Sequencing. Genomie Npr2 and NP2 subclones
were sequenced using the Sequenase Version 200 kit (United
States Biochemical) with [a-"S[AATP (ICN) The 37 and 37
RACE products were sequenced using o T7 Scquencing kit
(Pharmacia). DNA tragments. gencrated by PCR amplitication

of mouse or human genomic DNA. were sequenced using the
double-stranded DNA cycle sequencing system (GIBCO/BRL).
Sequencing reactions were resolved on 87 polvacrvlamide gels.
Sequencing primers were designed from the NaPi-7 (13) and
NaPi-3 (10) ¢cDNA scquences.

PCR Amplification. PCR amplification of genomic clones or
senomic DNA was performed using forward and reverse primer
pairs based on the NaPi-7 and NaPi-3 ¢cDNA scquences. The
amplitication reactions contained 100-200 ng of DNAL 2.5 units
of Taq polymerase (GIBCO/BRL) or 1 uait of Elongase
(GIBCO/BRL). 10 ul of 10 ¥ PCR buffer (GIBCO BRL). 200
@M ANTPs. 20 pmol of each primer. and 1-3 mM MgCl:inatotal
valume of 100 gl After an initial | 5-min denaturation step at
94°C. 30-33 cveles of amplification were performed using 2
Perkin-Elmer: Cetus DNA thermal cvcler. After the last eyvele.

kb

7.0
6.0

5.0
4.0

3.0

2.0
1.6

1.0

Frei. 2. Southern blotanalysis of mouse genomic DNAL Mouse lner
DNA (10 pg) was digested swath feoRE ThndlL Bl or fcoRV.
clectropharesed on 0877 agarose gels, transterred o supported m-
trocefulose. and hybridized with o tull-length “Pelabeted rat Naih-2
¢DNA probe (1) The sive carlibration was obtaiaed by simultancous
loading ot a 1-kb DNA ladder.
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F1G. 3. Comparison of the Apr2 and NPT2 genes. Location of intron/cxon boundaries was determined as described in the legend to Fig. 1 and
in Materials and Methods. Introns are depicted by triangies and are numbered i-12. The size of cach intron (bp) is shown abave each triangle. Exons
are numbered [-XI{l. Numbers below the line depict the location of introns in the corresponding NaPi-7 and NaPi-3 cDNAs. The vertical dashed

lines represent the 3° and 37 ends of the corresponding cDNAs.

clongation was extended to 7 min at 72°C. The primer-template
annealing temperatures were approximately 2°C below the T, of
the oligonucleotide primers used. The size of PCR amplified
products was estimated by agarose (0.7-2.0% ) gel electrophoresis
using 100 bp or | kb DNA ladders (GIBCO/BRL). PCR products
were sequenced as described above to confirm the identity of
products. In some cases. PCR amplification products were sub-
cloned into a pCRII vector using a TA cloning system. version 2.2
(Invitrogen) and then sequenced as described above for subcloned
fragments. N

Intron/Exon Mapping. The location of and sequences at
intron/exon boundanies of the Npr2 and NPT2 genes were
determined by sequencing of genomic subclones as described
above. To determine whether there are introns downstream trom
nucleotide 1463 of the NaPi-7 ¢cDNA or downstream from
nucleotide 1497 of the NaPi-3 cDNA. PCR ampiification reac-
tions were performed with both Tug polyirerase and Elongase
using five different forward and reverse primer pairs with mouse
genomic DNA. the mouse A YC clone (Fig. 1) or human genomic
DNA as template. Appropriate water blanks and PCR rcactions
with cDNA templates werce run simultancously. The identity of
PCR products was confirmed by sequencing as described above.

RACE. For 5 RACE mouse kidney total RNA (10 pg) (1S)
and poly(A)+ RNA (1 ug) [polv(A) Tract System 1000. Pro-
mega| were reverse transcribed using 20 units of MuL'V reverse
transcriptase (Promega) with a NaPi-7-specific primer (nt 195~
210 of NaPi-7 cDNA: antisense). The 5° end of the cDNA was
cxtended with polynucicotide transferase (30 units. GIBCO/
BRL) in presence of 0.4 mM dATP. PCR was then performed
with a sccond NaPi-7-specific primer {nt 63-78 of NaPi-7 cDNA:
antisense). a hybrid dT,;; adapter primer with a 3’ extension
containing a S¢/l recognition site and an adapter primer corre-
spondirg to the 5° extension of the dTy5 adapter primer (19). A
sccond PCR reaction was performed with the adapter primer
mentioned above and a third NaPi-7-specific primer (nt 2641 of
NaPi-7 cDNA: antisensc). The products were treated with the
SurcClonc ligation kit (Pharmacia). digested with Sa/l (restriction
site located in the adapter primer). subcloned into pBluescript 1L
and scqucnced as deseribed above. For 3 RACE mousc kidney
total RNA (10 ug) and poly(A)+ RNA (1 ug) were prepared and
reverse transcribed using the dTy7 adapter primer mentioned
above (19). PCR was performed with the adapter primer and a
NuPi-7-specific primer (nt [5334-1565 of NaPi-7 cDNA: scnsc).

The products were digested with Psrl and Sall. subcloned into
pBluescript Il. and sequenced.

Primer Extension. A NaPi-7-specific primer. localized within
the 5° untranslated region of the cDNA (nt 63-78: antisense), was
labeled with 8 units of polvnucleotide kinase (Promega) and 50
uCi of [y-*PJATP. The labeled primer (~92.000 cpm) was
annealed to 5 ug of total RNA or 4 g of polv(A)+ RNA. isolated

Table 1. Npt2/NPT2 gene intron/exon boundaries
Mouse
Intron Location Donor Acceptor
1 32 GTCARG/gtcag tgcag/GACTCA
2 162 CACArG/gtaaa ctcag/TCCTGC
3 312 AGCCAG/atacg tccag/AGCCCa
4 41 CTGGAG/gragg tccaga/GGAAGG
s 385 CCGGCT/argag 2ccag/TGTTGG
6 697 CaGGCG/gtgag ctcag/GGCTTT
7 893 ATCCAG/gtgag cacag/CTGGAC
8 989 ACAGAG/gtgag tttag/GCTTCC
9 1053 AGAAAT/gtaac tzcag/GCAACC
10 1220 ACACAG/gtgag ttcag/ACTTTC
i1 1338 TCATTG/gtgag accag/GCCTGG
12 1463 TTTCAG/gtaca ctgag/ATTGCC
Human
t 34 TCTAAG/gtgaa tzcag/CGTTGC
2 190 CTCAGG/gtaac cczag/TCCTAC
3 340 AGCCAG/gtagg tccag/AGTCCA
4 469 CTGGAG/gtaag cccag/GSAAGG
s 63 CTGGCT/grgota accag/TGCTGS
6 725 CCGGCG/grgrg cccag/GGCCTT
7 921 ATCCAG/gtgac cacag/CTGGAC
8 o7 TTACAG/gtgag tctag/GCTCCC
9 1087 AGAAAT/qraag gcaag/GCAACC
0 1254 AATACG/gtgtg tecag/GACTTC
it 1372 TCATCG/grgag cccag/GTCTTC
12 1497 TTCCAG/grtgeg tgcag/ATTGCC

hJ

Loecation of introns und donor/acceptor site sequences es for the Npe2
and NPT2 geacs. The intron location is based on the nucleotide
number in the corresponding NaPi-7 and NaPi-3 ¢cDNAs. Exon
scquences are depicted in uppercase letters and intron sequences in
lowercase letters.
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Table 2. Npr2/NPT2 gene exon/intron boundary codons

Mouse Human
Intron  Codon phase Amino acid Codon phase  Amino acid
2 I VAL [ VAL
3 I GLU [ GLU
4 [ GLY o GLY
N I LEU [ LEU
6 11 ARG I ARG
7 4] GLN [\] GLN
8 o GLU 0 GLN
9 I CYS [ aY's
10 [ ASP 0 THR
11 I GLY I GLY
12 0 GLN 0 GLN

Amino acid and codon phase usage at exon/intron boundaries of the
Npt2 and NPT2 genes. The translational start site for both the mouse
and human genes lies within exon II (Fig. 3). Introns that do not split
codon triplets are indicated by phase 0. interruption after the first
nucleotide by phase I. and interruption after the second nucieotide by
phasc Il. Amino acids encoded at the splice sites are indicated.

from mouse kidney as described above. cDNA synthesis was
carried out with 20 units of MuLV reverse transcriptase (Promega)
as recommended by the supplier. The products of cDNA synthesis
were loaded on a 6% sequencing gel along with a sequencing
ladder prepared with the above primer and cDNA product.
Npt2 Promoter Analysis. A 484-bp Npt2 fragment was PCR-
amplified from the pB 1.5 subclone. using forward and reverse
primers corresponding to nucleotides —454 to —435 and 11-30 of
the Npr2 gene. respectively (sece Fig. 4). The fragment was
subcloned into pBluescript 11 and the sequence confirmed. The
fragment was then excised and inserted immediately upstream of
a luciferase reporter gene in a promoterless luciferase expression
vector (pGL3-basic. Promega). Correct insertion was verified by
sequencing and the right orieritation was designated pGL3—484.
OK cells that were 40-50% confluent and cultured on 3.5-cm
plates as described (20) were transfected with 0.15 ug of the
pGL3-484 construct using Ca:PO; (21). pCMV-lacZ (0.2 ug.
provided by S. Rusconi. University of Zurich) was cotransfected
with the reporter gene construct to control for transfection
efficiency. Additional controis were performed by mock-
transfection or by transfection with pGL3-basic (0.15 ug). The

Chapter 3. NPT2 Gene Structure

B-galactosidase assay was done in 0.2 M NaPO; (pH 7.5). 4
mg/ml O-nitrophenyl g-D-galactopyranoside. | mM MgCl: for 30
min at 37°C and the optical density measured at 420 nm.
Luciferase was assayed with a {uciferase kit and measured in a
luminometer (Lumac Biocounter M1500. MBV, Stifa, Switzer-
land).

RESULTS AND DISCUSSION

Southern Blot Analysis of Murine and Human Genomic DNA.
Southem blot analvsis of murine (Fig. 2) and human (not shown)
genomic DNA. using full-length NaPi-7 and NaPi-3 cDNA
probes. was used to estimate the size and complexity of the Npr2
and NPT2 genes. Based on digests with at least five restriction
endonucleases. or combinations thereof. an approximate size of
16 kb was estimated for both the mouse and human genes. This
estimate is in good agreement with the size of the Npr2 and NPT2
genes determined from genomic cloning (see below). Blots
washed at both high and low stringency gave similar resuits.
suggesting that the Npr2 and NPT2 genes are single copy genes
and not part of a larger subfamily of related genes.

Organization of the Npe2 and NPT2 Genes. Two overlapping
Npt2 clones (A 133 kb and 11.0 kb. Fig. 1) were isolated by
screening two mouse genomic DNA libraries. The 13.3-kb clone
contained nucleotides 33-1463 of the mouse NaPi-7 cDNA. a
portion of the 5 untransiated region, the ATG translation start
site (within exon [I). and 12 intron/exon boundaries (Fig. 1). The
11-kb clone contained the first four exons and extended 9 kb into
the 5’ flanking region of the gene. The Npr2 gene did not contain
introns downstream of nucleotide 1463 of the cDNA. This was
established by PCR amplification of mouse genomic DNA with
five different primer pairs, using both 7Tag polymerase and
Elongase. which permits amplification of long, single-copy
genomic templates (up to 20 kb). In none of the reactions were
PCR products detected that exceeded the size expected for the
cDNA. The absence of PCR products in corresponding water
blanks indicated that contamination with cDNA could not ac-
count for our findings. These data were confirmed by PCR
amplification of the genomic clone A YC (Fig. 1).

A single genomic A clone obtained by screening a human
chromosome 5-specific library was digested with EcoRI and the
3.8- and 4.2-kb genomic fragments generated were subcloned.
The 3.8-kb fragment contained nucleotides 34-1017 of the
cDNA. a portion of the 5’ untranslated region. the ATG trans-

mQuse  gene gacagtct.g accatagact ccccctgcag aggtgaagat tagCAATtaa ctggeaggae
3| R RN O R RN R AR AR R R NN RN AR R AR R R
numan gene Gaagaacctig accatagatt ccccatgceg agctgacgat tagCAATtaa ctgggaggaa
mouse gene tcttgggget aaagttaatt taatggggee aagaggaaag gcagctaaag ttcttctagt
P e tiee PLELE e b reeeeer o
humern  gene tcteaggggt gaggttaatt ...ggggga. cagagggagg gcagctaggg tte-------
mouse gene tcattaagga ctttgcccit gacccgagag TATAAAgaag agggtcttag ttect-----
PAPE LELRereeit veerr be b e boreneeer ol
human gene ----caggge ctttgccctt gacccaagag TATAAAgagg agggtctcag ttctcctcag
* *x +1
mouse gene ----ctttag acttcccceA GCAGCCGGBEL TGGAGCTGAG CCACAG---
I T TN 111
numan gene ggtcctggag gcttcatica gCTGCTGAGC AGAAGCTGAA ACACAG---

F1G. 4. Scquence comparison of the 5° flanking regions of the Vpr2 and NPT2 genes. A comparison of the first 220 bp of the mouse and human
promoter sequences revealed an identity of 72%. CAAT and TATA boxes are depicted in boldface. uppercase letters. The transcription start sites
of the Npr2 gene are marked by asterisks. The nuclcotides corresponding to the NaPi-7 and NaPi-3 cDNAs are given in uppercase letters. The first
nuclcotide of cach cDNA is labeled as + 1. Gaps in the corresponding scquences between the two genes are presented as a dashed line. The sequences

+1

were compared and aligned using a program package (Genctics Computer Group. Version 8). which introduces gaps for best fit.
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FiG. 3. Determination of the transcriptional start site of the Npr2?
cene by primer extension and 3° RACE. Mouse Kidney polv(A) = RNA
(4) and total RNA (8) were hvbridized with a ““P-labeled priimer (nt
63-78 of NaPi-7 cDNA) and the primer extension products. generated
with reverse transcriptase. were run on 6% polvacrvlamide gels. A
scquencing ladder prepared with the same primer and the mousc
cDNA products was also run on the gel. The extended products were
9 and 10) nucieotides upstream from nucleotide | of NaPi-7 cDNA. The
double band for total RNA is only visibie with longer exposure time.
The astensk depicts the start of the NaPi-7 ¢cDNA sequence and is
followed by the sequence of the adaptor used for cloning the cDNA
into pSPORT. The boldface letters shown on the right arc derived
from sequencing two 5° RACE products.

lation initiation site. and eight intron/exon boundaries of the
NPT2 gene. Four additional intran/exon boundarics in the NPT2
gene were identified by sequencing PCR products obtained by
amplification of human genomic DNA using pnimers designed
from NaPi-3 cDNA sequence. The absence of introns down-
strcam from nucleotide 1497 of the cDNA was confirmed by PCR
amplification as described above for the Npr2 gene.

A comparison of the Npt2 and NPT2 genes is depicted in Fig.
3. The number. relative position. and size of introns are similar tor
both murine and human genes. Nucleotide sequences at the
intron/exon boundaries of both Npr2 and NPT2 genes conform
to the GT/AG rule for intron donor and acceptor splice sites
(Table 1). The amino acids and codon phase usage at exon/intron
boundaries are also remarkably similar for both the murine and

1N}
3%

110 acctgetgcat zttzzzgacc

cegtcacas

* poly A tail

2170 aaatacatac taggtitige gectgtg

2230 ctaotggotac &GGCz3I3LEC égatgcec

7790 ectetacolt LToLTLTISL f£acaact

= poly A tail (b)
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tgeé
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Arbitrary units

MOoC pGL3-basic pGL3-484

FiG. 7. Expression of a Vpr2 promoter-luciferase construct in OK
cells. A 484-bp fragment of the Mpr2 promoter region. comprising exon
[. TATA and CAAT boxes. and 5° sequence. was cloned upstream of
a luciferase reporter gene (pGL3-484) as described. OK cells at
40-50% contluency were cotransfected with pGL3~484 and pCMV-
lacZ to correct for transiection cificiency. Controls were performed
with mock-transfected OK cells and OK cells transfected with the
plasmid lacking the Npr2 promoter fragment (pGL3-basic). After 2
days. the OK cells were harvested and luciferase and S8-galactosidase
assaved. Luciferase activity was related to S-galactosidase activity.
Normalized luciferase activity in OK cells transfected with pGL3-basic
was set at one. The data represent the mean =SD derived from six
experiments.

human genes and differed only in two amino acids and one codon
phase usage (Table 2). In addition. a comparison of intronic
sequences (introns 2—4) in the Mpr2 and NPT2 genes revealed 68%
identity.

Structure of the §' Flanking Region of the Apr2 and NPT2
Genes. Sequence analysis of the pB 1.5 subclone (Fig. 1) of the
Npt2 gene revealed a TATA box at position —40 and a CAAT
box at position — 147. relative to the first nucleotide of NaPi-7
cDNA (Fig. 4). For the NPT2 gene. sequencing the 4.2-kb
genomic fragment (see above) revealed a TATA box at
position —51 and a CAAT box at position ~143. relative to
nucleotide 1 of NaPi-3 cDNA (Fig. 4). A comparison of 220 bp
from the murine and human promoter regions is depicted in

Fig. 4 and shows an overall sequence identity of 72%.

gSgCtittgtl aatiaagegg tagigtgcac
a)

Cczttéctgc gogtgtaatg tgagracect
GgagiCcicca aacttttctg gaaeégagtce
Qiz-.320ag Gagagacagé &gaacagetlg

€35T1073Ct aacigtgecat agaaaaaaca

Fii. 6. 3 RACE of mouse hidney mRNA. Two 3° RACE products were obtaimed with reverse-transcribed mouse kidney poly(A)+ RNA and
total RNA us described. The depicted sequence is that of the 3° end and the numbering corresponds to that of NaPi-7 cDN/_\. Two polviA) tails
were identiticd. it nucleotide 2189 (a) and 2422 (h), cespectively. Both were preceded by @ polvadenylylation signal (underlined).
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FiL. 5. Superimposition of the exon boundaries with the predicted secondary structure of the Npr2 protein. The secondary structure was derived
from a combination of hydropathy analysis and the inside positive rule. The shaded boxes represent the suggested cight transmembrane regions
tnumbered M1-M8 in ref. 10). Triangles depict the positions of the exon/intron boundaries. Exons are numbered [-XIIIL

Transcription Initiation and Polyadenylyiation Sites in the
Apt2 Gene. The transcription initiation site for the mouse gene
was determined by primer extension and 5° RACE. In primer
extensions. reverse transcription of polv(A)+ RNA showed two
signals. at ~9 and — 10 (Fig 5).i.e.. 9and 10 nucleotides upstream
from the first nucleotide of the NaPi-7 cDNA (Fig. 4). Similar
results were obtained by sequencing the 80-bp amplification
product derived from 5° RACE (Fig. 5).

The 3’ region of the transcribed Vpt2 gene was determined by
3" RACE. Products of 650 and 900 bp were obtained. subcioned.
and sequenced. The larger product ended with a poly(A) tail at
nucleotide 2422 and corresponded exactly to the NaPi-7 cDNA
(Fig. 6). The shorter 650 bp product was formed from an earlier
polyadenylylation signal derived from a cDNA of 2189 bp (Fig. 6).
These findings are consistent with the appearance and size of two
transcripts (2.6 and 2.4 kb) detected with a full-length. rat NaPi-2
cDNA probe on Northern blots of mouse kidney RNA (10).

Promoter Activity of the 5" Flanking Region of the Npr2 Gene.
We determined whether a 484 bp 5’ fragment of the Npr2 gene.
containing part of exon I. the TATA and CAAT boxes. could
drive the expression of a luciferase reporter gene. The 484-bp
fragment functioned as a promoter of luciferase activity following
transfection of the pGL3-484 promoter-~reporter construct in
OK cclis (Fig. 7). Correction for transfection efficiency was
accomplished by cotransfecting OK cells with the pCMV-lacZ
vector. After normalization with respect to B-galactosidase ac-
tivity. luciferase activity was 5 times greater in OK cells trans-
fected with pGL3—484 than in cells transfected with the same
vector lacking the Npr2 promoter fragment (pGL3-basic) (Fig. 7).

Lack of Correlation Between Exon-Defined Peptide Domains
and Predicted Npt2 Secondary Structure. Fig. 8 shows the
superimposition of exon boundaries on the Npr2/NaPi-7 protein
secondary structure model. derived from a combination of hy-
dropathy analysis (22. 23) and the inside positive rule (24. 25).
Although previous rcports showed that transcripts for several
membrane spanning transporter genes and other membrane
protein genes arc frequently spliced near membrane/aqueous
transitions (see ref. 26), no such relationship was apparent with
Npt2. Moreover. in the case of the Npt2 gene. exon boundarics are
located within predicted transmembrane domains as well as in
intraccllular and extracellular domains (Fig. 8). Similar findings
apply to NPT2.

Conclusions. This study describes the molecular cloning and
genomic organization of Npr2 and NPT2. murine and human type
IT Na~-Pi cotransporter genes. The membranc proteins they
cncode are expressed exclusively in the brush border membrane
of renal proximnl tubular cells where they mediate the rate
limiting step in the renal reabsorption of filtered Pi (1-6).
Npr2/NPT2 thus play a key role in the overall maintenance of
extracclular Pi homcostasis and are crucial for normal bone
mincralization and growth. Our data provide a basis for detailed
analysis of cis and trans clements involved in the regulation of
Npt2/NPT2 gene transcription and facilitate screening for mu-
tations in the NPT2 gene in patients with autosomally inherited
disorders of renal Pi reabsorption.

Note. [n a recent abstract. Taketani eral. (27) reported that the human
renal type II Na--phosphate cotransporter genc spans 8 kb and
consists of 10 exons. We have no explanation for the discrepany
between those findings and the results of this study.
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Chapter 4 A search for the gene responsible for HHRH
INTRODUCTION

The Disorder

Hereditary hypophosphatemic rickets with hypercalciuria is an inherited bone disorder
characterized by rickets and osteomalacia, decreased growth rate, bowing of the lower
limbs, impaired bone mineralization, decreased renal Pi reabsorption, and
hypophosphatemia. The hypophosphatemia in HHRH patients leads to an appropriate
increase in serum 1,25(OH)2D levels, secondary to increased renal 1-a-hydroxylase
activity, which results in increased intestinal Ca?* absorption and hypercalciuria. All of
the phenotypic features of HHRH can be explained by an abnormality in renal Pi
conservation. In addition, treatment with Pi supplementation completely corrects all
features of the disease phenotype, except the decreased renal Pi reabsorption,

suggesting that a defect in a renal Pi transporter may be primarily responsible for
HHRH.

Two possible candidate genes for HHRH are the type I and II renal specific Na+-Pi
cotransporter genes, NPT1 and NPT2. Aberrant expression of NPT2 was shown to be
associated with X-linked hypophosphatemia, another inherited disorder of Pi
homeostasis sharing many phenotypic features with HHRH (Chapter I, Table 3).
Hyp and Gy mice (the animal models for XI.H) exhibit decreased renal expression of
Npr2 mRNA and protein suggesting that decreased Npt2 expression is responsible for
the hypophosphatemia seen in affected animals (Beck et al., 1996; Tenenhouse et al.,
1994). In Chapter 2 of my thesis, both types of renal-specific Na+-Pi cotransporter
genes, NPT1 and NPT2, were mapped by fluorescent in situ hybridization to
autosomes 6p22 (Kos et al., 1996) and 5935 (Kos et al., 1994), respectively, and
polymorphic markers flanking the NPT2 gene were identified (McPherson et al.,
1997). Soon afterward, the disorders Hyp , Gy and XILH were shown to be caused by
mutations which inactivate or delete a metalloendopeptidase gene known as PEX (Beck
et al., 1997; Strom et al., 1997; The Hyp Consortium, 1995). PEX is believed to
regulate NPT2 gene expression. Since PEX is not expressed in the kidney, it must act
via an intermediary protein(s). The gene responsible for HHRH could be NPT]1,
NPT2 or a component of the PEX/ NPT2 regulatory pathway.

The HHRH pedigrees
The first pedigree to be described with HHRH was a large Bedouin kindred with a high
prevalence of consanguineous matings (Tieder et al.,, 1985). We obtained DNA
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Chapter 4 A search for the gene responsible for HHRH
samples from the original HHRH kindred and additional family members not included
in Tieder et al 1985 (Figure 6).

Consanguineous matings are of little importance with respect to a dominantly inherited
trait since a dominant trait manifests even if only one disease allele in the heterozygous
state is present in an individual. However, for a recessive trait to manifest, an
individual needs two disease alleles. The disease alleles can either be different, in
which case the individual is referred to as a compound heterozygote or the individual
can be homozygous for two identical disease alleles. Consanguineous matings increase
the chances that an offspring will inherit two copies of a disease allele homozygous and
identical by descent. At the turn of the century, Garrod observed that sixty percent of
children affected with a rare disorder born of unaffected parents, were the offspring of
consanguineous marriages (Garrod, 1902). Therefore, it was concluded that if the
percentage of consanguinity among parents of children exhibiting a trait is increased it
is reasonable to assume that the condition is inherited recessively and affected offspring
are homozygous and IBD for the mutant allele (Lenz, 1963).

HHRH has only been reported in two other pedigrees (Arie et al., 1982; Tieder et al.,
1992) suggesting that HHRH is a rare disorder. Both of these pedigrees are small and
of Yemenite Jewish origin. Like the HHRH kindred, the affected children described
by Arie et al. (1982) are the offspring of a consanguineous first cousin mating.

Due to the apparent rarity of HHRH and the presence of consanguinity, it is thought
that HHRH in the Bedouin kindred is autosomal recessive and due to a single mutant
allele inherited identical and homozygous by descent from a common ancestor (Tieder
et al., 1985; Tieder et al., 1987). This makes it an ideal pedigree for use in a
homozygosity mapping study (Lander and Botstein, 1987). Homozygosity mapping is
a powerful strategy for mapping rare, recessive traits in children of consanguineous
marriages (Kruglyak et al., 1995) and already has been used to locate genes for several
recessive diseases (Farrell, 1993), including, Friedreich ataxia with selective vitamin E
deficiency (Ben Hamida et al., 1993), Alkaptonuria (Pollak et al., 1993) and Bloom
syndrome (German et al., 1994). Homozygosity mapping studies search for a
founding mutant allele and flanking markers present in a homozygous state among
affected individuals. In this chapter, my initial aim was to determine if HHRH was
linked to either the NPT1 or NPT2 gene. As the project progressed we decided not
only to exclude or include NPT1 and/or NPT2 as candidate loci, but to map the HHRH
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Chapter4 A search for the gene responsible for HHRH
disease. To do this we allowed for the possibility that the HHRH trait is not
transmitted as a recessive disease due to mutation of a single gene.

Phenotypic classifications

Examination of asymptomatic members of the Bedouin kindred revealed that 40% have
a biochemical phenotype that is intermediate between that of the patients with bone
disease and of the normal individuals (Figure 6) (Tieder et al., 1987). This
intermediate phenotype, designated idiopathic hypercalciuria (IH), is assumed to
represent the presence of a single mutant allele in heterozygous state. Members of the
Bedouin kindred were classified into the following phenotypic groups: individuals with
hypophosphatemia, hypercalciuria and bone disease were designated HHRH,
individuals with moderate hypophosphatemia and hypercalciuria, but without bone
disease were designated IH, and individuals without bone disease who were examined
and found to have no decrease in serum Pi levels or elevation in urine Pi and Ca2+
excretion were designated normal. Individuals who did not undergo biochemical
testing and had no obvious bone abnormality were designated as having an unknown

phenotype.

Approaches

Because inbreeding increases the chance of finding homozygosity and the Bedouin
kindred has multiple inbreeding loops, there was the possibility that homozygous
regions would be prevalent throughout the genome and not just in regions flanking
the disease locus. To test for this, data from a set of eight randomly distributed
markers (referred to as 'identity markers') known to be highly polymorphic were
analyzed.

Next, it was assumed that either the NPT1 or NPT2 gene was the mutated gene
responsible for the pathogenesis of HHRH in the Bedouin kindred. Markers closely
flanking these candidate genes were typed and the data analyzed for excess
homozygosity. The chance of finding a region homozygous by descent in the
offspring of a first cousin consanguineous mating is high, 1/16 (Chapter 1, Figure
4a). However, the chance of finding homozygosity in that same region in a second,
unrelated individual (Figure 4b) is considerably lower (1/16 X 1/16 = 1/256).
Evidence for linkage of a disorder to a locus is detected by locating overlapping
regions of homozygosity in affected members of different pedigrees. The
homozygosity mapping approach does not work well if more than one disease allele
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Chapter4 A search for the gene responsible for HHRH
is segregating in the family, due to the presence of affected individuals that are
compound heterozygotes and not homozygous at the disease locus (Chapter 1, Figure
5). Therefore, when the data for the candidate genes were analyzed, it was assumed
that HHRH displays autosomal recessive transmission and that a single rare mutant
allele was segregating in the kindred. Since HHRH was assumed to be recessive, it
was expected that the affected pedigree members would possess two copies of the
mutant allele. Because all the affected Bedouin individuals are related and disease
alleles are assumed to be rare, the affected individuals would all have the same
disease allele at markers showing excess homozygosity (Figure 7).

Methods and Materials

Preparation of DNA samples

Phenotype and pedigree information was collected on a 114 member Bedouin kindred
with 8 inbreeding loops (Figure 6). 11 members of this family were diagnosed with
HHRH. DNA samples were prepared from peripheral blood lymphocytes from 61
members of the kindred using standard protocols. The 61 DNA samples divide into
the following phenotypic categories: 10 individuals were classified as HHRH (severe
hypophosphatemia, hypercalciuria and bone disease), 26 as IH (moderate
hypophosphatemia and hypercalciuria, no bone disease), 23 were examined and found
to be normal and 2 individuals were unexamined and therefore of unknown phenotype.

Markers

Ordered lists of the polymorphic short tandem repeat markers that were typed during
this study are provided in Appendices 1 and 2. The lists specify where the markers
were typed, and whether fluorescent or radioactive labeling was performed. The three
markers flanking the NPT1 candidate region on chromosome 6 and the three markers
flanking the NPT2 candidate region on chromosome 5 are depicted in Figure 8. The
markers from the genome scan are depicted in Figure 9.

Genotype determinations

Markers Flanking Candidat: S

One primer from each of the marker pairs D5S498, D55469, D652238, D6S2237, and
D6S2233 (Figure 8) from the candidate regions on chromosome 5 (McPherson et al.,
1997) and chromosome 6 (Feder et al., 1996), as well as from nine 'identity markers’
(HPRT, FAB2, CD4, CSFIR, TH, PLA2A, F13A1, CYP19, LPL)(Appendix 2. ID
Marker List) (Hammond et al., 1994) known to be highly polymorphic in various
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Figure 7. Homozygosity mapping in the HHRH kindred. It is hypothesized that a
single mutant allele is segregating in the HHRH kindred. Therefore, all individuals are
expected not only to be homozygous at the same markers (third marker and markers
flanking it), but to be homozygous by descent for the same allele.
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Figure 9. Markers used for genome scan.
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ethnic populations, were end-labeled with 33P for genotype detection according to
published protocols (Hammond et al., 1994). Briefly, 50ng of genomic DNA was
combined with reaction buffer, deoxynucleotide triphosphates and end-labeled primers.
The samples were overlaid with mineral oil, denatured at 95°C for 2 min, and subject to
28 cycles of PCR under the following conditions; 95°C for 45 seconds (s), 62°C for
30s, 72°C for 30s. The final extension at 72°C was held for 10 minutes. Three
microliters of the reaction mix were combined with 2ul formamide loading dye and
electrophoresed on 4% sequencing polyacrylamide gels with size markers. The gels
were dried and exposed at room temperature to autoradiographic film. Exposure times
ranged from overnight to three days. Two investigators called the alleles by visual
examination of the films.

Marker D5S408, closely linked to the candidate gene, NPT2 on chromosome 5, was
purchased pre-labeled with a fluorescent tag from Research Genetics. The PCR
reactions were prepared by hand using the same solutions, reaction conditions and gel
running conditions as the fluorescent genome scan markers below. However, the gel
files were processed and the alleles for the DSS408 marker were called using the ABI
GENESCAN and GENOTYPER programs along with visual observation of the ABI
gel image and not with the MIT programs Bass, Grace and Newcall (see below).

Genome Scan Markers

The sixty-one DNA samples and two control samples were arranged in a 96, 1ml well
DNA source plate. Aliquots were removed from DNA source plate and combined with
PCR reagents by a ROSYS robotic pipetting station. The genetic markers used for the
genome scan were from a marker panel designated "Screening Set One" that was
constructed by WICGR staff. This panel contains 300 di-,tri- and tetranucleotide STR
markers with an average genome-wide spacing of 10cM (Figure 9) (Appendix 1.
Marker List). The markers in the panel were chosen from published genetic maps
based on their PIC values and because they gave clean amplification products under the
following PCR conditions.

Pre-labeled markers were purchased from Research Genetics. The forward primer
from each marker was end-labeled with one of three fluorescent dyes, HEX (yellow),
TET (green), 6-FAM (blue). Fifty nanograms of genomic DNA was amplified in 14pl
PCR reactions using 20uM labeled primers, overlaid with 25ul mineral oil, and run in
16, 192-well microtiter plates (maximum 3,072 reactions per run) on a waffle-iron
thermocycler. 32 cycles of PCR were performed (94°C for 30s, 56°C for 30s, 72°C
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Chapter 4 A search for the gene responsible for HHRH
Marshfield Medical Research and Education Foundation web site:
http://genetics.mflgclin.edu (now found at http://www.marshmed.org/genetics/).

Genome Scan ker.

The genotype data from the genome scan were loaded into a computerized database.
The database combined the genotypes for each individual using the individual's
identification number, with other information for the individual including gender and
disease status. The data from the genome scan were analyzed with the
GENEHUNTER program version 1.0 (Kruglyak et al., 1996). GENEHUNTER can
perform single point or multipoint analysis and calculate a parametric LOD score or
non-parametric sharing statistic (npl-score) as well as generate inheritance vectors and
construct haplotypes. The npl score is a measure of the degree of allele sharing among
affected individuals and is not dependent on the specific model proposed for the disease
as is the parametric LOD score. In this study, GENEHUNTER was used to perform
non-parametric multipoint analysis.

Because a large amount of computer memory and time was required to examine
multiple markers in pedigrees with inbreeding loops, the large Bedouin HHRH kindred
had to be divided into smaller pedigrees in order to run the GENEHUNTER program.
This meant that the large family had to be analyzed as separate families. For the first,
second and fourth analysis, the kindred was broken into three pedigrees (ABHHRH,
DEGHHRH, HHHRH) (Figure 10) consisting of 39 individuals total, 11 of which
were affected and only 26 of which were genotyped. For the third analysis, the
kindred was broken into eight pedigrees (AHHRH-HHHRH) (Figure 11) consisting of
all but three genotyped individuals and additional non-genotyped family members were
specified to incorporate the inbreeding loops.

In the first analysis, the npl scoring function measured the degree of allele sharing
among individuals affected with the HHRH. In the second analysis, members of the
kindred displaying hypercalciuria, i.e. individuals with either HHRH or IH, were
coded as affected. In order to include additional family members displaying IH, the
original large kindred was divided again, this time into eight separate pedigrees. As in
the second analysis above, in the third analysis, family members displaying
hypercalciuria were coded as affected. Two family members (6075 and 5027) (Figure
10) were found to have an unusually high frequency of segregation errors in their
typing data. Their data were excluded and the analysis of the three pedigrees with all
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Chapter4 A search for the gene responsivle for HHRH

forms of hypercalciuria coded as affected was repeated. No formal LINKAGE
calculations were performed with the genotype data.

RESULTS

Markers flanking candidate genes

Based on the data for the eight identity markers from all typed individuals, the observed
frequency of homozygotes in the Bedouin kindred was apparently not significantly
greater than expected. Inbreeding in the kindred did not increase the frequency of
homozygosity to the extent that multiple false positives would be detected using the
homozygosity mapping approach (Figure 12a). Likewise, the data for the candidate
gene markers on chromosomes 6 and 5 shown in Figure 12b and 12c, did not show a
higher than expected frequency of homozygotes in the HHRH affected category.

Only one individual (5027) was hecmozygous at all markers on chromosome 6 (Figure
13). Her affected sister (5029) did not share any alleles with 5027 nor was 5029
homozygous at any of the three chromosome 6 markers (Figure 13). The
homozygous, 105-129-157 haplotype was seen in only one other individual, 6055.

A single individual (6064) was homozygous at all markers on chromosome 5 (Figure
13). Individual 6064's homozygous, 189-142-256 haplotype was not seen in his
affected sister (6055), but was seen in three other affected individuals; 5027, 5089,
6C66 in the heterczygotic state (Figure 13). Ail of the HHRH affected individuals were
homozygous for allele 142 at marker D5S469. However, D5SS469 is believed to be
uninformative since every member of the Bedouin kindred that was typed had at least
one copy of allele 142 at marker DSS469 and 80% of the IH individuals, and 86% of
the normal individuals were also homozygous for allele 142.

Genome scan markers

The results of the PEDMANAGER program showed that three of the individuals
(6075, 5025 and 5027), all affected with either IH or HHRH had a rate of segregation
errors >10%.

The GENEHUNTER results can be summarized as follows. In the first analysis,
where only the individuals with HHRH patients were coded as affected, a peak npl
score was 2.25 and a p-value 0.03 found on chromosome 3 at distance 79cM from the
telomere of the short arm. In the second analysis, where members of the kindred
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Chapter4 A search for the gene responsible for HHRH

displaying either IH or HHRH were coded as affected, the highest npl score of 3.01
and a p-value 0.01 was also at 79cM on chromosome 3. Evidence for allele sharing on
chromosome 3 decreased when additional members of the kindred displaying IH were
included and a peak npl scors of 2.20 occurred on chromosome 9 at distance 35¢M.
When the two HHRH family members (6075 and 5027) with the unusually high
amount of segregation errors were excluded, a peak npl score of 1.78 occurred on
chromosome 17 at distance 13cM.

Because of the suggestion of excess allele sharing on chromosome 3, additional
markers from around the 79cM region were typed at Montreal General Hospital
(MGH).

Data from markers on chromosome 3 were analyzed in a similar fashion to the markers
flanking the candidate genes on chromosomes 6 and 5 (Appendix 6). Haplotype
analysis produced evidence for allele sharing at multiple markers. For example,
individuals 5027 and 5029, share the 238-169-223-237-341-256-113-247 haplotype.
Individuals 6003 and 6004 share with 5027 and 5029, the 341-256-113-247 portion of
that haplotype. However, only one marker D3S2388 showed excess homozygosity
(Figure 13). No conclusions regarding linkage of HHRH to markers on chromosome
3 can be made without a denser set of markers.

Discussion

These studies aimed to determine by genetic analysis whether HHRH in the Bedouin
kindred is linked to region p22 of chromosome 6 containing the NPT1 gene or to
region q35 of chromosome 5 containing the NPT2 gene. As the project progressed, it
became obvious that the mode of transmission of HHRH in the Bedouin kindred was
not entirely clear and that analyzing our data would be more complex than was
originally anticipated. In addition to looking at data for markers near the candidate Na*-
Pi cotransport genes we looked at markers spanning the genome and analyzed this data
using less stringent, model-independent methods.

Close examination of the pedigree, based on the reported information, reveals at least
six instances where disease alleles are entering the kindred, suggesting that the disease
alleles may not be rare. Four of these individuals displaying the IH trait (4029, 4030,
4033 and 5061) are specified as having married into the kindred, and therefore would
have brought in disease alleles of independent origin. At least two other disease alleles
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segregate within the kindred, although it is not possible to determine where these two
alleles entered into the kindred. If HHRH is a very rare recessive disorder, and IH
represents the heterozygous state, then it is unlikely that so many additional disease
alleles entered the kindred from unrelated individuals. What is more likely is that we
are missing complete pedigree information and additional unidentified inbreeding loops
are present which link those "unrelated individuals” to the kindred making those
individuals related and the six disease alleles not of independent origin, but identical by
descent (personal communication with Dr. M. Tieder).

In addition, the IH trait seems to display incomplete penetrance. For example,
individuals 5010 and 5075 are reported to be normal, yet both gave birth to HHRH
affected children (6003, 6004 and 6066). If two mutant alleles are required for
presentation of HHRH, then 5010 and 5075 must be carriers of a mutant allele but non-
penetrant for [H. Another more complicated example is individual 3009, who is also
reported to be normal but must be a carrier nonpenetrant for IH. A son (4020) and two
granddaughters (5027 and 5029) of 3009 are affected witch HHRH. Individual 3009 is
reported to be related to the central part of the pedigree by marriage only. If this is true,
then in order for 4020, 5027 and 5029 to be homozygous IBD for the same alleles as
the other affected members in the kindred, 3009 must be related not simply by marriage
but also by kinship to central part of the kindred.

The extensive inbreeding and incomplete penetrance make interpretation of the
inheritance pattern of HHRH in the Bedouin kindred difficult. Yet, the rarity of the
disorder, and the presence of consanguinity and of several instances of male-to-male
transmission of the IH trait argues in favor of an autosomal recessive model.
Assuming that HHRH is a single-gene autosomal recessive disorder and that all the
affected individuals possess two copies of the same mutant allele inherited identical by
descent from a common ancestor, if mutation of either the NPT1 gene, the NPT2 gene,
or a gene on chromosome 3 was responsible for HHRH, one would expect that all the
affected individuals would be homozygous by descent for the same haplotype at
markers closely linked to the disease gene. The results of these experiments did not
show this to be the case. Instead, multiple haplotypes were seen in the 10 HHRH
affected individuals who were genotyped. The distance between markers flanking the
NPT2 gene is sufficiently large that if an old mutation underwent multiple
recombination events homozygosity might not be detected. However, such a scenario
is unlikely to have resulted in so many different disease haplotypes. In the case of the
NPT1 gene the marker interval is so small (less than 1cM) that even if there was a very
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old NPT1 mutation, the occurrence of multiple recombination events between NPT 1
and the flanking markers would be highly unlikely.

In summary, homozygosity mapping and allele sharing studies failed to provide
evidence for linkage of HHRH in the Bedouin kindred to the renal Na*-Pi cotransporter
genes NPT1 or NPT2. This could be due to insufficient power to detect linkage
because of there being only 10 HHRH affected individuals with HHRH, to the
presence of gaps in the genotyping data or due to a combination of both insufficient
power and incomplete data. The results do not exclude the possibility that these genes
play a role in the disease phenotype under a more complicated genetic model. The
genome scan data showed that there was excess allele sharing at markers on
chromosome 3 and point to chromosome 3p as a possible site of further investigations
into a gene responsible for HHRH. A computer search of expressed sequences from
this region was done to see if there existed any known genes in this region that if
mutated could result in a HHRH phenotype.

The only gene in this region that struck us as interesting was the calcium sensing
receptor gene. Activating mutations of this gene result in a decreased ability of the
parathyroid gland to sense low serum CaZ+ levels and have been implicated in
autosomal dominant hypocalcemia/hypoparathyroidism (ADH) (Pollak et al., 1996).
Although ADH patients like HHRH patients exhibit hypercalciuira, ADH patients also
have moderate hypocalcemia and normal PTH levels which are inappropriately low
relative to the degree of hypocalcemia (Pearce et al., 1996). Additional markers from
this region of excess allele sharing on chromosome 3 were typed. However, no
conclusions regarding linkage of HHRH to this region can be made without further
typing of a denser set of markers because of the large genetic distances between the

markers.
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The kidney is the major site of regulation of serum Pi levels. Failure of the kidney to
properly reabsorb Pi was believed to be the primary cause of several inherited disorders
of Pi homeostasis (Chapter 1, Table 2). Renal BBM Na+*-Pi cotransport is the rate-
limiting step of the Pi reabsorption process. The overall aim of this thesis was to
assess the role of the NPT1 and NPT?2 renal Na*-Pi cotransporter genes in inherited
hypophosphatemic disorders. Specifically, there were three goals. The first was to
map the two genes in human and rabbit to determine their chromosomal localization.
The second was to characterize the structure of the NPT2 gene to gain information
necessary to perform mutation detection studies in patients with inherited
hypophosphatemias. The final goal was to map the disorder hereditary
hypophosphatemic rickets with hypercalciuria to determine if either NPT1 or NPT2
was involved in the pathophysiology.

Three physical mapping experiments presented in Chapter 2 localized the NPT1 and
NPT2 genes in human to chromosomes 6p22 and 5935, and in rabbit to chromosomes
12p11 and 3pl1, respectively. These assignments agree with the previously reported
homology between human chromosome 6 and rabbit chromosome 12 and provide the
basis for the establishment of a conserved syntenic group between human chromosome
5 and rabbit chromosome 3. The localization of the two cotransporter genes to
autosomes excludes them as candidate genes for X-linked hypophosphatemia. In
order to evaluate by genetic mapping whether autosomal disorders of Pi homeostasis
are linked to the NPT2 gene, polymorphic markers flanking the NPT2 gene were
identified.

The third chapter described the cloning, sequencing and characterization of the structure
of the human NPT?2 gene and similar experiments performed on the mouse Np2 gene.
In both species, the type II renal Na+-Pi cotransporter gene is approximately 16kb in
length and is comprised of 13 exons and 12 introns. The results of this work enabled
the design of intronic primers for the amplification of NPT2 exons in order to screen
DNA from patients with autosomal disorders of renal Pi reabsorption for mutations in
the NPT2 gene. The information also provided the basis for studying the regulation of
type II renal Na+-Pi cotransporter transcription and for the construction of a Npr2
knockout vector.

Chapter 4 describes the efforts to genetically map the autosomal disorder hereditary
hypophosphatemic rickets with hypercalciuria (HHRH) in an inbred Bedouin kindred.
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These studies did not provide conclusive evidence for linkage of HHRH to a
chromosomal region. Investigation into whether HHRH shows linkage to either the
NPT1 or NPT2 genes was carried out both nonparametrically and under the
assumption that HHRH is a rare autosomal recessive disorder. Haplotype analysis
showed that the affected individuals have several different haplotypes at markers
flanking the NPT1 and NPT2 genes. Analysis failed to reveal excess homozygosity or
allele sharing on either chromosome 6 or 5, where the NPT1 and NPT2 genes are
located, but suggested chromosome 3p as a possible starting point for further searches
for a gene responsible for HHRH. These results do not provide support for the
hypothesis that mutation of either the NPT1 or NPT2 gene is responsible for HHRH.

Interestingly however, homozygous Npt2 knock-out mice (Npr2-/-) lacking functional
Npt2 protein, display biochemical characteristics typical of HHRH patients (Beck et
al., 1998). The Npr2- mice exhibit increased Pi excretion, hypophosphatemia, and an
appropriate elevation in serum 1,25(OH);D levels resulting in hypercalciuria (Beck et
al., 1998). Given the striking similarity of the HHRH and Npt2-/- biochemical
phenotypes, it was somewhat of a surprise that the Nps2-- mice do not have rickets or
osteomalacia. Rather, the newborn Npt2/- mice exhibit a complex bone phenotype
which is not only reversed after weaning, but is overcompensated for with increasing
age (Beck et al., 1998).

Although the results of the genetic mapping of HHRH presented earlier and the
phenotype of the NPT2 knockout mouse (Beck et al., 1998) appear contradictory, they
are not irreconcilable. The multiple haplotypes and lack of evidence for excess allele
sharing in the Bedouin kindred could be because HHRH alleles are in fact not rare but
common (Tieder et al., 1992). Other possible reasons could be because the founding
mutation is very old, the founder was a compound heterozygote or some combination
of all these reasons. The discordant bone abnormalities seen in HHRH patients and
Npt2-/- mice could be due to species differences in the amount of Pi required for proper
skeletal mineralization or differences in response to elevated 1,25(OH)2D levels (Beck
et al., 1998). Similarly these differences could be do to the genetic background of the
mice. Reported differences in vitamin D metabolism between Hyp and Gy mice
(Davidai et al., 1990)were not found when the two mice were studied on the same
genetic background (Meyer et al., 1996). Characteristic features of the Gy mutation
such as circling behavior were also seen in mice harboring the Hyp mutation when it
was transferred to the same background as the original Gy strain. Breeding the Npr2-/-
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mice onto another genetic background may result in mice with a phenotype closer to
that of human patients.

Another attractive explanation for why there are so many different haplotypes at
markers near the candidate genes is that common mutations or polymorphisms in the
NPT2 gene could act in combination with a rare allele of another gene to cause HHRH.
This is not unreasonable given that multiple genes have been speculated to contribute to
hypercalciuria in the normal population (Scheinman, 1998). An example of a digenic
disorder is autosomal recessive Limb girdle muscular dystrophy (LGMD2A) (Allamand
et al., 1995; Richard et al., 1995).

On the island of La Réunion there is a founding population with a high prevalence of
LGMD2A showing linkage to a region of chromosome 15q. This region of
chromosome 15q contains the muscle-specific gene calpain3, which was felt to be a
good candidate gene for LGMD2A. The calpain3 gene was sequenced using DNA
from La Réunion LGMD2A patients and mutations were identified. Despite the
isolated population and rarity of the disorder, haplotypes seen in the affected
individuals from the island were not IBD for markers flanking the calpain3 gene.
Rather, six different haplotypes were identified, each harboring a different calpain3
mutation. To explain the perplexity of many rare recessive disease alleles of
independent origin in the founder population, a two-gene model for LGMD2A was
postulated (Allamand et al., 1995; Richard et al., 1995). Mutations of the calpain3
gene are believed to be very common. Yet, for homozygous or compound
heterozygous mutations to result in manifestation of the disease phenotype, a second
rare allele of another polymorphic gene is also required (van Ommen, 1995). For
example in the La Réunion population it is speculated that the second yet-to-be-
identified gene has become fixed.

Such a digenic model is an appealing explanation for why multiple haplotypes were
seen at markers flanking the NPT2 gene in the Bedouin population and for why the
phenotype of HHRH patients is different from the phenotype of the Npt2-- mouse.
NPT?2 mutations may be common, and a mutation at an unknown gene could be fixed
in the Bedouin HHRH population due to a founder effect. However, this explanation
is not supported by any concrete evidence. Unlike in LGMD2A where evidence for
linkage was found to calpain3, there is no evidence for linkage of HHRH to 5q35 or
6p22.
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The only gene that has been shown to cause a hypophosphatemic disorder is PEX.
PEX was surprising because the way in which it functions to bring about the XILH
disease phenotype is not obvious. PEX is a membrane bound protein and is not
expressed in the kidney. It is believed to be indirectly involved in the regulation of
renal NPT2 Na+*-Pi cotransporter gene expression, and therefore serum Pi levels. Of
the many mechanisms this could involve, the most imaginable is one where a mutation
decreases the amount of functional PEX protein (haploinsufficiency) and leads to a
disease phenotype (Econs and Francis, 1997). In this situation there would not be
enough of the normal PEX protein to activate a humoral phosphate conserving
hormone or to inhibit the expression and/or action of the putative phosphate wasting
factor, phosphatonin. Either of the two hormones would act on the kidney to regulate
renal NPT2 Na+-Pi cotransporter gene expression.

Low serum Pi levels resulting from PEX mutations do not seem to be the primary
cause of the bone disease seen in the XLH, Hyp and Gy disorders. Several studies
have provided evidence for an intrinsic bone defect in Hyp mice (Ecarot-Charrier et al.,
1988; Rifas et al., 1997; Rifas et al., 1995). These studies revealed that Hyp mice
show a higher rate of glucose production and decreased casein kinase II activity
compared with normal mice (Rifas et al., 1997; Rifas et al., 1995). In addition, it has
been shown that Hyp osteoblasts continue to produce abnormally mineralizing bone
when transplanted into mice displaying normal serum Pi levels (Ecarot-Charrier et al.,
1988) and that these cells have normal Na+*-Pi cotransport activity (Ecarot et al., 1994,
Ecarot-Charrier et al., 1988; Rifas et al., 1994) This means the bone disease is not
simply a result of low serum Pi levels, but that PEX which is expressed in bone (Beck
et al., 1997) plays a direct role in bone metabolism.

Another uncommon disorder of renal proximal tubular reabsorptive failure is X-linked
hypercalciuric nephrolithiasis (XLHN) (Scheinman, 1998). XLHN is an umbrelia
term used to refer to four syndromes: X-linked recessive nephrolithiasis, Dent's
disease, X-linked recessive hypercalciuric rickets (XLRHR) and Low-molecular-
weight proteinuria with hypercalciuria and nephrocalcinosis {Scheinman, 1998). Each
is caused by mutations in the same chloride channel gene CLCNS (Fisher et al., 1995).
Although the XLHN syndromes were at no time believed to be due to a problem in
renal Pi reabsorption, they are worthy of mention.

One of the earliest and most consistent features of XLHN is hypercalciuria. The
XLHN syndromes display high-normal to high serum 1,25(OH),;D levels. Two

74



General Discussion
syndromes, Dent's disease and XLRHR present with rickets and osteomalacia.
Although, the role of the CLCNS channel in Ca2+* reabsorption is unknown, for a time
the CLCNS gene was speculated to contribute to IH in the normal population and be a
possible candidate for HHRH. To date no CLCNS mutation has been found in either
normal IH individuals (Scheinman, 1998).or members of the Bedouin HHRH kindred
(personal communication with Dr. R. Thakker). Like PEX, CLCNS is a novel gene
identified by positional cloning and mutation of the gene does not immediately explain
the clinical phenotype observed in patients.

The signaling mechanisms that link the known regulators of Na+-Pi cotransport (PEX,
dietary Pi intake, serum Pi concentrations and serum PTH levels), to changes in NPT2
activity are unknown. A differential display-PCR experiment, comparing renal mRNA
from rats fed low- and high-Pi diets, resulted in the identification of a new gene
product associated with increased BBM NPT2 cotransport activity called dietary Pi-
regulated RNA-1 or diphor-1 (Custer et al., 1997). Two possibilities were postulated
for how diphor-1 acts to increase NTP2 cotransport activity. The first is that it
increases the number of NPT2 cotransporters present in the BBM by promoting
cotransporter incorporation into the membrane or decreasing the removal and
degradation of cotransporters from the membrane. The second is that diphor-1
increases the activity of the NPT2 cotransporters already present in the membrane.
Circumstantial evidence also exists for a circulating factor which down-regulates renal
Pi reabsorption, phosphatonin, but no gene has been isolated.

If HHRH is truly an autosomal recessive disorder, whether or not it is due to a single
gene or to two genes, typing of a denser marker set and filling in the gaps between
markers should enable one to identify a gene using the methods we have employed.
Collecting DNA samples from more affected individuals would aid in the above study
and in identification of the gene(s) assuming a different mode of transmission. Since
HHRH was not mapped, the question of whether or not mutations of the NPT2 gene
contribute to the HHRH phenotype is still unanswered. Sequencing the NPT2 gene
and finding a mutation in the HHRH kindred would answer the question. Mutation
detection experiments carried out by another laboratory member using the information
gathered in Chapter 3, have so far failed to uncover NPT2 mutations in the Bedouin
HHRH patients. However not finding a NPT2 mutation does exclude the possibility of
NPT2 involvement in disease.
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Eventually, the locus or loci causing HHRH will be discovered. It may turn out to be
diphor-1, phosphatonin or an entirely new component of the renal Pi reabsorption
regulatory pathway. Nevertheless, what makes the disorder HHRH so interesting
despite all of its problems, is that identifying the gene(s) will not only increase our
understanding of the specific pathophysiology of HHRH, but of renal Pi reabsorption
and possibly Ca2*+ homeostasis in general.

Contributions to Original Knowledge

The following is a list of experiments and results that to my knowledge had not yet
been published by another author prior to publication by our group.

1) The localization of the NPT2 gene to a human chromosome region 5q35.

2) The localization of the NPT2 gene to a rabbit chromosome region 3pl1.

3) Comparative mapping of a human chromosome 5 marker in rabbit.

4) The identification of a rabbit chromosome 3 marker.

5) The cytogenetic localization of the NPT1 gene to a human chromosome 6p22.
6) The localization of the NPT 1 gene to a rabbit chromosome 12p11.

7) Comparative mapping of a human chromosome 6p marker in rabbit.

8) The results of experiments which eliminate the NPT1 and NPT2 genes as
candidate genes for X-linked hypophosphatemia.

9) The identification of markers flanking the human NPT2 gene.

10)  The gene structure of the human and mouse renal type II Na*-Pi cotransporter
genes.

11)  The results of genetic mapping experiments investigating the disorder hereditary
hypophosphatemic rickets with hypercalciuria (HHRH).

12)  The suggestion that a locus on human chromosome 3p may have arole in
HHRH.
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Appendix I. Marker List

Appendix 1. Marker List

The following is a list of marker information as it appeared at WICGR-MIT during
the time of the study (discrepancies with other sources may exist). Additional
information for the markers flanking the candidate genes on chromosomes 5 and 6
and the additional markers typed on chromosome 3 were based on information
obtained from WICGR, Dr. Feder, Dr. McPherson and from the Marshfield Center
for Medical Genetics: http:/ /www.marshmed.org/genetics/maps/

0
3

i I i o T S S S Y

Placed cM to Allele Robot

Marker typed Label next Het. range Pane] run Type
D1S1612 MIT F 13 0.83 88-130 1 A tetra
D1S1597 MIT T 8.9 0.71 155-181 3 A tetra
GATA29A05 MIT F 9.3 0.73 171-215 27 E tetra
D1S552 MIT H 22 0.72 240-264 1 A tetra
D1S1622 MIT F 48 0.72 252-275 33 D tri

D1S2134 MIT F 17.2 0.84 256-301 27 E tetra
D1S1669 MIT F 13.2 0.74 372-410 4 A tetra
D1S1665 MIT H 124 0.74 219-241 16 C tetra
D1S551 MIT T 11.2 0.67 166-186 10 C tetra
D1S1588 MIT F 11.5 0.68 114-139 8 C tri

D1S1631 MIT F 17.4 0.77 125-156 12 B tri

D1S1675 MIT F 38 0.62 220-255 12 B tetra
D1S534 MIT H 6.9 0.83 196-218 38 E tetra
D1S1595 MIT T 11.6 0.78 260-297 8 C tetra
D1S1679 MIT F 42 0.84 148-170 38 E tetra
D1S1677 MIT F 19.2 0.68 180-214 8 C tetra
D1S1589 MIT T 10 0.76 194-220 33 D tri

D1S518 MIT T 9.3 0.84 191-224 12 B tetra
D1S1660 MIT H 7.4 0.78 226-252 30 D tetra
D1S1678 MIT H 35 0.68 288-313 8 C tetra
D1S3465 MIT H 11.5 0.62 121-133 31 E tetra
D1S2141 MIT F 11.6 0.84 235-265 8 C tetra

Al-1



Appendix 1. Marker List

Placed cMto Allele Robot

Chr Marker typed Label next Het. range Pane] run Type
1 D1S549 MIT T 8.3 0.77 157-194 8 C tetra
1 D1S1656 MIT H 22 090 125165 8 C tetra
1 ATA29C07 MIT F 25.7 0.75  248-270 4 A tri
1 D1S547 MIT T 7.6 0.79  280-310 35 C  tetra
2 D2S1780 MIT F 9.9 0.73  307-338 33 D tetra
2 D2S423 MIT T 79 0.70 110-135 10 C tetra
2 D2S1400 MIT H 17.9 0.66  107-140 1 A tetra
2 D2s405 MIT T 17.8 0.67  233-262 23 D tetra
2 D2S1356 MIT F 144 076  236-256 23 D tri
2 D2S1337 MIT T 10.2 0.66 123-163 31 E tetra
2 D2s441 MIT H 4 075 127-159 10 C  tetra
2 D2S139%4 MIT T 11.8 0.70  158-175 37 E tetra
2 D2S1777 MIT F 5.3 0.65 190-215 23 D  tetra
2 D2s1790 MIT F 218 0.80 278-328 12 B  tetra
2 D2s410 MIT T 9 0.80 152-182 23 D  tetra
2 D2s1328 MIT F 155 0.75 135-168 3 A tetra
2 D2s442 MIT H 18.1 065 194228 2 A tetra
2 D2S1353 MIT F 123 0.80 136-164 23 D tri
2 D2s1776 MIT F 15.7 072  286-308 1 A tetra
2 D2S1391 MIT F 133 079  109-133 30 D  tetra
2 D2S1384 MIT F 11.9 0.80 141-167 34 E tetra
2 DiSs1649 MIT F 5.6 0.80 106-136 2 A tetra
2 D2S434 MIT T 9.6 0.77  256-286 21 D tetra
2 D2s1363 MIT T 12.6 079 172-192 5 C  tetra
2 D2S427 MIT H 174 0.76 215263 34 E tetra
2 D2S338 MIT T 11.6 0.81 271-291 12 B di
2 D2s125 MIT T 0.82 82-103 25 E di
2 tel-2q44 MIT F 175-183 36 E di

18.8

3 D3S1304 MIT F 16.5 0.80  253-275 29 D di
3 D352403 MIT F 28.3 0.70 248-292 14 B tetra
3 D3s2432 MIT F 13.2 083 117170 14 B tetra
3 D3s2409 MIT T 8.1 075 111127 12 B tri
3 D3s1766 MIT T 129 076  207-232 3 A tetra
3 D3s1285 MIT H 11.8 073  230-243 4 A di
3 D3S2406 MIT T 17.5 087 306370 38 E tetra
3 D3s2459 MIT H 6.5 084 174204 31 E tetra
3 D3S3045 MIT H 11.2 082 175208 14 B tetra
3 D3S2460 MIT T 20.7 076  143-174 14 B tetra
3 D3S1764 MIT T 13.6 080 218260 29 D tetra
3 D3s1744 MIT F 17.7 080 131-167 4 A tetra
3 D3s1763 MIT T 6.3 078  260-282 28 E tetra
3 D3s3053 MIT H 9.2 072 223-246 26 E tetra

Al-2
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Placed cM to Allele Robot

Chr Marker typed Label next Het. range Panel run Type
3 D352427 MIT T 142 087 203250 4 A tetra
3 D3S2436 MIT T 5.7 0.66 164-181 1 A tetra
3 D3S52398 MIT H 6.7 0.79 266-298 12 B tetra
3 D3S2418 MIT T 89 0.71 87-117 14 B tri
4 D4S2366 MIT H 11.8 0.79 120-144 12 B tetra
4 D45403 MIT F 8.1 0.77 214-234 3 A di
4 D4S2639 MIT T 8.6 0.85 160-192 29 D tetra
4 D452397 MIT F 238 0.78 126-144 24 D tri
4 D4S1627 MIT H 84 0.81 177-202 1 A tetra
4 GATA28F03 MIT H 8.1 0.73 231-257 22 D tetra
4 D4S2367 MIT F 12.9 0.78 125-147 18 C tetra
4 GATA10G07 MIT T 42 0.66 161-179 24 D tetra
4 D4S2361 MIT F 12.2 0.74 149-164 36 E tri
4 D4S1647 MIT F 264 0.75 130-156 27 E tetra
4 D4S2394 MIT T 135 0.79 235-259 24 D tetra
4 D4S1644 MIT F 4.6 0.72 188-210 4 A tri
4 D4S1625 MIT F 16.3 0.74 182-210 24 D tetra
4 D4S5S1629 MIT H 8.6 0.72 137-158 24 D tetra
4 D4S2368 MIT T 11.6 0.75 299-328 9 B tetra
4 D4S2431 MIT H 6.5 0.82 234-258 20 C tetra
4 D4S2417 MIT F 14.6 0.68 251-273 24 D tetra
4 D4S408 MIT H 12.7 0.76 225-248 15 B tetra
4 D4S1652 MIT H 0.71 136-150 2 A di
5 D5S1492 MIT T 123 0.60 114-126 24 D tetra
5 Ds5S807 MIT H 48 0.76 166-203 22 D tetra
5 D5S817 MIT H 14.6 0.66 260-272 2 A tetra
5 D5S1473 MIT F 11.9 0.72 240-320 37 E tetra
5 D5S1470 MIT H 28.2 0.82 173-199 21 D tetra
5 GATA67D03 MIT T 16.5 0.82 149-181 28 E tetra
5 D551501 MIT T 115 0.78 98-144 21 D tetra
5 DSS51719 MIT F 24.2 0.81 81-108 7 A di
5 GATA68A03 MIT H 11.2 0.75 305-334 2 A tetra
5 DSS1505 MIT F 11.2 0.80 215-275 28 E tetra
5 D5S816 MIT T 9.6 0.83 225-251 38 E tetra
5 D5S1480 MIT F 12 0.79 218-240 5 C tetra
5 D5S820 MIT F 18.7 0.77 188-210 32 E tetra
5 D5S1471 MIT T 5.1 0.68 151-172 20 C tetra
5 D5S1456 MIT H 10 0.78 191-211 18 C tetra
S D5S498 MGH P32 5 0.81 173-189 NA Manual di
5 DS5S469 MGH P32 6 0.48 142-146 NA Manual di
5 DB5S408 MIT H 0.73 247-266 NA Manual di
6 D65S477 MIT T 14.5 0.82 213-237 17 D tetra
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Placed cMto Allele Robot

Chr Marker typed Label next Het. range Panel run Type
6 D6S1006 MIT F 23 0.61 192-202 6 A tri
6 D6S1281 MIT H 0.13 072 176212 17 D  tetra
6 D6S2238 MGH P32 0.13 0.81 87-113 NA Manual di
6 D6S2237 MGH P33 0.13 077 113137 NA Manual di
6 D6S2233 MGH P34 9.81 0.81 139-161 NA Manual di
6 D65S1019 MIT F 54 067 212-236 17 D di
6 D6S1017 MIT F 13.3 0.68 151-171 32 E tetra
6 D65S1280 MIT T 10.8 078 168-192 17 D tetra
6 D6S1053 MIT T 12.7 0.81 295-325 15 B tetra
6 D6S1270 MIT H 9.5 0.62 111-137 13 B tetra
6 D6S1056 MIT H 12.6 085 236273 14 B tetra
6 D6S1021 MIT F 5.5 073  140-156 39 E tri
6 D6S474 MIT F 10.3 0.77 151-167 17 D  tetra
6 D6S1040 MIT H 10 075  257-285 32 E tetra
6 D651009 MIT H 72 080  237-273 5 C tetra
6 D651003 MIT T 19.9 077  292-319 14 B tri
6 D6S1007 MIT T 15.1 060  283-303 22 D tetra
6 D65S1277 MIT T 121 072  282-311 17 D tetra
6 D6S503 MIT H 34 0.71 247-263 11 B tetra
6 D6S1027 MIT T 077 115138 17 D tri
7 D752201 MIT T 25 062 100-117 15 B tetra
7 D751802 MIT H 9.3 0.73 177-201 20 C tetra
7 D751808 MIT F 8.9 0.78  251-276 15 B tetra
7 D7S817 MIT F 85 0.78  156-180 1 A tetra
7 GATA31A10 MIT T 14 0.76 172-196 2 A tetra
7 D7S1818 MIT T 33 0.71 180-202 30 D tetra
7 D751830 MIT T 17.4 076 200230 20 C tetra
7 GATA73D10 MIT T 57 0.81 217-269 15 B tetra
7 D7S2212 MIT T 194 0.8 196-216 28 E tetra
7 D751799 MIT H 144 0.72 171-199 15 B tetra
7 GATA44F09 MIT H 9.9 0.86 174-201 4 A tetra
7 D7S1804 MIT F 19.1 086 210-290 35 C tetra
7 D751824 MIT H 5 0.83 163-199 28 E tetra
7 D7S2195 MIT H 154 079  237-292 23 D tetra
7 D751826 MIT F 21.6 0.76 142-164 15 B tetra
7 D7S559 MIT H 0.81 190-235 24 D di
8 D8S1130 MIT H 43 0.80 130-162 18 C tetra
8 DB8S1106 MIT F 54 0.73 126-155 20 C tetra
8 DB8S1145 MIT T 125 073 261-293 20 C tetra
8 D85136 MIT F 219 0.88 63-89 6 A di
8 D8S1477 MIT F 8.1 0.86 137-180 5 C tetra
8 D8S1110 MIT F 8.7 0.77  262-286 2 A tetra
8 D8s51113 MIT T 6.1 0.81 215-245 16 C tetra
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Placed cMto Allele Robot
Chr Marker typed Label next Het. range Pane] run Type
8 D8S51136 MIT F 4.7 072  235-268 20 C  tetra
8 GATAI12B06 MIT T 15.1 084  260-288 5 C tetra
8 Ds8S1119 MIT H 83 080 173-199 13 B tri
8 GAATI1A4 MIT H 9.2 066  140-157 19 C tetra
8 D8s1132 MIT F 6.6 08  134-171 35 C tetra
8 D8s592 MIT T 111 067 150-164 12 B tetra
8 D8S1179 MIT H 6 082 162-194 23 D  tetra
8 Ds8s1128 MIT H 14 076  240-268 17 D  tetra
8 D8S1100 MIT T 065 183193 15 B tri
9 GATA62F03 MIT F 18.8 064 272295 22 D  tetra
9 D9S925 MIT H 16.2 082 167-199 29 D tetra
9 D9S741 MIT F 134 079  190-208 20 C di
9 D9s1118 MIT T 9.8 0381 139-177 36 E tetra
9 D9S301 MIT T 8.6 080  208-241 37 E tetra
9 D9s1122 MIT H 5.9 0.71 190-210 8 C tetra
9 D9s922 MIT H 44 078  251-272 9 B tetra
9 D9S1119 MIT H 21.7 092 151175 39 E tetra
9 D9s910 MIT T 73 0.5 105-129 26 E tru
9 D9S938 MIT F 9.1 079 390414 3 A tetra
9 D95930 MIT T 078 278307 19 C tetra
10 D10S1435 MIT H 141 069  256-276 26 E tetra
10 D10S189 MIT T 8.4 072  178-189 4 A di
10 D10S1412 MIT F 124 0.73 108-170 25 E tri
10 D10S674 MIT T 3.6 076 218-258 18 C tetra
10 D10S1423 MIT F 12.3 074 218242 39 E tetra
10 D10S1426 MIT T 138 074 152-180 13 B tetra
10 D10S1220 MIT H 12.2 062  230-252 13 B tri
10 D10S1225 MIT T 159 076  168-204 27 E tri
10 D10S1432 MIT T 9.8 074  159-185 39 E tetra
10 GGAT1A4 MIT T 18.7 0.66 198230 22 D  tetra
10 D10S677 MIT F 79 0.81 195-225 2 A tetra
10 D10S1239 MIT T 10.8 075 158-184 25 E tetra
10 D10S1237 MIT F 114 0.82  363-436 1 A tetra
10 D10S1230 MIT H 111 074 110-138 14 B tri
10 D10S1223 MIT F 13.5 074 269296 13 B tri
10 D10S169 MIT T 0.75 95-117 23 D di
11 D11S2362 MIT T 71 081 208232 13 B tri
11 D11S1999 MIT H 15.2 0.80 108-137 3 A tetra
11 D11S1981 MIT F 21 0.83 134-178 28 E tetra
11 ATA34E08  MIT F 0.1 076 152-172 29 D tri
11 D11S1392 MIT F 16 077 198-220 13 B tetra
11 D11S1985 MIT H 11.8 087  234-286 37 E tetra
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Placed cM to Allele Robot
Chr Marker typed Label next Het. range Panel run Type
11 D11S2371 MIT H 22 067 192-213 19 C tetra
11 D11S1366 MIT T 79 0.71 198-262 31 E tetra
11 D11S1986 MIT T 9.6 079  184-248 32 E tetra
11 D1151998 MIT F 9 068 129-165 13 B tetra
11 GATA64D03 MIT H 111 078 225253 19 C tetra
11 D11S912 MIT T 0.81 99-123 13 B tetra
12 D12S372 MIT T 72 0.76 173-190 18 C tetra
12 D12S374 MIT T 12.2 0.71 274-294 13 B tetra
12 D12S391 MIT H 9.6 088  209-251 3 A tetra
12 D12S373 MIT T 14.2 0.76 173-228 26 E tetra
12 D12S1042 MIT T 8.7 081 118-136 4 A tri
12 D12S1090 MIT H 235 087  217-258 7 A tetra
12 D12S1294 MIT F 8.5 0.84 168-204 18 C tetra
12 D12S1052 MIT T 1238 072 138165 22 D tetra
12 D12S1064 MIT F 14.7 082 167-197 30 D tetra
12 D12S1300 MIT H 42 0.63 108-135 15 B tetra
12 PAH.30361 MIT H 17 079 228260 28 E tetra
12 ATA25F09 MIT H 77 0.79 86-104 7 A tri
12 D12S395 MIT H 15.3 076  223-247 39 E tetra
12 GATA32F05 MIT F 132 0.81 250-283 18 C tetra
12 D12S1045 MIT T 0.80 76-103 16 C tri
13 D13S787 MIT F 18.9 072  245-267 26 E tetra
13 GGAA29HO0: MIT T 8.7 080 217-245 11 B tetra
13 D13S894 MIT T 6.4 0.64 180-205 19 C tetra
13 D13S325 MIT F 18.2 0.80 195-235 25 E tetra
13 D13S800 MIT T 8.8 075 292-319 18 C tetra
13 D13S317 MIT H 27 0.79 175-199 33 D tetra
13 D13S779 MIT H 0.71 180-199 30 D tri
14 GATA31B09 MIT T 35 070  288-301 3 A tetra
14 D14S597 MIT H 5.1 0.78 177-193 35 C tri
14 D14S297 MIT T 145 0.62 84-112 11 B tetra
14 D14S306 MIT F 14 0.79 188-214 15 B tetra
14 D14S587 MIT F 113 0.84 245-278 19 C tetra
14 D14S592 MIT H 8.9 075 228240 25 E tri
14 D14S588 MIT H 189 0.67 114-141 9 B tetra
14 D14S606 MIT T 6.3 069 266-278 26 E tetra
14 D14S610 MIT H 11.7 0.71 355-376 6 A tetra
14 D14S617 MIT F 115 0.78 137-173 22 D tetra
14 D14S611 MIT F 0.67 151-174 19 C tetra
15 D15S165 MIT H 12.2 0.79 180-217 9 B di
15 ACTC MIT T 17 0.87 67-96 5 C di
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Placed cM to Allele Robot
Chr Marker typed Label next Het. range Panel] run Type
15 D155659 MIT H 9 0.84 161-206 25 E  tetra
15 D15S643 MIT F 10.7 0.86 193-223 29 D tetra
15 D155153 MIT F 27.9 0.87 194-228 9 B di
15 D15S652 MIT H 8.4 0.80 283-309 3 A tri
15 D15S816 MIT F 6.1 0.66 123-148 9 B tetra
15 D15S657 MIT F 0.82 329-360 2 A tetra
16 D1652622 MIT T 14.3 0.67 71-91 7 A tetra
16 D16S748 MIT F 64 0.82 181-214 26 E tri
16 D1652619 MIT T 14.3 0.79 143-163 34 E tetra
16 D16S403 MIT H 7.3 0.85 132-155 27 E di
16 D165769 MIT F 7.5 0.69 255-272 9 B tetra
16 D16S753 MIT T 152 0.79 250-278 9 B tetra
16 GATA22F09 MIT H 14 0.71 167-188 16 C tetra
16 D16S2624 MIT H 71 0.70 131-150 17 D tetra
16 D16S518 MIT H 182 0.83 272-290 4 A di
16 D165422 MIT H 132 0.79 184-212 5 C di
16 D16S539 MIT T 0.76 144-172 9 B tetra
17 D1751308 MIT F 13 0.67 304-316 26 E tetra
17 D17S1298 MIT F 16.9 0.60 246-260 11 B tetra
17 D1751303 MIT T 275 0.70 227-245 14 B tetra
17 D1751294 MIT F 8 0.68 244-272 21 D tetra
17 D1751293 MIT T 6.5 0.83 262-296 2 A tetra
17 D1751299 MIT F 16.7 0.73 185-209 21 D tetra
17 D17S809 MIT H 6.5 0.71 229-249 6 A di
17 D1751290 MIT H 25.7 0.84 168-210 11 B tetra
17 D1751301 MIT F 0.65 141-164 21 D tetra
18 D18S59 MIT F 12.3 0.80 142-165 7 A di
18 D18S976 MIT T 17.7 0.86 166-194 7 A tetra
18 D18S843 MIT H 12 0.75 179-195 7 A tri
18 D18S542 MIT H 16.5 0.79 178-198 12 B di
18 D18S877 MIT T 10.7 0.68 116-137 27 E tetra
18 D18S535 MIT H 10 0.76 130-157 5 C tetra
18 D18S851 MIT F 44 0.73 250-277 7 A tetra
18 D18S858 MIT F 19.8 0.75 188-208 7 A tri
18 GATA26C03 MIT T 153 0.83 272-300 16 C tetra
18 D18S541 MIT T 8.5 0.76 266-289 7 A tetra
18 Di18S844 MIT H 0.76 182-201 36 E tri
19 GATA21G05 MIT F 131 0.72 222-245 30 D tetra
19 D19S586 MIT T 8.8 0.83 222-250 27 E tetra
19 D19S714 MIT H 127 0.79 220-258 33 D tetra
19 D195433 MIT F 7.3 0.77 192-221 11 B tetra
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Chr Marker

19
19
19
19

20
20
20
20
20
20

MENENENEN

HKXHKX XX XX

%

D19S587
D195246
D19S601
D19S589

D20S473
D20S604
D20S470

D20S477
D20S478
D20S481

D2151437
D2151435
D21S1270
D2151440
D2151809
D21S1446

D22S446
D225689
D22S685
D225445
D22S444

DXS6807
DXS6810
DXS7132
DXS6800
DXS6789
DXS6799
DXS56797
DXS1047

GATA31EO8
GATA2A12

DYS389
DYS390

Placed
typed Label
MIT F
MIT F
MIT F
MIT T
MIT T
MIT F
MIT T
MIT F
MIT T
MIT T
MIT H
MIT T
MIT H
MIT F
MIT H
MIT T
MIT F
MIT F
MIT T
MIT T
MIT H
MIT F
MIT T
MIT F
MIT F
MIT F
MIT F
MIT T
MIT F
MIT H
MIT H
MIT F
MIT F

cM to
next
24.8
57
4.4

26.6
5.9
7.5
8.3
9.5

9.4
5.3
11.3

158

13.4

33

12.6
6.9

48

19

10
14

24

not used

not used

not used
not used

Het.

0.62
0.82
0.78
0.72

0.68
0.72
0.87
0.71
0.81
0.83

0.73
0.81
0.83
0.74
0.75
0.69

0.81
0.76
0.79
0.65
0.53

0.68
0.66
0.73
0.76
0.76
0.70
0.76
0.81

0.73
0.65

0.66
0.76

Allele
range

Robot

Pane] run

138-156
184-233
197-237
161-186

169-187
131-147
266-314
221-268
240-275
217-253

110-143
163-191
172-198
153-175
210-222
200-226

182-233
197-230
168-209
110-130
123-131

253-273
212-225
282-303
195-221
118-153
241-274
240-274
177-211

226-256
230-250

248-264
205-224

11
34
22
11

11

39

16

16
27

33
16
21

28

10
11
14
10
10

10

10
21

17
19

m»P 0NC omAO>0N» >Pmp> x> P D 0Omw

N> NNoOwN P

on

no

Type
tetra
tetra
tetra
tetra

tetra
tetra

tetra
tetra
tetra

tetra
tetra
tetra

tetra
tetra

tetra
tetra
tetra
tetra

tetra
tetra
tetra
tetra
tetra
tetra
tetra
di

tetra
tetra

tetra
tetra
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Appendix 2. Identity Marker List

Genbank Lovus{STRL, GDB Gene Product Length
Designanion <hromosome iocauon) PCR Primers (bp}
HUMHPRTE[AGATL, HPRT ... Hvpoxantnine [A: arg cca cag ata ata Cac ¢ ccc 2§9-299
~ROSDRONDOSVitransterase B: ctc tcc 3ga ata gre 22 o 2
Nulos
HUMFABP{AATL, FABPY e . {ntesaina ratey acid-binding {A: E73 [1a (€3 @11 1C2 [ag g caC c] 199-220
proten t34l18-g31) B: cag rxc gre ccc ant gre e ey
HUMCDHAAAAGL, CDY ..o Recognition ssurtace antigen [A: FI8 §AB 1CE A2 §CT §A2 T2 g3 125-175
wddr (1 2p12-prert B: cc3 g2 g 1g2 ga< 1oc 2x g
HUMCSFIPOIAGAT], CSFIR ... <-1Ms Proto-oncogence 1or :: 3¢ CTE gt €18 <C2 2gg act *I 295-327
CSF-1 receproriiq333-q34) # f1€ €26 32 caa g grc Mc re
HUMTHOIAATGL,TH e Tyrosine nvdroxviase (1 1p15.5) [“‘ BYE EB< g3 343 grt ccc gar ar 179-203
B: are c22 agg gea tct gg cre gy
HUMPLA2AIAATL, PLA2A Pancreatnic phosphoipase A-2 {A: BT FET 3¢ ctc Cat gag gt 2gn 118-139
{12q23-gren B:ugagcacrmcargrgccagge t
HUMFI3A01{AAAGL, FI3A1 o Coagulation ractor XIlI A: gag gre g<a e g “""“'} 281-331
34.m2c B: tTc CTg 23t Cat CCC aga goC 86
(6p24-pl5)
HUMCYAROHAAATL, CYPI9 Aromatase cvtochrome P-450 [” 5T 22g C2g FXa CTT AgT TG 13 ¢ 173-201
(15q21.11 B: gz aca grg 29< <32 5T <31 S8
HUMLIPOLAAATL/LPL oo Lipoprotern hipase (8p22) [““"“””'"-”"‘ 125-175

8: ggt aac rga gog aga crg tp ot

Table reproduced from Hammond et al., 1994.

This table lists the markers used to estimate the frequency of homozygotes and degree
of inbreeding in the HHRH kindred. In addition, confirmation of the reported gender
specification was performed as described in Bailey et al., 1992 (see Appendix 4). PCR
amplification of human male DNA using a pair of primers that spans the first intron of
the X-Y homologous gene amelogenin results in two different size fragments. A
fragment of 542bp is amplified from the X chromosome and a fragment of 358bp from
the Y chromosome. Consequently, when a single 542bp band is amplified the
individuals is designated female. When two bands are amplified the individuals is

designated male (Bailey et al., 1992).

Bailey, D.M.D., N.A. Affara & M.A. Fergson-Smith. The X-Y homologous gene
amelogenin maps to the short arms of both the X and Y chromosomes and is highly
conserved in primates. Genomics 14:203-205 (1992).

Hammond, H.A., L. Jin, Y. Zhong, C.T. Caskey & R. Chakraborty. Evaluation of 13
short tandem repeat loci for use in personal identification applications. American
Journal of Human Genetics 55:175-189 (1994).
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Appendix 3. Description of Programs

The following is a list and very brief description of the programs used in Chapter 4 of
my thesis that I have written based on my experience at the Center for Genome
Research at MIT's Whitehead Institute for Biomedical Research (WICGR). The
programs and additional information on their applications can be obtained from the
Center for Genome Research web site at: www-gencme.wi.mit.edu. A description of
the GENEHUNTER commands can also be found at: http://bimas.dcrt.nih.gov/linkage/
ghcmds. html.

The ABI GENESCAN/GENOTYPER gel and data processing programs were used to
call the alleles for the fluorescent marker D5S408. The GENESCAN program was
used to call the alleles for the seven additional fluorescent markers typed on
chromosome 3. These programs were used according the instructions supplied with
the sequencers.

The gel and data processing programs used for the genome scan were written at the
WICGR and run on the Unix operating system using Digital Equipment Corporation,
Alpha workstations. ABI produced gel files were transferred to the UNIX machine
and processed by the programs BASS/GRACE.

BASS produces a UNIX readable version of the gel image and 48 files
corresponding the individual lanes of the gel. These files contain the information from
the 4 color traces in each lane.

GRACE displays the gel image and allows for tracking of the lanes.
Information from each lane is extracted into the 48 BASS produced files and each lane
is examined by the allele calling program NEWCALL.

NEWCALL checks that there is no leakage between lanes, checks that there are
no more than two alleles per marker for each sample and calls the allele sizes. The
NEWCALL program generates tables of lanes and allele sizes that can be used to check
whether a lane has been successfully called. If a lane was not called it gives a reason
i.e., suspected leakage, size standards problems, multiple alleles or no sample present.
Marker performance can be obtained by checking how often markers were and were
not called. Several files are generated by NEWCALL including a "calls.db" file listing
the alleles for each marker in each lane.

INTERCALL is similar to newcall, but designed to analyze gels containing
PCR samples from different marker panels.
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Additional files needed to run NEWCALL and INTERCALL:

mendel.in_file- when present NEWCALL does a simple check for Mendelian
segregation i.e., that each child receives one allele from each parent. This warns if
plate was inverted during loading, or if a gel was misnamed.

lane.panel file- specifies which individual and marker panel sample is in which lane.

Files loaded into database:

Pedigree file- lists all members of the pedigree including all additional individuals
created to specify marriage and consanguinity loops. Specifies the pedigree name,
individual's identification number (ID), father’s ID, mother’s ID, and gender.

DNA Panel files- tells which individual is in which lane for the a-gel and b-gel.
Specifies the name of the panel, lane no., pedigree name and individual's ID.
Phenotype file- specifies the pedigree name, individual's ID, affection status and
liability class (optional).

calls.db- lists markers, gel name, DNA panel name and the alleles called in each lane of
the gel.

intercalls.db - is similar to calls.db, but larger and with slightly different format. Lists
marker, gel name, lane no., pedigree name, individual's ID, allele for that individual.

The file DATABASE.LOG is generated when the above files are loaded into the
database. This log reports any discrepancies detected between the allele values that are
currently being loaded into the database and any allele values already stored in the
database.

Files needed to extract (dump) information from the database:

Marker list- specifies which markers to dump from database. A separate list was used
for each chromosome.

Individual file- specifies which of the individuals in the pedigree should be listed in the
dump file.

The dump file for each chromosome is obtained from the database and loaded into the
PEDMANAGER program.

The PEDMANAGER program zeros segregation errors, bins the alleles by size,
rounds off the allele sizes to integers, calculates the allele frequencies and generates a
pedigree file (.ped) and a parameter file (.data) in LINKAGE format (Terwilliger & Ott,
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1994). The PEDMANAGER program flags segregation errors by family and marker.
Several checks of data quality were done, before linkage data analysis was performed.

The GENEHUNTER program can perform single point or multipoint, linkage
analysis and calculate a parametric LOD score and non-parametric Z-score.
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Chromosome 3 Marker Data

Appendix 5
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Appendix 6: Chromosomes S and 6 Marker Daia

INDIV. LD. Phenotype D55498 D5S469 D5S408 i D6S2238 { 0682237 065223)
5027 ' MM 189 179 142 | 142 256 256 | 105 ! | 129 128727 157 187
5029  :  HfH 189 178 142 142 252 254 9s | 109 131 123 153 148
5083 | HFH 179 173 142 142 284 258 107 107 131 129 159
5089 '@ H¥M_| 189 189 142 142 256 264 95 105 13y ¢ 129 3 1557153
6003 ' HPH | 179 175 142 | 142 256 256 101 105 129 129 158 151
6004  ° HEH 179 175 142 | 142 252 256 107 109 ' 131 123 157 . 149
6055 | MW | 189 i 178 142 | 142 | 254 264 |  10S 105 131 . 129 157 . 15§
6064 : HFH 169 | 189 142 | 142 256 256 | 98 i 105 . 129 : 113 i 187 ., 1SS
6066 & HEH 189 179 142 | 142 256 260 _| 95 . 107 131 129 - 159 ' 15§
6075 | WM 189 189 142 | 142 254 264 | 108 109 ; 129 ¢ 113 ! 1SS 185
4013 | H i 179 175 142 1 142 252 256 108 109 | 129 123 | 1857 149
4030 H i 1758 173 142 142 254 254 108 105 !

4033 | H 189 189 144 142 258 256 108 108
4038 | H 189 173 142 142 254 264 107 107 159 155
5014 ! H 175 175 142 142 252 2568 108 107 139 129 157 155
$02s H 177 173 142 142 252 254 9s 108 131 129 157 153
5028 H 177 175 142 142 254 256 95 109 183 149
5070 | H 189 188 142 142 256 284 95 108 157 15§
5074 H 189 189 142 142 256 260 95 1085 157 155
5084 H 189 173 142 142 254 264 107 109 131 113 15§ 158
5088 H 169 173 142 142 254 256 108 129 ' 129/117 185 155
6002 H 175 175 142 142 256 256 107 109 | :
6008 ] 179 175 142 142 244 254 101 109 131 131 . 1SS 151
6010 H 189 175 142 142 244 254 101 103 131 129 | 187 155
6040 H 179 189 142 142 252 280 95 105 ]
6043 H 189 189 144 142 284 258 101 108 129 317 | 157 153
6054 H 189 189 142 142 256 264 108 108 139 129 157 155
6068 H 189 179 144 142 258 260 95 159 188
6071 H 189 189 144 142 254 256 108 107 159 157
6072 H 189 189 142 142 254 256 95 107 159/61 15§
6073 ! H 189 179 1448 142 258 258 108 107 131 129 159 157
6074 H 189 179 142 142 254 256 95 107 159 155
6077 H 189 173 142 142 254 258 108 109 1289 113 | 18§ 155
6078 H 189 ;. 173 142 142 254 264 95 109 ! {_ 15§ ! 15§
6079 | H 177__ 1 173 142 142 254 256 107 | ; :
7003 | H 189 | 189 142 142 256 256 101 105 | 131 117 185 1 183
5010 ! nommat 179 | 178 142 142 258 258 101 109 ! !
5036 ! normal 175 178 142 142 244 256 103 109 133 129 | 157 . 1§81
5051 | normal 175 175 142 142 248 246 95 109 L 183 i 183
5052 | normal 189 179 142 142 282 258 95 109 | : !
5063 | nomal 188 173 142 142 254 258 108 129 129 157 155
$073 ! normal 179 189 144 142 256 260 95 105
5075 [ _narmal 189 179 142 142 254 256 107, 107 133 129 159 157
5092 | normal 187 175 142 142 254 254 101 105 131 129 158 155
60G7 . normal 175 189 142 142 254 258 103 107 157 158
6009 . normal 189 175 142 142 254 25¢ 101 109
6011 | unk 178 189 142 142 244 254 103 107 !
6039, normal 179 1889 288 280 108 109 : }
6041 | ncomal 189 129 142 142 252 260 95 9s ! }
6042 | normal 179 179 142 142 258 260 95 105 ! :
6052 | aormal 187 177 142 142 254 256 101 105 129 | 117 157 153
6056 | normal 189 189 142 142 254 284 95 108 157 158
6063 | normal 189 189 142 142 256 284 108 108 158 155
6065 | onormal 189 189 142 142 256 264 95 105 157 185
6067 | normal 189 189 142 142 284 280 95 107 159 187
6069 | nommal 189 179 144 142 2568 256 108 107 159 187
6070 @ normat 189 189 144 142 254 256 95 107 159/61 185
€076 | normat 173 189 142 142 254 284 108 107 158 185
6080 | 178 178 142 142 256 258 105
7001 i nommat 189 173 142 142 284 264 101 108
7002 ' normal 189 189 142 142 256 264 108 105 129 129 157 187
gk m ot
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