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Abstract

This thesis includes three studies examining the role of the type 1 (NPTl) and type II

(NPT2) renal sodium (Na+)-phosphate (Pi) cotransporter genes in inherited

hypophosphatemias. In the first study. the chromosomal locations of the NPTI 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 l2p Il and 3p Il. The localization of the two cotransporter

genes to autosomes excludes them as candidate genes for X-linked hypophosphatemia.

ln 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 5.

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 ampIify NPT2 exons from

patient DNA. Parallel experiments were performed on the mouse Npt2 gene, so that a

vector could be designed to knockout the mouse Npt2 gene. In both species, the type

II renal Na+-Pi cotransporter gene is approximately 16kb in length and is comprised of

]3 exons and 12 introns. This work provides a basis for the study of the regulation of

NPT2 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. polymorphie markers flanking the NPTI 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 a1lele sharing among affected pedigree members. Data

did not reveal excess allele sharing on either chromosome 6 or 5, where the NP'f1 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.
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Résumé

Cette thèse comprend trois études sur le rôle du gène cotransporteur rénal de type 1et II

dans l'hypophosphatémie héréditaire. Dans la première étude, on détermine par des

techniques de cartographie physique que les gènes NPT2 et NPTI sont localisés chez

l'homme sur les chromosomes 6p22 et 5q35 respectivement, et sur les chromosomes

12pIl et 3pIl chez le lapin. Localisés sur des autosomes, ces deux gènes ne sont pas

susceptibles d'être responsables de l'hypophosphatémie liée au chromosome X. En

plus de confirmer l'homologie déjà connue entre le chromosome 12 du lapin et 6 de

l'homme, ce résultat fournit la base pour l'établissement d'une section de

correspondances chromosomiques entre les chromosomes 3 du lapin et 5 de l'homme.

L'objectif de la seconde étude est de cloner, séquencer et caractériser la structure du

gène humain NPT2 afin de déterminer ultérieurement les amorces introniques qui

amplifieront les exons NPT2 dans l'ADN du patient. Chez la souris, des expériences

similaires ont été faites dans le but de concevoir un vecteur qui détruise le gène Npt2.

Les gènes NPT2 et Npt2 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 l'étude

de la régulation de la transcription du gène NPT2; et d'autre part elles facilitent la

recherche de mutations de ce gène dans l'ADN des patients atteints de

l'hypophosphatémie héréditaire.

Dans la troisième partie, on dispose des échantillons de l'ADN de 61 membres d'une

famille bédouine, dont certains qui souffrent de la maladie autosomale appelée le

rachitisme héréditaire hypophosphatémique avec hypercalciurie (RHHH). Après

détermination de la taille des allèles des marqueurs polymorphiques qui entourent les

gènes NPT1 et NPT2, les données du génotype ont permis de détecter une

homozygosité excessive et l'allèle commun (sharing) chez les membres atteints. n s'est

avéré que les chromosomes 5 et 6, qui contiennent les gènes NPfl et NPT2, ne

présentaient pas de l'allèle commun, contrairement au chromosome 3p qui requiert une

recherche plus approfondie. La localisation du RHHH sur un chromosome permettrait

d'identifier un des gènes responsables de la pathophysiologie de cette maladie.
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Preface

In compliance with the Faculty of Graduate Studies and Research, the following

excerpt from the "Guidelines for Thesis Preparation" is cited below:

"Candidates have the option of including, as pan of the thesis. the ten of
one or more papers submitted or to be submitted for publication. or the
clearly-duplicated ten ofone or more published papers. These tats must
be bound as an Integral part ofthe thesis.

If This option is chosen, connecting texts that provide logical bridges
betrveen the different papers are mandatory. The thesis must he written in
such a way that it is more than a mere collection ofmanuscripts; in other
words, results ofa series ofpapers must he integrated.

The thesis must still conform to ail 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 liste

Additional material must be provided where appropriate (e.g. in
appendices) and in sufficient detail to allow a clear and precise judgment 10
he made of the importance and originality ofthe research reponed in the
thesis.

ln the case of manuscripts co-authored by the candidate and others, the
candidate is required to make an explicit statement in the Ihesis as to who
contributed to such work and to what aIent. Supervisors must attest to the
accuracy ofsuch 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 ma/œ perfectly clear the responsibilities ofail the authors of the
co-authored papers. "

This dissertation includes four published articles. Three of these articles are presented

in chapter 2 and a founh in chapter 3. AlI four manuscripts were co-authored by my

supervisor Dr. H.S. Tenenhouse. 1 performed the work described in the four

manuscripts with the exception of the following contributions made by cO-authors.
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Chapter J 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 l,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

minerai 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

sorne organic phosphate found bound to proteins and in phospholipids. At

physiological pH, serum Pi is present in two forms, HP04-2 and H2P04-J, 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 proteine

The phosphorus content of the average US diet ranges between SOO-16OOmg peT 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 (Na+)-dependent Pi transport, which is upregulated by the hormone 1,25

dihydroxyvitamin 0 (1,25(OHhD). Under normal conditions, intestinal Pi absorption

2
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Chapter 1 Generallntroduction

oeeurs principally by passive diffusion and the amount of phosphate absorbed in the

intestine exeeeds 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 reabsorptioD

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 (Sehrier and Gottschalk, 1988).

Renal handling of Pi consists of regulated reabsorption from the glomerular filtrate.

Once in the kidney, the proximal tubule (Pf) 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 eonvoluted tubule (Per) 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 œil 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 cellt and out across the

BLM into the blood (Murer, 1992) (Figure 1).

Pi uptake across the BBM is the rate-Iimiting 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 Na+/potassium ATPase (Figure 1). The

binding of Na+ 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 PCf

and PST that reclaims the residual Pi (Murer et al., 1991; Walkeret al., 1987).
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Figure 1. Transepithilal transport ofinorganic phosphate (Pi) in a mammalian renal
proximal tubule cell. Pi 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 (Kl ATPase at the basolateral membrane (BLM). It is postulated that
Pi is transported out of the ceU across the BLM via one of three mechanisms: diffusion,
Na+-Pi cotransport, or anion (A-) exchange.
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Regulation of renal BBM Na+·Pi cotransport

The major regulators of renal Na+-Pi cotranspon are parathyroid honnone (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 Ca2+ levels are low, PTH stimulates 25-hydroxyvitamin-D-l-a-hydroxylase (1

a-hydroxylase) activity. The enzyme l-a-hydroxylase converts 25-hydroxyvitamin D

into 1,25(OHhD, the [nost biologically active of the vitamin D metabolites (Reichel et

al., 1989). The increase in serum leveIs of 1,25(OHhD induces bone resorption which

results in an increase in both serum Ca2+ and Pi levels. 1,25(OHhD aIso acts on the

intestine to increase the absorption of Ca2+and Pi. In the kidney, PTH stimulates renaI

Ca2+ reabsorption, thereby further increasing serum Ca2+ leveis. To prevent

extracellular Ca2+ and Pi from exceeding their solubility product, PTH inhibits renai Pi

reabsorption.

PTH action decreases the Vmax of both the Iow-affinity, high-capacity and high

affinity, low-capacity Na+-Pi cotransport systems without changing the affinity of the

transport systems for phosphate (Quarnrne, 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 overallievei of endocytosis in the cell (Paraiso et

al., 1995). It is believed that PTH stimulates the preferentiaI shuttling of Na+-Pi

cotransporters into endocytic vesicles (Murer and Biber, 1996). In this way, endocytic

removal of Na+-Pi cotransporters can he increased without increasing the overall rate of

endocytosis of the cell. Endocytic intemalization 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 l-a-hydroxylase activity in the PT

of the kidney. This increases serum levels of 1,25(OH)2D 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 renaI 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 CLevine 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 abundanee

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 mierotubule

dependent translocation of Na+-Pi eotransporter 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 Na+-Pi

eotransport 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 eotransport (Knox and Haramati, 1985; Ritz et aL, (980).

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), transforrning growth factor-a (Pizurki et

al., 1990) and gluceocorticoids (Levi et al., 1995).

Isolation and characterization of renal Na+·Pi cotransporters

Since renal Na+-Pi cotransporters are of low abundance and are imbedded witbin

cellular membranes, tbey are difficult to purify by traditional methods without

inactivating them. A group in Switzerland recently isolated, by expression cIoning in

Xenopus oocytes, several renal-specifie high-affinity Na+-Pi cotransporter cDNAs

(Magagnin et al., 1993; Verri et al., 1995; Werner et al., 1991). The eDNAs encode

for two distinct types of renal Na+-Pi cotransporters, type I, NPTI and type II, NPT2

(Table 1). The two types demonstrate only 20% homology. The 2.1kb NPTI rnRNA

encodes a -SOkD protein, where as the larger 2.7kb NPT2 rnRNA encodes a -70kO

proteine Both have been localized to the renal BBM (Biber et al., 1993; Custer et al.,

1993).Two other membrane proteins, Ram-l and Glvr-l, originally described as cell

surface viral receptors, have been shown to mediate Na+-Pi eotransport (Kavanaugh et

al., 1994). These proteins are expressed in the kidney as weil as in a wide variety of
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Table 1. Renal Na+ -Pi cotransporter types

General Introduction

200.10
not pH dependent pH dependent
not atTected by dietary Pi intake regulated by dietary Pi intake
not a target for PTH action target for PTH action•

•

• Cloned cDNAs

• rnRNA size
• Protein size
• Homology

berween groups
• Regulation

NPTI
human (NPT1)
rabbit (NaPi-1 )
mouse (Nptl)

-2.S kb
- 467 aa

NPT2
human (NaPi-3)
rabbit (NaPi-6)
mouse (NaPi-7)
rat (NaPi-2)
opossum (NaPi-4)
flounder (NaPi-S)

- 2.7 kb
- 639 aa
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cell types including brain, liver, muscle and bone morrow (Kavarraugh and Kabat,

1996). Although their transport activity is increased by Pi depTivation, they are

unlikely to be important for the maintenance of serum Pi levels. It is more likely that

Ram-l and Glvr-l 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 appropTiate 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 renaI Pi transport in

the etiology of bone disease. The McKusick catalogue of Mendelian inheritance in man

(McKusick et al., 1992) Iists 5 inherited disorders of phosphate homeostasis where the

primary defect is thought to disturb renaI Pi transport (Table 2). AlI of the disorders are

rare.

The two disorders that 1will focus on are X-linked hypophosphatemia (XLH) (Winters

et al., 1958), also known as both familial hYPOphosphatemic Tickets and Vitamin D

resistant rickets, and hereditary hypophosphatemic Tickets with hypercalciuTia (HHRH)

(Tieder et al., 1985). Less is known about the other three disorders, aIl of which show

autosomal transmission. Hypophosphatemic bone disease has been described in 5

patients and is characterized by modest short stature, nonrachitic bone abnonnalities

and hypophosphatemia. Autosomal dominant vitamin D resistant Tickets was first

shown in 5 members of a three generation pedigree. Two of these 5 cases exhibit

autosomal dominant transmission. Examination of a larger pedigree revealed extensive

phenotypic variability (Econs and McEnery. 1997). Autosomal recessive

hypophosphatemic Tickets was diagnosed in two offspring of a first cousin mating.

XLH was the frrst of the inherited disorders of Pi homeostasis to he 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-Iinked dominant transmission (Winters

et al., 1958). HHRH was described in a large Bedouin kindred by Tieder in 1985.

HHRH is thought to he 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)

Hereditary Hypophosphatemic Rickets with Hypercalciuria (HHRH)

Hypophosphatemic Bone Disease

Autosomal Dominant Vitamin D Resistant Rickets

AutosomaI Recessive Hypophosphatemic Rickets

307800,307810

241530

146350

193100

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 inheritanee which has been deseribed as both autosomal

recessive (Tieder et al., 1985) and autosomai dominant (Rasmussen and Tenenhouse,

1995; Tieder et ai., 1987).

X-linked hypophosphatemia (XLH)

In addition to hypophosphatemia, the c1inicaI manifestations of XLH inc1ude decreased

renaI phosphate reabsorption, growth retardation, femoraI and tibial bowing, impaired

bone mineralization and radiologie and histomorphometric evidence of rickets and

osteomalacia (Table 3). Rickets and osteomalacia are metabolic disorders of bone in

which the mineralization of the epiphyseai cartilage and organic bone matrix is

impaired. The epiphyseaI 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 organie

component of bone, which is secreted by osteoblasts), leading to deereased bone

strength. Bones become soft, bend easily and are Hable to deformities and

pseudofractures CVan De Graaf and Fox, 1992). Serum 1,25(OHhD levels are normal

in spite of hypophosphatemia indieating that XLH patients fail to respond to

hypophosphatemia with an appropriate inerease in renaI l-a-hydroxylase activity.

They do not show an increase in serum 1,25(OHhD or an increase in urinary Ca2+

excretion.

There is an acquired, rare, tumor-induced disease called oncogenic hypophosphatemie

osteomalacia (OHO) with symptoms very sirnilar to XLH. Patients with OHO have

hypophosphatemia, resulting from impaired renal reabsorption of filtered Pi,

inappropriately low serum levels of 1,25(OHhO 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 celIs inhibits Na+-Pi eotransporter

activity in kidney celI lines (Cai et al., 1994). Since substances that have a role in

normal physiologie processes are frequently secreted by tumors in an upregulated

fashion, these findings suggest that the tumor secretes a phosphaturie factor which

normally controis 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 XLH and HURH

XLH(Hyp) HHRH

•

• Clinical 
Growth retardation

Bowing oflower limbs
Shortened stature

Rickets / Osteomalacia

- Biochemical 
Hypophosphatemia

Decreased renal Pi reabsorption

•

Failure to increase serum
1,25(OHûD in response to
low serum Pi

No hypercalciuria

X-Iinked dominant

Appropriate iDcrease in
serum 1,25(OH)0 in
response to low serum Pi

Hypercalciuria

- Inheritance-
autosomal ? - unclear
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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), il has recently been shown that dietary Pi induces similar responses in

both PTH and 1,25(OHhD 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 XLH cornes from studies in Hyp

mice. These mice have an intact low-affinity, high-capacity Na+-Pi cotranspon 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 he decreased in Hyp renal BBM. Renal rnRNA from Hyp mice

injected ioto Xenopus oocytes results in 50% lower Na+-Pi cotransport activity than an

equivalent amount of rnRNA from nonnal Iittermates (Tenenhouse et al., 1994).

Murine type II renal Na+-Pi cotransporter (Npt2) cDNA and antibodies raised to

synthetic Npt2 -COOH terminal peptide, were used to examine the effeet of the Hyp

mutation on renal expression of Na+-Pi cotransponer rnRNA and protein. The study

demonstrated that Hyp mice have a reduction in the abundance of Npt2 rnRNA and

protein compared to the levels observed in normal mice (Tenenhouse et al., 1994),

suggesting that Npt2 may he the mutated gene responsible for XLH. Recent studies

have concluded that the reduction in renal Na+-Pi cotransport activity in Gy mice is

aIso associated with a proportional decrease in Npt2 rnRNA and protein (Beek et al.,

1996; Tenenhouse and Beek, 1996). In order to determine if either the NPT2 or NPTI

gene was a candidate for XLH, 1 established the chromosomallocation of these genes

by fluorescent in situ hybridization (Kos et aI., 1994; Kos et al., 1996) (See Chapter 2,
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Chromosomal Localization). By mapping the NPTI and NPT2 genes to autosomes, 1

excluded them as candidates for XLH.

PEX

Saon afterwards, the HYP Consortium identified by positional cIoning the mutant gene

responsibIe for XLH at Xp22.l (The Hyp Consortium, 1995). The gene exhibits

homoIogy to a family of endopeptidase genes (Turner and Tanzawa, 1997), including

neutraI 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 <Ilhosphate reguIating gene with homology to

~ndopeptidases,on the X-chromosome) (The Hyp Consonium, 1995). (Please note

that the symbol PEX is also used as nomenclature for multiple peroxisomal proteins

(peroxins) e.g., PEX5).

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 eeUs and terminates the actions of a variety of

peptides, including sorne 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-l peptide into endothelin, a 21-residue vasoactive

peptide by cIeavage 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 Iikely 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, Nonhern blot, RNAse protection and RT-PCR analysis of murine and

human tissues were unable ta 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.
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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 dernonstrating 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 hypophosphatemi~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 heing 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

abnonnal 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 he that insufficient time had

passed to allow the primary celI 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 miee.

Hereditary hypophosphatemic rickets with hypercalciuria (RRRH)

HHRH shares many characteristics with XLH, including growth retardation, fernoral

and tibial bowing, irnpaired bone mineralization, radiologie and histornorphometric

evidence of rickets and osteomalaci~ 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(OHhD levels. The increased serum 1,25(OHhD 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 IDIRH

phenotype is seen after therapy with phosphate alone (Tieder et al., 1992), whereas

treatment with both phosphate and vitamin 0 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 idiopathie hypercalciuria cm).

rn is defined as hypercalciuria without an identifiable systemic cause and is common in

the general population. It cao occur in a variety of forms and is believed to have a

genetic component (Scheinman, 1998). In the Bedouin IDIRH kindred, rn is thought

to he due to increased intestinal Ca2+ absorption, secondary to mild hypophosphatemia

and stimulation of 1,25(OHhD production, and to represent the mild, heterozygotic

fonn 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 limes they are inherited together (O'Brien et al., 1988). Both types of maps

provide infonnation 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. AIl physicaJ

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

physicaJ mapping techniques, somalie cell hybrid (Kos et al., 1994; MePherson et al.,

1997), radiation hybrid (MePherson et al., 1997) , and cytogenetie mapping (Kos et

aL, 1994; Kos et aL, 1996; McPherson et al., 1997),were used to localize the NPTI

and NPT2 genes in Chapter 2.
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Somalie Cell Hybrid Mapping

The resolution of somatie cell hybrid (SCH) mapping is usually limited to the level of a

chromosome. Human and rodent ceUs are cultured together and treated with agents that

induce membrane fusion (D'Eustachio and Ruddle, 1983). These hybrid ceUs 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 nonnal humao cells, ceUs are

subjected to a lethal dose of x-rays, which breaks the chromosomes into fragments.

before fusion with rodent ceUs (Goss and Harris, 1975). Hybrid ceUs 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 cao be achieved with RH cell Iines. The unit of

measurement in RH mapping is the centiRay (cR). A distance of 1eR 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 he separated by

a break and he found on different fragments. RH cell lines are scored Iike SCH cell

lines for the presence of markers and the data are analyzed statistically to yield

infonnation about the relative order and distance of the markers.

Cytogenetie Mapping

Cytogenetic banding techniques are often used to characterize the rescued chromosomal

material in somatie cell and radiation hybrid celllines. As a resuIt, 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; Liehter and Ward, 1990; Tras~ 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 , cONA 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 f1uorochrome 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 Iowest resoIution 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. Ouring

metaphase, chromosomes condense and display distinct, reproducibIe 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 sorne other

qualities that enable chromosome orientation and identification. For instance, the

stretching of metaphase chromosomes by centrifugation before fixation increases their

lengili by 5-20 times, allowing for the resolution of probes separated by 200kb. While

the telomere/centromere orientation remains discemible, the procedure distorts the

morphology and banding of the chromosome necessary for its identification (Laan et

al., 1995). The chromosomal mapping of the NPTI and NPT2 genes in Chapter 2 was

accomplished by FISH of labeled NPTI and NPT2 cONA probes to Metaphase

chromosomes (Kas 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 detennined

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 aIJelic 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 Iength 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 transmined 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 (On~ 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 ail 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

R*b/ab. The haplotypes of the children are Ab/ab and R*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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Figure 2. Family with genotypes at two loci showing one recombinant (R) and one
nonrecombinant (NR) offspring. Recombination is detennined based on the patemal
haplotypes only. The maternai haplotype is noninfonnative for linkage. An x marks the
site of crossing over.
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different chromosomes (AIb). The second child is scored as a non-recombinant

ft *b/ab, beeause 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 aIleles, it is not possible to tell whether or not a crossover oceurred

between a and b. In this example, the maternai 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 he doubly heterozygous.

To obtain informative data one must he able to trace a crossover event. To increase the

chances of getting informative data, it is best to use genetie markers that are highly

polymorphie among the population. A Marker is considered polymorphie 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 polymorphie markers have Many aIleles that are of equal frequency.

The two units used to measure the degree of Marker polymorphism are the polymorphie

infonnation 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

polymorphie enough to allow existing mating in natural populations to he 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 polymorphie

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 CRenwick, 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 polymorphie DNA markers to he
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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 eut 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 aileles 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 he 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) a1so known as simple sequence repeats or microsatellites (Weber and

May, 1989). Although VNTRs have higher polymorphie 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 so
lOOKb (30-60Kb) (Stallings et al., 1991). The STRs can he 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

AIl 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, leM is the distance within which recombination occurs 1% of the

time. Assuming that the total human genetic map is 3,6OOcM and there are 3.1xl09 bp

in the haploid genome (Dib et al., 1998), a genetic distance of lcM corresponds to

approximately I,OOOkb or 1 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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correspond to a 1Mb separation of two markers y to a 10Mb separation in an area of

repressed recombination or to a 0.1 Mb 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 markersy 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 markersy 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 he

specified. For single gene disorders, the genetic model, the disease frequency,

phenocopy frequency and penetrance values are usually available. To perfonn 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 polymorphie 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 f1ank the disease

gene more closely.

LOD score method

The LOD score method is used to detennine the odds in favor of two loci being Iinked

versus being unlinked (Ott. 1994). The base 10 logarithm ofthis ratio is the LOD score

(Z (8)). which stands for "Iogarithm 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 fonnula for caIculating a LOD score is:

Z (9) =10glO L.œl
L(O.SO)

In words:

Z (9) = log Cprobability of the data if loci are Hnked witb a recombjnation fraction of EkO.5O>
10

{probability of the data if loci are unlinked 9= 0.50)

The recombination fraction, 9, is related to the genetic distance between the disease

gene and marker locus. The larger the value of 9 the more likely that a gametic

haplotype is a recombinant. a 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 foHow 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 cao 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 (ffiD) 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 (lBS)

(Figure 3). If two individuals possess alleles of the same type which were inherited

from a common ancestor they are considered to he identicaI by descent (mD) (Figure 3)

(Schork and Chakravarti, 1996). When performing mD mapping, one assumes that a

common ancestor brought an allele which predisposes for either a simple or complex
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Figure 3. Examples ofsituations in which IBD and lBS infonnation can and can not
be detennined. The numbers represent alleles (genotypes) at a single locus. For
situation a), the two offspring share no alleles lBS or IBD. For situation b), the two
offspring share a single allele (I)both lBS and IBD. For situation cl, the two offspring
share both a11eles lBS and IBO. For situation dl, the two offspring share both alleles
lBS, 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 he made regarding the

mode of inheritance or frequency of the disease allele. Over time, recombination and

random segregation reduce the amount of allele sharing amûr:g the affected members,

except in the region containing the shared disease a1lele. 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 (0, 1 or 2) between affected

relatives, a test is applied to determine if the observed results are significantly different

from the expected results.

•
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A subset of mD mapping is homozygosity by descent mapping (homozygosity

mapping) (Lander and Botstein, 1987). When perfonning homozygosity mapping one

assumes that an ancestor, common to ail 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 descente 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

weIl 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 llliRH kindred in an effort to map a

HHRH disease gene.

The rote of the NPTI 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 NPT 1 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
ponions of the great grandfather' s haplotype~ are passed on to each of his children and
grandchildren. The union of two fll'st 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. AJthough the alleles are different in these
families. the markers that show homozygosity are the same.
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Figure S. Allelic heterogeneity in an inbred family. This picture depiets a
recessively inherited trait segregating in an inbred pedigree. Disease alleles of
independent origin have entered the pedigree on three different haplotypes (A, B, Cl.
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) NPTI 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 NPTI 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 sa 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 RTIPCR of cellular RNA. Finally, 1 used genetic mapping methods to

determine whether there was evidence for linkage of HHRH to either the NPTI 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

al 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 weil 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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This chapter includes three published manuscripts that focus on the physical mapping

of the NPT 1 and NPT2 genes. The ASH technique was used in each of the

manuscripts presented.
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"Localizalion of a renal sodium-phosphate cotransporter gene to human

chromosome Sq35", Genomics volume 19: 176·177 1997.

Experiments in mice showed that renal Npt2 gene expression was decreased in Hyp

mice relative to nonnallittermates, suggesting that the NPT2 gene could he 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 arder la determine whether it was a

candidate gene for X-Iinked hypophosphatemia.
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Localization of a Renal Sodium
Phosphate Cotransporter Gene to
Human Chromosome Sq35
Claudine H. Kos." Frédérique Tihy. T Michael J. Econs.;
Heini Murer.§ Nicole lemieux. t
and Harriet S. Tenenhouse ..·r . 1

DeDdrrmenrs of • Blo/ogy ana r Pea,aCflcs. McGlil UniverSlry. J<I1onrrea/.
Ouebec H3H IP3. Canaoa. rDePdrremenr de Parno/ogle. UnNefslré al'
.~Aonrréal. Monrreal. Oueoec H3C 317, Canada. :DePdrTmenr of
."lI1eclcme. Duke UniverS/ry. Durham. Nonh Carollna 277TO: ana §lnSflrure
of Ph'lSlology. Unlverslry of Zuncn. CH-8D57 Zuflcn. 5wlrzerlana

Several :\Iendelian disorders of rpnal phosphate reabsorp
tion. associated with hypophosphatemia and bone disease.
have been described (6). These include X-linked hypophos
phatemia / XLH). hereditary h:!lPOphosphatemic rickets with

, Tu whorn correspondence should be 8ddres~ al the :\lontreal
Children's Ho!'pital. 2:100 Tupper Streel. :\lonlreaJ. Quehec H3H IP:I.
Canada. Telephone: (5141934·.... 17. Fax: c:i1-l1 9:1';·';:129.

The HC;:\fW·appro....ed syrnbol tor Ihis locus 1" ="=PT2.

hypercalciuria. h:r"POphosphatemic bone diseuse. and autoso
mal dominant and autosomal recessive hypophosphatemic
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 ~enes that participate in the transepithelial trans
port of phosphate in this seJmlent of the nephron may he re
sponsible for these disorders. Recently, a cDNA encodin~ a
renal proximal tubular. brush-border membrane Na· -phos
phate cotransponer (='laP.-3) was c10ned from human kidney
cortex IS). As a tirst step in establishing whether mutations in
the ~aP,-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 for XLH.
the most prevalent of the MendeJian hypophosphatemias (91.
we performeà Southem analyses of digests of genomic DNA
[rom XV. XX. and XXX human fibroblast cell lines. using a
l::P·labeled NaP,-3 cDNA probe. A gene dose etfect was not
obsen:ed. thereby providing evidence for autosomal localiza
tian of the NaP,-3 genet

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 (S) (sense. J::P-Iabeled
GGAGGTGAGCTCTGCCATC: antisense. CAGTT:\AAG
CAGTCATGCACC). The PCR products were electrophoresed

•
FIG. 1. Fluorescence in .•ilu hyhridizalion nf a 2.• ·kh hiolin .... lar ..d NaP.-:1 cDNA prohe ln hum:m metaphase and prometaphase chromo·

somes Jocalizes lhe rennl Na' -/', (."ntransporter I:ene ln chromosnm(.' ;iq;15.

(;E:"OMICS 19. lï6-177 1199.. 1
ON\M·7....-I:1/9-1 $6.1J(/

C"pvru:ht c. 19'.1-1 hy AC:Jd..mlc 1"rt"<.'1. Inc.
Ali rtl1ht.• of ~pr<,.juct,on an nny form "-",",nit'd.
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on a standard polyacrylamide sequencintt gel and visualized by
autoradiography. Human genomic DNA gave a band al 269
bases. indicating that the primers flanked an intron of 122
bases. Amplification occurred with only one ceU !ine in the
panel. This ceJlline. No. 10114. contains human chromosome
5. The primers did not amplify DNA in either the murine or
hamster controis.

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 (,,). Metaphase and prometa
phase chromosomes were obtained from cultures of normal
human peripheral blood lymphocytes that were synchronized
with thymidine and treated with 5-bromodeoxyuridine (4L
Before use. chromosome spreads were treated with RNase and
denatured for 2 min in 70% formamide/2x SSC at iO°C. A
2.7 -kb NaP;-3 cDNA in pSPORT (5) was CsCl purified. biotin
labeled by nick-translation (Bionick. BRL), and denatured at
95°C for 10 min. ACter ovemight hybridization at 37°C (2), the
slides were washed and incubated with immunotluorescent 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
11lter combination appropriate for ftuorescent labeling. Local
ization of the NaPj -3 gene was established by analysis of 67
randomly selected metaphase and prometaphase spreads.
Fifty percent exhibited a signal on bath 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 renai defect in brush-horder 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 NaPl -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 Sq3S",

Pediatrie Research volume 41: 632-634 1997.

Subsequent to our localization of the NPT2 gene to 5q35, another group published that

the NPT2 gene loealized to 5ql3 (Ghishan et al., 1994). This is a signifieant

discrepaney sinee efforts to map autosomal hypophosphatemias by linkage analysis

require the selection of polymorphie markers that map close to the candidate gene of

interest. This study was undertaken to eonfirm the localization of the NPT2 gene to

5q35 and to identify polymorphie markers f1anking the NPT2 gene.
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The precise chromosomaJ localization of the IYpe Il renal
specific Na"-phosp~le <P,> cotr.lnsponer (N~) gene Cgene
symbol SLCI7A2) is neœssary for the identificalion oi cJosely
linkcd polymorphie m:uten 10 determine whelher NPT2 is a
candidate gene for inherited disorders of renaJ Pi reabsorption.
Recent studies by two di8'erent groups localiud NPT2 10 human
chromosome Sq35 and Sql3. respeaively. To resolve Ihis dis
crepancy. we used Ihree independent methods. The resullS using
a human chromosome S/rodenl som:llie ccII hybrid deletion
panel. fluorescence in silll hybridiz:llion with a PAC clone
containing Ihe NPn locus. :and analysis of a chromosome
S-specitie radialion hybrid panel were ail consislcnl wilh [he.

The mammalian kidney is an imponant arbiter of extracel
lular phosphate <Pi) homeostasis. Renal reabsorption of filtered
P, occurs predominantly in the proximal tubule where concen
lrative Na - -gr:ldient dependent Pi ltanspon across the brush
border membr.me is the rate Iirniting step in the overaJl Pi
reabsorptive process and the major sire for its regularion (1. 2).
Recenùy. homologous cDNAs encoding high affinity. renaJ
specifie. brush-border membr:u1e Na - -Pi co(rnnsporters (NPT2
Iype. Genome Data Base symbol SLC17A2) were c10ned from
severa! mamm:l1ian species (3-6). thereby providing usefuJ
probes to study the reguJation of renal NPT2 gene expression
and deterrnine whether NPT2 is a candidate gene for' Mende
lian disorders of renaJ Pi reabsorption <7. 8).

We demonstr:ued that renaJ NPT2 gene expression ir sig
nificanùy reduced in X-linked H)'p mice. a murine homologue
of human X-Iinked hypophosphatemia (9). Wc also showed

Rem"" July 29. 1996: lCœPIed Jalluary 6. 1997.
c~ Or. tumft s.T~ Mc<iill IJni"enuy·M--' Qlildmt'I

HOIplIal RaardI ,.....tIM. llOO TUJItlB' s.... MonuaI. Qud« HJH IP3.c~
SUpplI'Ied by a Medial~.. Cau.a' 0(c~ MaC ~nnlCl G~ Ci,...

1H.5.T.) and Nal-u , of HnJdl Ci,.. HGOOI34 Il.D.M.)_

Sq3S assignmenl of the NPT2 gene. The ~atioa hybrid resullS
placed NPT2 between polymorphie microsacellitc marken
D55498 and D55469. These findinp will allaw Ihc initiation of
Jinuge analysis to determinc if NPT2 bas a ausalÏve role in
Mendelian disorden of renal PI wuting. (PMitIIr Rn ~I: 631
630'. 199'7)

Abb"YiaIioas
NP'n. rype Il rmaI sodium·phosphate corransponer
PI. inorganie phosphate
PCR. polymerase chain reaction
nSH. fluorescence ill S;III hybridizaùon

lhat the NPT2 gene maps (0 human chromosome Sq3S (10) and
mouse chromosome 138 (X. Zhang. H. S. Tenenhouse. A. S.
Hewson. H. Murer. and P. Eydoux. manuscript subntitted (or
publication) by ASH. using the corresponding NPT2 cONAs
as probes. These tindings indicare thal mutations in NPT2 are
not responsible for the homologous human and murine X
Iinked hypophosphatemias and suggest thal the gene al the
X-Iinked hypophosphatemia (Hyp) locus is involved in the
regulation of renal NPT2 gene expression. A candidate gene
for X-linJced nypophosphatemia has ~ndy becn identified
(11 ).

Ta detennine whether NPT2 is a candidate gene for auto
sonW disorders of renal Pi wasting (7. 8). polymorphie marle
ers mapping close to the NPT2 gene on chromosome Sq35 (10)

are required for linkage analysis. However. the applicalion of
mis approach has becn complicated by a second report which
locaJized the NPT2 gc:ne tO human chromosome Sq13 (12).
The present srudy wu undenaken to resolve this discrePancy.
We used NPT2-spc:cifie primen ro PCR ampJify genomic DNA
from a pane: of human-hamster SOdWie eeU hybrids whicb
either contain or lack DNA in regions ql3 aad q3' of chio-
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mosome 5 (13. I~) and a panel of chromosome 5 r.ldiation
hybrids O. D. McPh~rson. unpublished dma}. In addition. we
idemified polymorphic microS~Hellite markers that flank the
NPT2 locus on human chromosome 5 using the radiation
hybrid panel and confim1ed the local:z:ltion of the l':'PT2 gene
to chromosome Sq35 by ASH using an NPT2 genomic clone
as probe.

>x...... i i

•

•

l\IETHOOS

De/elion panel mapping. !'PT2-specific oligonucleotide
primers (forward I..JOS: 5'-CCGCTCACACTGGGTTCCAA
)': reverse 166ï: S'-AGTGAGGGCAGCAGCAGGAA-3')
were used 10 amplify DNA isolaled from somatic cell hybrids
obtained from a chromosome 5 delelion panel (13. l~). The
KPT2 primers are numbered according 10 Iheir posilion in Ihe
NPT2 cDNA [NaP.-3 in (3)]. The PCR amplification condi
:ons were I.S mM MgCI~. 0.4 ,u.M of each primer. 200 ,u.~1 of

.:ach d~'TP and 1 unit of Taq polymerase CBoehringer Mann
heim) with the supplied buffer. The PCR cycling par.lmeters
were 9~cC. 3 min (94cC. 30 sI&tcC. 5 sl72cC. 30 s) x 33:
n CC.7 min with an MJ Research PTC200 Thennocycler. PCR
products and DNA Molecular Weight M<lrker VI (Boehringer
l\lannheim. Indianapolis. IN) were separated on 6lk acrylamide
gels.

Radiation hybrid mapping. NPT2-specific oligonucleotide
"rimers (forward 618: 5'·GGAGGTGAGCTCTGCCATC-3':
. ;'o'erse 764: S'-CAGTTAAAGCAGTCATGCACC-3') were
used to amplify DNA isolated from 180 chromosome 5-spe
cific r.ldiation hybrids (J. D. McPherson. unpublished data).
PCR conditions were essentiaily the same as <lbove with the
following cycling par.lmeters: 9~cC. 1 min (94cC. 30 sl60cC.
30 slTlcC. 30 s) x 3S: 72cC. [0 min. PCR products <lnd DNA
Mokcular Weight ~Iarkers (Boehringer Mannheim) \\ere sep
arrued on 311- agarose gels and the hybrids scored for the
-resence or absence of the NPT:! locus. The position of NPT1
.lative 10 previously ordered chromosome 5 markers was

lklermined using the rh2pt and RHMAXLfK programs with
Ihe SAVMAX value of the latter set to 8 (IS).

FI5H. A human PAC clone (203K6) containing the NPT1
locus was iso[ated 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·dlJTP
(Prime-Ir Fluor, Str.ltagene, La Jalla. CA) as recommended by

.e supplier and hybridized to human metaphase chromo
somes. and im:Jges \\:ere collected as previously described (16).
Over 30 met<lphase spreads were examined.

RESULTS

Figure 1 depicts the results of PCR ilmplification of DNA
isolated (rom a hum<ln chromosome 5 natur.ll deletion panel.
selected (rom hum<ln/hamster somatie ceU hybrids (13, I~l. An
,.PT2 PCR product of the expected size (962 bp) was gener
~ ..:d with DNA from ail cell Iines containing the distal portion
of the long arm of chromosome S (HHWI05. HHW1064.
HHWI~21. HHW1499. <lnd HHW(600) but not with DNA
from HHW 1138. a ceU line lacking the region of intc:rest (Fig.

5
FiIU~ 1. R~gion:lI mapping of NPT~ by PCR ampliticuion of DNA from a
panel of human-hamsru somalie e~lI hybrids. Solid Iincs below !he lanes
indi~-at~ thc ponion of human ehromosom~5 present in the indicue<! hybrids.
Thc PCR condilions W~ 1.5 mM ~I~I~, DA ~M of exh primer (fo~";Ird

1405: ~·'CCGCTCACACTGGGTTCCAA·3':rcvcnc 1667: S'·AGT
GAGGGCAGCAGCAGGAA·3'1.100 ~~ of exh dNTP and 1 unit of Tu"
polym~r.L"iC 1Boehringcr Mannheim), The PCR cycling p:uarnetetS wen: 9oJ~C.

3 min: (~ec. 30 sl6-I°C. 5 srrl°c. ~O 51 x 33: 72e C. 7 min wi!h an ~U

RCSC::In:h PTCOO lhennocyder. PCR produn\ \!ocre 5ep:1r.lled on 6Ck :lcr}"l
:lmide gels. Visible fr.l~mCnl~of ~J76 ;1nd 1766 bp ldoubleo, 1130.1033. 6SJ.
and 517 bp ""cre obuined wilh DNA ~Iole.:ular \\·ci!.!hr M:lri;er V[ (Boehr·
in!.!cr Mannheim).

1J. These findings localize NPT~ to 5q33.2-qter. Moreover, the
demonstr;)tion thar a PCR product was obtained with DNA
from HHW 1064. a cell line lacking the 5q 13 region (Fig. 1).
indicates th<lt NPT2 does not map to this locus as reported by
Ghishan el al. (12). No PCR product W<lS detected in negative
controls run in the absence of DNA or in the presence of
h:lmster <UCW56) DNA (Fig. l). A PCR product of the
expecrcd size was obtained with hum:ln (46XY) DNA as
templ;)te (Fig. 1).

Radiation hybrid mapping was perfonned 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 [he NPT2 locus by the
presence or <lbsence of a 269 bp NPT2 PCR product. The
position of NPT2 was determined relative to 248 m:lrkers
previously ordered on human chromosome 5 by r.ldiation
hybrid m<lpping (J. D. McPherson. unpublished doua). The
NPT2 locus W<lS locafized between D55498 and DSS469 using
the RHMAXLlK progr.lm (15J at a log likelyhood > IOE-3.
The calculaled distance belween NPT2 and DS5469 was 32.2
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ccntiRays (cRI <lnd bet\\'e:en NPT::! and D5S~98 was 65.9 cR.
with associatc:d LOD scores of 16.0; and 8.08. re~pecti\"ely.

Calibr:ltion of the chromosome 5 r.1di;uÎon m<lp. using both the
chromosome size and sequence-tagge:d sites gener.1ted from the
end clones of <In 850-kb YAC. yieltlc:d an approltim:uc: \"alue of
~O kblcR. in agreement with that of a pre\"ious study 117).
Thus. ='1PT1 is estimated to be 1.6 ~1b distal to D55~98 and 1.3
~1b proltimal to D55469. The known loealization of the dinu
c1eotide repe:u markers D55498 and D55469 tn distal 5q is
consistent with the d:ua tram the: chromosome 5 ddetlon
mapping panel shown in Figure 1.

The 10ca1ization ofN~ to human chromosome 5q35 \\'as
also confirmed by hybridiza[jon of human metaphase chromo
somes with tluorescein-Iabcled. den:uured genomic D~A trom
<1 human PAC clone (103K61 containing the NPT2 locus (d.ua
not shawn). The genomic probe hybridized only to the q35
region of chromosome 5. Of ail chromosomes examinc:d with
hybridization to 5q35. greater lhan 90~ showed a signal on
both chrom:uids. No signal was obser\'cd on any other chro
mosome.

DISCUSSION

We demonstr.1te by three independent methods that the gene
eneoding the high affinity. renal-specifie brush-borde:r mem
br.1ne Na+ -Pi cotr.1nsponer cNPT1. gene symbol 5lC17::!A)
maps ro human ehromosom~5q35. The methods include: PCR
amplification of genomie ONA from a panel of hum:m·hamste:r
somatic cell hybrids thar either lack or eontain DNA in regions
5q 13 and 5q35 (13. 14) and a chromosome 5 r:ldi<ltion hybrid
panel (J. D. MçPherson. unpublished data). using ;-';PT2
specifie primers. In addition. FI5H was performed with 3n
NPT:! genornic clone: as probe. The present tindings are: con
sistent with our previous mapping data in which a human
NPT:! cDNA wa.... used as a probe for Fl5H (IOL Wc: suggest
lhat the 10caliZation of NPT:! to chromosome 5q 13 (121 was
likdy the resull of nonspecitic hybridization (only nine cells of
50 cltamine:d gave a positi ve si~nal) Cl:! 1. Morco\'er. improper
chromosomal assignment may have occurred since hybridiza
tion VIas not performed directly on banded chromosomes ( 121.

Using the r:ldiation hybrid panel. we \Vere able to I.:ontirm
lhe localization of NPT::!. to position NPT2 relative to other
chromosome 5 loci. and to identity ftanking polymorphie
microsarellite markers D55~98 and D55~69. These data pro
\'ide a ba.... is for linkage analysis to determinc whether lhe:
:-':a - -p. cotransporte:r is a candidate gene for sevcr.ll aurosomal
disorcJers of renal phosphate: wasting 17. 8).

The NPT2-specific primers used in the present study were
ùc:signed rrom the cONA sequence (3). Eaeh of the NPT2
specitie primer pairs spans an intron. gcnerating a PCR product
thal is larger than lhat expccred l'rom the cDNA scquenœ. The:
size of NPT2 inlrons WOlS derived by c10ning and Char.ll:teriza-

tion of the human NPT:! gene (18). Primer pairs "forward
6181reverse 76-.r" and "forward I-WSlreverse 1667" amplify
introns 6 and 12 which are 122 and 100 bp. respectively ( 18).
Because NPT2 is renal-specifie and nor expressed in white
blood eells or skin fibroblaslS. a knowledge of the inrronlexon
boundaries of the NPT2 gene is necessary for mutation analysis
of the ~PT2 coding sequence in genomic DNA samples. This
infonnation i5 relevant to patients wirh autosomal disorders of
renal p. wasting once linkage ro polymorphie markers ftanking
NPT2 on human chromosome 5q35 is established.

AcknowledgmenlS. The authors thank Ors. Michael Boe
hnke for lhe rh2pt and RHMAXLIK programs and Pieter de
Jong for the arrayed library of human PAC clones.
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"Comparative mapping of Na+-phosphate cotransporter genes, NPTI and

NPT2, in human and rabbit", Cytogenetics and Cell Genetics volume

75: 22·24 1996.

A great deaI 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 cIosely 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.

Its 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 mammaliao 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 he found in humans by comparing

the gene map of that species to the human gene map. Knowledge of other mammalian

gene maps cao 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

mammaIs. In sorne pairs of species the nurnber 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 he characterized in three ways, depending on the number and

arder of genes in each segment (Nadeau, 1989). Hornology segments are the

fundamental units of comparative gene mapping, hecause segments can he marked by a

single gene localized in the two species. A gene that identifies a homology segment

therefore represents the first evidence conceming 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 aIso on human 5q and

mouse 13 (Oakey et aI., 1991). Conserved linkages are the rnost rigorously defined

segments because both synteny and the gene order must he 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 NPT 1 and NPT2

genes in rabbit and determine whether they mapped to established human-rabbit

syntenic groups.
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Abst,.et. The chromosome loc:uions of the r.Jbbu (Ory·~,o

{oglls CllllU:lIll1sJ Na' -phosphale: colr.Jnsponc:r !enes NPT t and
NPT:! wcre detennine:d by nuoresccnce: ln situ hybndi~tion.

Our results localize NPT 1 ta rabbil chromosomc 1=p Il and
NPT:! 10 r.Jbbll chromosome 31' Il, The corrc:spondrng@cncs in
the human mal' ta chromosome b3nds 6p~~ :md 5~-'5. rc:spr..oc-

The !.;:lrYOIYPC of the r3bbll (Or\·rlOlo~us (l'IJIntlus J is
belie'"ed to h:l\·c rcm:llned simll:1r to lh.: ancestral karyolype of
euthcrl3n m:lmmaJs. Earlic:r ~1~enell': studies comp:lnng hu
man and r.Jbblt chromosomes re\"c:llcd conSiderable homolOlY
in Ihe bandmg p:lth:ms afmast o(the chromosomes "flhe t"'·o
species (Dulrill:ru~ CI al.. 19801. COmp:lrall'·~ ~ene mapplng ln

thcsc IwO SJk"CU:S h:as shown Ihal Ihe simllanty ln b:lndan~ pal
lems is relll."Çted ln conscn-cd synlcnlc ~cne conlenllSoulië :and
deGrouch~.198~.1983:XuandHardi50n.1989.19911.

The gcnl."S SPTI and ~PT:! encode: l'lo\'tl disllnct. rcn:al-sp:
cific. high-3llinny :"a·.phosph:Uc: catr:lnspuncr tyJX"S whlch
display ~O'!h sImil3nty (Murer 3nd Biber. 19961_ BOlh ~a'

phosph::uc cotranspone:rs reslde:1I the brush-bordcr membrane
of pro:tim:lI tubular eells. where Ihe bulk of fihercd phosphate
is reabsorbcd (Murer:rnd Biber. 1996). The hum:ln :"PTI gcne

Suppcn~rt.. Ihe ~rah.:~1 R~I'I:"C"uncll "rc.Jnaou l'IRC G.:neu..", Gr'IUrt~nnl
10 H.ST 1. Ihe Sa.u S~I~1 So:M.-ncc fuund.J11<Jft 110 H.~I 1. "n&lllle RC'\:IIn\."h~

ri O~n&hIKmC'I"IftlellClU':IR~lC'"lnc".~rll10) SLI c: Il 1\;..•"l'IerC't"II".
ml 0)1 Sludmllll.Cl o\a~"h 'rom Ihe \rcGllI Un.'rnll'-'IonUQI c:" ..... rcn·,
Hosp'I~1 R-al'l:l'IlftRIIUle ~ftd The \lcCllI F~ull' ni \feoJ..:.ne

Recrl'·N 10 JUM IttCHI: aL'"PIN 1 o\u",'11 19%

Rcqunl rconftll IN'" Dr. Hamel S. TmmlloIUK. \hJtllral Cl\ll.lrm • H"'C1Il.JI.
:300 TUCIPtTSlrftt. MoJIIlral.QudI« HJH IP~fC"naoJn

IdCOftOftc: :'I.~"~I '; lU; ~1.'i~~\1"_c·ma"_m""lf.m~....a."'C1!dl.c~.

ti"ely. These assignmerns agree wilh lhe prcviousJy reponed
homology belween rabbit chromosome J2 and human chromo
some 6 and provide the buis for the establishment of a con
sen'cd syntenic group belween rabbit chromosome 3 ana
human chromosomc S.

"'-"5 pre,,'iously mapped 10 6p23 - 1'21.3 USinl human somatic
cell h~·bridand chromosome 6 deJetion pàncls (Chong et al..
1993). The NP~ Bene was locaJized to human chromosome
band 5q3S bytluorncence in SilU hybridization(FlSH)(Kosct
aL 1994).

Comparison of the R-band pattcrns of human and r.abbit
chromosomes (Dutrillaux et al.. 1980. and a previous comp:lra
li\"e genc mappinB sludy (umicux and Outrillaux. 1991)
sho'lo\-ed that the lonl atm ofhuman chromosome 6 is homolo
BOUS 10 the lonl ann of rabbit chromosome 12. Howevcr. ta
date. no Benes mappinl to the shon ann of human chromo
some 6 ha'·c becn mapped in the rabbit. Mof'mvet'. simiJarities
belwecn human chromosome S and a rabbit chromosome ha\'c
nOI becn reponed by either comparative bandinl or ICne map
pan,. Because of the lack ofbandinB similarity between human
chromosome 5 and a rabbit chromosome. comparative gene
mapping is lhe only approach 50 far likely to determinc which
rC@lons of thc rabbil Imome are homolClOus to human chro
mosome S. The availability of the corresponding rabbit NPTI
(NaPi-l: Werner et al.• 1991) and NPn (NaPi~: Vern Cl al..
1995) cDNAs made it possible to map thcse two Renes and
determine homolOl)' sqments in the rabbit with the shon :lrm
of human chromosome 6 and the lonl ann of human chromo
someS.

KARGER t.·",~oJ LMIIftl. uryn ~II

F~, - ". fol ."11'I1: ~~
""r ~.,., L"~ ",h

. I-~ Iu,.~ \(; ~...
1IW11 ..1I1~1 ...."11~.1_"'::511J(....1
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F"'9. 1. l.oc:lliz:lUon of the ='PTI and :--'PTI
gcnc:s [0 human and r:lbbit BrdU-su~tituted

.:hromosomcs by FISH. Auorc:scenl slgnalsdcpicl
thc localœlllOn of ~PTt 10 HS.-\ 6p11 laI and
OCt: l:!pll Cbl and oiS~ to HS.·\ 5q35 Ccl
':lOd acL' 3ptl (dl. follo\lOlOg R.banding. In C3ch
case. h~ bndizatlon of biotJn~·lated. fuJl-lcngth
..:0:--'.-\ protx.-s to human or r:lbbit metaphase and
promctaphase chromosomes was pcnormcd as
dc:scnbed ln the ~f:Jlcna1sand mcthods.

Materi.ls Ind methods

..
Chromosomallocalizalionofthe NPTI and NP72 genes

Raults ..... dilCUUion

•

:-'felaphasc and prometaphase chromosomes were prc:pare:d irom human
.:lnd r:lbbit Iymphoblast cultures as Jc:scnbcd by OroulO cl aL ( 19881. Pnor to
harn-stmg the cultun.-s. 5-bromodoo'<~undlnc 18rdV 1was added 10 the cul·
tures to re..'cl carty repJicaung bands. Rabbit SPTt (='apj·J: Werner ct aL.
19911 and :"PT:! (~aPi-6: Vern et aL. 19951 and human :"PTI IChonget al.•
1993. a gJft from Dr. ~faric Hughes. ='auanal Center lor Human Genome
Resean:h. Bethcsda. MD. USAI and NPT: C='aPi-3: MagagnlO et al.• 19931
cONAs were: uscd in this study. The inscrt SIZC:S of r:lbbit :"aPi-t and ='aPi-6
cONAs in pSport werc 1.1 and 1.ï kb. rcspcctl"-cly. The inscrt SIU,,-S oihuman
NPTt and :"aPi-3 CO~A5 in pSport ':Jnd pBlucscnpl wcre 1.5 and 1."7 kb.
respccu..-c:ly.

The specJlÎcit~·of the r:lbbit ~aPi-1 and ='aPi-6 cD:"A probes was lested
by :"o~hcm analysls of total RNA l'rom rabbit kldney. The r:lbbil SaPi·1
and NaPi-6 cD:"o:As cch hybndized 10 a single rcnal transçnpt of the
c:'qx."Çted SIZC: (Werner Cl al.. 1991: V.:rn ct al.. 19951. IOdlcuing that cach
probe 15 gcnc specifie (dala nol shownl. The probes 'Nere blolinylalcd a(.'Cord·
mg to the Biom.:k prolocol (GIBCO BRU. Priona hybndization. the probes
"'cre: dc:natured al 95~C for 8 min. Two hundn:d nanograms of cach dc:na
lured probe wa.. hybridizcd to dcnaturcd metaphasc sprC3ds :11 a linal .:on
CCnlr:ltion of:lO ngtmL ACter o\'cmlghl hybridization al 37~C. Ihe slidcs
""ere washcd and incubated wilh immunolluon:scent agents 10 produ.:e a sig
nai al the sitcafhybridiz:uion (LcmieuJt and Dutrillau.'<. 19911. The.:hromo
sames were counterstaincd wilh propldium iodide. The antlfade :l~nt p-phe
nylcnediaminc was ad..kd at pH Il for ..-isuaJizauon of R-hands undcr UV
light l1.cmieuJt el al.. 19921. HybridlZ:ltion Signais were considcrcd posItive
""hen pJ'(.'SCnl rcpcatcdlyon allcast one ehromatid.

Assignmenrs CO human fHSA) and rabbi! (OCUJ
chromosomes
The NPTI gene mapped to HSA 6p22 (Fig. la). Localiza

tion was established by analysis of 32 metaphase sprcads with
76 signais. Twenty-four (75%) of the metaphases showed a sig
nai on each of the two chromalids. These results confirm and
rcfine the pre\'ious locaJization of NPT 1 to HSA 6p23 -+ p21.3
(Chang et al.. 1993) and place the gene distal to the HLA locus.
ln the rabbil. :'IiPTI mapped proximal to the centromere on
OCU 1~pli (Fig.. 1b). SiXly-seven melaphase spreads with 160
signais were examined. Fifty-one (77~n) of the metaphases
exhibited two signais.

The NPT2 gene was prcviously mapped ta HSA 5q35 (Kas
el al.• 1994), which lies above the telomere of the long arm of
HSA 5 (Fig. le). In the rabbit. NPT2 mapped ta OCU 3pll.
which is al the proximal end of lhe short arm above the ccn
tromcre (Fig. 1dl. Thirty-twa melaphases exhibited 54 signaIs.
Founeen (44%) of the metaphase spreads showed a signal on
bath chromatids.
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Comparison between huma" and rabbit chromosomes
The present localization of NPT1 to HSA 6p22 and OCU

l2p11 is consistent \Vith previously reponed 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 (5002) using ASH
revealed SOD2-homologous segments al HSA 6q21 and OCU
12q (Lemieux and DutriUaux. 1992). Thus. markers from both
the long and shon arms ofHSA 6 have been mapped to homol
ogous arms of OCU 12. While Ihe 5002 and NPT1 genes are
symenic in both human and rabbit. it is believed that a peri
centric inversion occurred in the human lineage. producing a
longer shon ann (Lemieux and Dutrillaux. 1991). The break
points of the inversion seem to have been distal to 6q2l and
proximal to 6p22.

Comparative banding of human and rabbit chromosomes
has not revea!ed any homofogy between HSA 5 and OCU 3
(Dutrillaux et al., 1980). This suggests that. unlike the OCU
12fHSA 6 ancestral chromosome. the ancestral chromosome
that has given rise to OCU 3 and HSA 5 underwent consider
ably more rearrangement. The basic unit of comparative gene
mapping is a homology segment. ft represents the first evidence
conceming the location ofa homologous chromosomal segment
and cao be marked by a single gene (Nadeau. 1989). The chro-
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mosomal localization of NPT2 to OCU 3p Il now identifies a
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between HSA 5q35 and OCU 3pll. Ooserexamination of the
R-banding pattern of the distal end of HSA Sq does suggest
sorne similarity to OCU 3p. [t will be ofinterest to assign addi
tionalloci froffi HSA 5q3S in the rabbit to determine the extent
and boundaries of the conserved region.

Il is clear that a great dea1 ofsimilarity in the organization of
the genome can exist even between divergent ma:nmaIian spe
cies and that homologous regions can remain conserved over
millions of years of evolution. Comparative mapping of the
NPTI and NPT2 Na+-phospbate cotransponer genes in the
human and rabbit helps to determine unassigned syntenic
groups in these IWO species and he1ps to derme regions repre
senting relies of ancestral linkage groups not yel disrupted by
chromosomaI rearrangements.

AcImowt.d..........

We thank Or. Mark Hughes for the human NPTI cDNA and Jean Le
veillé for the photopapbic wode.

Soulié J. de Groucby J: New usipmenlS in the rabbit
(Oryaolqus CIUIIcu/us): c:ompuiJon with OÛIcr

specics. Hum Genet 63:48-52 (1983).
Vcrrî T. Martov1cb O. Pef'CF C. Nortlis F.S~ G.

Sorribas v. Biber J. Murer H: Cloninc of a rabbit
rma.I N....Pi c:otransponcr. _bich is rcauJatcd by
diewy pbospbatc. Am J Pbysiol 268:F626-F633
(1995).

Werner A. Moore ML Mafttci N. 8iber J. Scmenza G.
Murer H: Cloninc aud cxpreuÎOn of c:ONA for a
NalPi c:otnDsport system of odlley c:oncx. Proc
n.al! Aad Sei USA 88:9608-9612 (1991).

Xu J. Hanlison RC: 1.oç;;a1iutJon of the ~ike lIobin
sene chuter and the p:DCS for puathyroid honnone
and c-Huvey-ras 1 ta r'eIÎOIl q 14 .... q21 of rlIbbit
c:bromosomc 1 by in situ bybridiution. Cytoscnet
CcUGenet 52:157-161 (1989).

Xu J. Hardison RC: LocaIizalion of the a-like gIobin
scne duster to rqion q 12 of rlIbbit chromosome 6
by in situ bybrid~tion. Gmomics 9:362-365
(1991).

41



•

•

•

Chapter 3. NPT2 Gene Structure

42



•

•

•

"Structure of murine and human renal type II Na+·phospbate

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 autosomaJly

inherited disorders of phosphate homeostasis because NPT2 rnRNA expression is

kidney-specific and kidney samples are not available for direct mutation analysis of

patient NPT2 transcripts. The mouse Npt2 gene was aIso characterized so that a knock

out vector could he designed for creation of a mouse lacking the Npt2 gene.
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ABSTRACT Na"-phosphal~ !Pi1 colransport across Ihe
renal brush border membrane is the raie limiling saep in the
m'erall reabsorplion or fillered Pi. :\Iurine and human renal·
specific cDNAs <NaPi·' and NaPi·3. nspectinlYI relaled 10 Ihis
colransporler actÏ\'il~' lIype Il Na"-Pi colransporterl have becn
c1oned. We now report lhe doning and characterizaaion or the
cornsponding mOU5e INplll and human INPU) genes. The
genes "'en c10ned by !ia'ftninR mouse genomic and human
chromosome S·specific Iibraries. respectively. Rolh genes are
approximalely 16 kb and an comprised of 13 exons and 12
introns. Ihe junctions or which conform 10 donor and acc:eplor
sile consensus sequences. Pulalh'e CA.-\T and TATA boxes are
located. respec:tively. al posilions -10&7 and -.ao of Ihe Npt2 gene
and -10&3 and -51 orthe l'"PTI gene. ~Ialive 10 nuclcotide 1 or
Ihe corre.sponding cDNAs. The translation iniliation sile is
"'ilhin exon 2 of bolh genes. The fini 220 bp of lhe mouse and
human promolcr regions exhibil 72~ idenlily. Two transcriplion
start sites (al posilions -9 and -10 "'ith respualo nucleolide 1
or NaPi-7 cDNA) and IWO polyadenY~'lalion signais wen iden
lified in the Npl2 gene by primer extension. S'and 3' rapid
amplification orcDNA ends <RACE). A~bp 5' rtanking region
of ahc Npl2 gene. comprising Ihe çA.-\T box. TATA box. and cxon
1. was c10ned upslream of a luciferase reporter grne: this
construct signifianlly slimulaled luciferase gene expression.
relalive to controis. when u3nsicnll~' lransfecled inlo OK ceUs.
:1 renat c:elllin~cxpressing Iype Il Na··Pi colransporter actÏ\it~·.

The present dala provide a basis for detailed anal~'5isofcis and
[rans clements in"'olved in ahe regulalion or Npl21NPTI gene
lranscription and facililale scl'ftning for mUlalions in lhe l"PU
gene in patienlS with autosomally inheriaect disorden of renal Pi
reabsorption. '

The mammalian kidncy is an important arhiter of extraccllular
phosphate (Pi) homeoslasis. Renal Pi rcahsorplion llt;'~urS

predominantly in the proximal rubule wherc conccntrati'·e.
Na' -gradient dcpendent Pi transport across rhe brush horder
membrane is the rate limiting slep in the overaii Pi reahsllrp
rive process and Ihe site for ilS regulation (1-6). AlthllUgh
par:llhyroid hormone and Pi availabililY arc the most impor.
ranI regulators uf renal Na· -Pi cotransport. a variclY llt
hormnncs includinl! thvroid hormone. 1.2S-dihvdroxvvitamin
D. insuJin-likc gr()\\·th f;ctor l. insulin. epidcrma(gro~ih f;H:lllr.
and glucocorticoids c-.m ;1150 modulale cotransporter ac[j\'Îry
(1-6). Howl..'Ver. the molccular mechanisms involvcd in m;m\' Ill'

rhcsc rcgulatory prl'lccsscs have not heen c!e:Jrly dctincd. .
Several Mcndcli;m oisordcrs of Pi homeusta~is l.";ln he ;lUn~

uted tn a ~pccificdcfcct in renal Pi rc..bsorplinn O. S). Aut()~lOl'll
and X-linkcd fnrms have l'leen d~,..scrihcd and hOlh ..re ch.. r;u:
lcrizct.! hy reduccd growth r.Jte ;md hypophllsphatcmic bllOe
t.Iisc;L'>C (7. X). The mulant gcnl.'S rcsrxm"lhlc fur lhe t.Idcct in ren..1
Pi lran~port in thl..~ cunditions arc unknown. with the exccptillO

The fluhhC".Jllun ':ll'olS ,./ Ihi~ arlll:!.: IA/cn: oJclra~'coJ ln flan ~' fla!!c .:h.lr!!c
paymenl. Thi~ artl.:!c mU~1 Ih.:rcl.'rc h.: hcrchy rnarkcoJ ··/ltln·rtl.lt"",,·rrf" In

;1I:l:lIrU;IOCC wllh IX U~.<:. § 1i.~ ....kly hl InUIC".JIC Ihl' /a.:t.

of a candidate gene (PE..'X) for X-linkcd hypophosphalemia.
recently identified by posilional c10ning (9).

The C!onim~ of homol020us cDNAs encodin2 hi2h-affinitv.
renal.specific type Il Na - -Pi cotransponers from ~:-eral marn
malian species has provided structural informalion aboUI the
molecular entities that mediate the cotransport process (10-13).
Injection of c10ned cRl'llAs into Xenopus oocytes confcrrcd
Na - -dependent Pi transport with kinetic parameters. Na - -Pi
stoichiometry. and pH dependenœ similar to that seen in isolated
renal brush border membrane vesicles (10-13). The cDNAs
encode glycosylated protcins of ..70 kDa wilh eight putative
transmembrane domains (10-13) thal ha"'e been locaJized by
immunohistochemistry 10 the apical surface of proximal tubular
ceUs (14).

The human type Il Na--Pi cotransportcr gene lNPTI) was
mapped to human chromosome 5q35 by fluorescence in situ
hybridization (15). lhereby rulmg il OUI as a candidate gene for
X-linked hypophosphatemia. consistenl with the positional c1on
iog of the PEX gene (9). Of interest. however. is the demonstra
tion that in hypophosphatemic (Hyp) mice harboring the homol
os!ous X-linked mutation. decreased renal Pi reabsorption can be
aScnbed to a decrease in brush border membrane :--:a - -Pi co
transport that is associated with a proportional decrease in type II
Na-·Pi cotransporter mRNA and immunore:lctive prolein (16).
These findings suggcst that the PEX gene product plays an
important role in the regulation of type II Na - -Pi cotransporter
genc expression. However.the mechanism for this regulation is not
understood.

The present study was undenaken to define the structure of the
murinc (Np'2) and human (NPTI) type Il Na-·Pi cotransporter
gencs. Promoler sequences and intron/exon boundaries were
identified for both genes. Our results thus provide a basis for
future studies to characterize promoter aetivity. elucidate the
mechanisms underlying Ihe regulation of NpI2/NP~ gene ex·
pression. and sereen for mUlations in patients with ~Iendelian

hypophosphalemias that are autosomally inherited.

MATERIALS AND METHOOS
Southem Biol Analysis of Mouse and Human DN.\- Genomic

DNA from mousc livcr and human peripheral blood leukocylcs
was isolated by the phenol-chloroform method ds:'SCribed by
S<1mbrook et al. (17). DNA 1 III ~) was digested with restriction
endonudeascs (5 unilS/~ D:";A) under conditions specified by
the supplier and electrophorcsed on 0.8% agarose gels in 1 x
TAE huffer (0.04 M Tris acctate/O.OOI M EDTA. pH S.U). A I·kb
DNA ladder (GI BCO/BRL) was run in parallel with the digcsled
DNA. DNA fr.1gments were capillary transferred to nitrocellu-

Alll1rcviallllO: RACE. rapid ampliric:Uiun of cO~A ends.
O:lla llepclSililln: The sc4ucnccs rcpor!cd in lhis papcr have hccn
dcpcr.Î1ed in Ihe GenB:,"~ Jatalla."C laccl."S.'Iilln nus. US~-U5",.,73.
1':'7.N 1. and U57K3lJ (for mUUM: 1 and U56674-U56M:, and U5754X
~f.)r human)1
CM.H.• A.s.lf.• and CU.K. cllntribulcd cqually ta th~ puhliC"4tiun
and arc lÎ!itcd alphahcli"-dlly. .
~To whom reprînt requ\.""ls ShClUld he aJdrcs.'iCd at: Melntreal Ch,l·
dren's Hospital. 2.3I1U TupflCr Street. Monlrcal. OUC:~l: H3H 1P3.
C:tIlada. e-mail: mdht("'musil.-oI.mcgill.l:'d.

/
./
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l-'\IIIJ .JnJ thelr ,i:LC " rnJlcatcJ ,,\ lhe num"..:r .lt--,I\": "::I..-h h..~,

FH'.~. S<IUlh.:rn "'ol anah"j",t mclUo,c gcnllmlc.: D~A. M..uo,c 1I\.:r
D~ ..\ rlrl /-leI '\';1" JIl:":,,I..:U ~\'Ilh boRl. IImulll. 1/1:/11. ur 1:c"R\',
.:k':lrclphor';o,cu "n .Ùi'; ;1;:;'lr",c !,!..:b. lransierrcu hl ,uppon.:<1 IU

tro..:.:llulo-..=..111<1 h~t'lnuucu \\ nh ;, lull·l..:nglh '=P.(;lhckJ roll ~.II'I·~

.:D:"iA (ln'''.: 11111 'TIt.: ..uc <.'ahhrallll" \\;1' ohtaincd "Y ,.mullan':"II'
loadin;: III .1 1-1..11 D~A lauù.:r.

of mou.o;c ur human genomic ONA. werc !>Cquenccd using Ihe
doubk:-strandeLl O:--:A cycle sequcncing system rGIBCO/ BRll.
Sequencing rcactions werc rcsolvcd on W'(- polyacrylamide gels.
Sequcncing primers werc dcsigncd from the NaPi-i (131 anJ
~aPi-3 (101 cONA sequences.

PCR Amplification. PCR amplific:nion of genomi~ don...... clr
genomic DNA \\'3_0; pcrformed using forward and n:vcrse prim~r

pairs hased on the NaPi-i and NaPi-3 cONA sequences. TIle
amplitïc-•..IIion r~actions cumained 100-200 ng. oi ON.-\. 2.5 unilS
of T<lq potymer.Jsc (GIBCOiBRL) or 1 unit of Elongase
lGIBCO/BRLI. 10 JJ.I oi Ill:"' PCR buffer (GIBCO, BRLI. ':00
J.l.~1 d:--'TPs_ 20 pmol of each primer. and 1-3 mM :\lgCl; in a 101al
"olume: of 100 JJ.1. Aftc:r an initial 1.5-min dc:naturalinn .,Iep at
l)~çc. 30-35 ~ycl...'S 'lf amplification were performed using :1
Perkin-Elme:r:Cètus ONA thermal ~:'CIer. After the lasl cyde.
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!n'il.: memnram.."s I"upported nilnx.:dlulo'il.: B.·\-ISlS5. 5..:hh.:icher
,\.: SchudJl or nylon memhr.lI~c...s (Biodme 13 Iranskr ml.."mr>r..1Oe:
P:lill \.. ith 211 '.' SSC :t~ J~ni'eJ eh......\ here 11-:"). FulJ-icn!!th
murine ~aPi-ï (131 ~Ind human ~aPi-.~ ( IIIl cD:".-\.' \\ere ':P
[;lhckJ tu a ..pecific Jcti\Jty ut" "1 ." I(J" I.:pm JJ.~ with [(1- ;:Pf
JCTP (~OllO Ci:mmol: 1 Ci = _~-:" GBq; IC~) using a R;IJpnm~

D~A [;Ihcling kil 1GlBCO BRU. HyhriJizati~1Owa.' pert~lrmed
al·C'C for Hl-IX h in 1(Vi- J ...xtr.m suliate. ~o("; formamlJe.~·

SSc. OJJ2 \1 Tris·HCI (pH '7.01. l ' Denhan.ll .. "OIUIIlIO anJ
Ih:rrmg sperm DNA (11.1 mg; mIl. The memhran...... Werl.." \\;lshcd
''':H:rallimcs wilh 2 .' SSc. 1/.1 r;. SOS ;11 rlXlm lemperalur.: :tnJ
\\ ilh 11,1 • SSC [J.I ri- SOS àl fl5-C. :'o.lou..e D~.-\ wa.. Jil!......tl.."d
\~lIh EctlRI./fimJIlI. Bg!11. EwR\'. ,\/1/11. ;lnu human D~,~ wllh
EwRI. lIil1JlI1. .\/lul. EnJR\·. Kprzl. Btll1lHI. and Ral/lHI 
Wu L

"urine and lIuman (ienomic D~.-\ (jbrdr~' Screenin~. .-\ ,\
DASH Il mou~ (1295\' 'Ir.linl !!enomlC O~:\ lihr.ln (recel.. cJ
lrom :\. ~r:lpli... \kGill L"ni\e-r.;iIY 1 wa.. 'Cn:cneLl ~\ uh ;1 tull·
knglh r:tl NaPi-2 I.:O~.-\ prohe (101, Two genonllc dlm...... JL"S
i~n:.lteJ .1. 1:;":; and .1. YC (Fic.. Il. \\~rl.." i..olaleJ. Di!!l....llon 01 1hl.:
[·.~"~-\...n donc \\ilh EcoRI !!~ner:lleJ 2.1·. 7.-:"•••tnJ ~.5-\...h Ira!!
ment ... f JL...ignatl.."J pB 2.!. pB ï. -:-..Imi pB -'5 in Fig. 11. \~ hidl \\e;...
,ulxlon.:d inlll pBlul.:...:npl Il 1Slralag..:ne 1. Til donc.: Ih... :,'
Il.mkmg regllln of the .\l'I': gcne.;1 A (;l.:m Il linr:lry Lleri\cJ lrom
mllu..e :\13-1 cmnr\onl..- "'lem I.:ell 0:":\ 1a !.!ill lrom L', \tulkr.
L'nl\l.:f'.itv III Zurich 1 \~;l'; -<reened Wllh a- 5' lrac.menl ,II the
~;IPi-ï cr>:"r\ (5~5 np Jeri\et.! hy Jig~.:.. tion \~ ilh ,\1lul ;mJ Sad 1.
(ln..: Illlhree pmiti\... c!lln.."S...panning 11kh rA 11.11. in Fig. 11. wa..
Jlgl....ret.! w ilh Ha", H 1 III Yle/LI a Cl.! l-kl"1 1r~lgmcnl (pB tl,O. Fig. [1.
\\ /lIch W'I~ further Ji!!......red wirh Lc(}R 1. 1'\\0 01 .' rL...ultinc
tragmenls. J~-"lgn~ll~ll- pB 15 (15-\...h fragment 1 ;tnJ pB l.~
( 1A-kh Iragm~nlJ (Fig, 11. \~erL: ..uhdlln~J inlo pBlu~~nr'1 II. :\
2Jl-\...h Ir:lgml.:n1 lpB 2.11. Fig. 1 t. \\hich O\l:rbppcJ ".,. Ihl.."
"'l."qucn..-l.: III pB 1.5 :LOU pB JA (Fi=:. Il wa... Ilhl:linl.:ll h~ IlIllJIII
dige"'llOn III A ILlI .mJ \~ a.. ,ubclllnl.:J intll rBlue...cnpt II. .\
human ..-hromcNlme 5-,p......ili... .\ IIhrary 1:\ml."rtl.:an T~r'" t ·ultur..:
('lllkC!llln 1 ~\;l' ..c:rl.:cn<:u \\ illl ;a tulJ-lcn!.!lh hum;1l1 ..-J)~."\

(:"al'i-:;, prone 1HI). ()ll~ III tllur p"'lIi\c A ~lllnc" w:... digl....lcd
\\ ilh !:·OJJ{ 1 and _'.s- :Il1J -L2·kb tragments \~l."r... ,utx:hm...d inlll
rB1uL-"l:rIpt II.

~tlch:otidc S4.oqucm:im:. (iellomic .\jJr2 ;tnd :-':PT"2 "'ubdllnl....
\~er<: "l."qucn...eJ u..mg rh..: SCljllen:I"l.: V~f'.illll 2.0 kil (l'Ililcd
St;lh:.. Bicl\:l1emical, \~lIh [u-"Sld:\TP nc]';1. The 5' .mJ .,.
R:U'C prllJucts ~\<:rc "-'ljUCIll.."l.."U lNng a 1'7 Scqu":lll:lI1g 1.. il
( l'harmacia 1. DN:\ 1r'lgmellh. gl.:nl.:r:llel.l l"1y l'CR ;1I11phli~-;t1I1111
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Chapter 3. NP72 Gene Structure
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FIG. 3. Comparison of the Spr2 and NPT:! genes. Luc:llion llf intron/cxon boundaries was dClermined as described in the legend to Fig. 1 and
ln Marenals alld Mt:rlrods. Inlrons are depicted by trianglcs ilnd arc numhered 1-12. The size of cach IOtron (bp) is shown above each triangle. E~ons
are numbered I-XIII. Numbers helow the line depict the locatiun 01 intruns in the correspondîng NaPi·' and NaPi·3 cDNAs. The vertical dashed
fines reprcscnt the 5' and 3' ends of the corresponding cDNAo;.
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~Iongatjon "''aS extended to ï min at n.cc. The primer-template
annealing temperatures were approximately ZOC below the Tm of
the oligonucleotide primers used.. The sÏZe of PCR amplified
produets was estimated by agarosc (0.7-2.0%) gel electrophoresis
using 100 bp or 1kb DNA ladders (GIBCO/BRL). PCR product5
wcre scquenced as descnbed above to confirm the identity of
produC1S. ln some cases. PCR amplification produets were sub
c10ned into a pCRIl veetor using: a TA cJoning system. version ~2

(Invitrogen) and then sequenced as described above for subcloned
fragments.

I-ntron/Exon Mapping. The location of and sequences at
intron/exon boundaries of the Npt2 and NPT2 genes were
determined by scquencing of genomic subclones as dcscrihed
above. To determine whether there are introns downstream from
nuclcotidc 1463 of the NaPi-7 cDNA or downstream from
nucleotide 1497 of the NaPi-3 cDNA PCR amplification reac·
tians were performed with both Taq polYir.erase and Elongase
using five different forward and reverse primer pairs with mouse
genomic DNA. the mouse À YC donc (Fig. 1) or human genomic
DNA as tcmplate. Approprialc water blanks and PCR reaetions
with cDNA tcmplates were run simultaneously. The identity llf
PCR products was confirmed hy sequencing as describcd ahl'l\·c.

RACE. For 5' RACE mousc kidney total RNA (10 Iotg) (IS)
and poly(A)+ RNA (1 ~g) Ipoly(A) Tract System 1000. Pro
megal were reverse transcribed using 20 units of MuLV reverse
lranscripta.'ic (Promega) wilh a NaPi-7-spccific primer (nt 195
210 of NaPi·7 cDNA: antisensc). The 5' end of the cDNA was
e:<tcnded with polynucleotide transferase (30 units. GIBCO/
BRL) in presence of 0.4 mM dATP. PCR was then performed
with a second NaPi-7-specific primer (nt 63-78 of NaPi·7 cDN.-\:
antisenscJ. a hyhrid dT l ":, adapter primer with a 5' cxten~i(ln

containing a Sali recognition site and an adapter primer corre:
spondiiog to the 5' extension uf Ihe dTI7 adapter primer (19). A
second PCR reaction wa... pc:rformed with the adapter prirr.cr
mentinned ahove and a third Napj·7-specific primer (nt 26--11 uf
NaPi-7 cDNA: antiscn..o;c J. The produCl'i wcre trcatcd wilh the
SureCione lil!alion kit (Pharm~lcia). digcstcd with Sali (restriction
site located in the adapter primer). suhcloned into pBlucscript II.
and sequcnced as dcscrihcd ahlwc. Fur 3' RACE mnuse kidnL.'Y
total RNA (1 CI ~g) and poly(A)+ RNA (1 ~) wcre prep..rcd and
reverse transcrihcd using the dTI7 adapter primer menriuncd
ahove ( 1(j). PCR W:Lo; pc:rfurmcd with the adapter primcr and a
NaPi-7-spccific primer (nt IS-W-1565 of NaPi-7 cDNA: SC~).

The produets were digested with Pst. and San. subcloned into
pBluescript Il. and sequenced.

Primer Extension. A NaPi-7-specific primer. localized within
the 5' untranslaled reltion ofthe cDNA (nt 63-78: antisense). was
labeled with 8 units of polynucleotide kinase (Promega) and 50
IotCi of 1)'-;;~PIATP. The labeled primer (-92.000 cpm) was
annealed to 5 p.g of total RNA or 4 J.Lg of poly(A) + RNA isolated

Intron Location Donor Acceptor

32 GTC;"':'.G!gt.gag cgcag/G.;'CTC.:'.
~ 162 CAC;";"G/gtaaa et.cag/TCCTGC
3 312 AGCCAG!gtagg teeag/AGCCC;'.
~ ~I CTGGAG/gtagg :gcag/GG;";"GG
5 585 CCGGCT!gt.gag accag/TGT'!'GG
6 IlQ7 C;'.GGCG!gt.gag ctcag!GGC'rTT
7 S93 ATCCAG/gt.gag cacag/C'rGGAC
8 lJSQ ACAGAG/gtgag ct.tag/GC'!'TCC
q 1053 .:'.G;;':'.J..T/ gt.aag ttcag!GC;";"CC

10 I~O ACACAG/gtgag ttcag/.lI..CT7TC
II 133S TCATTG/gtgag accag/GCC'rGG
Il 1~63 IT7CAG/gt.aca ct:.gag/ATTGCC

Human

TCT;";"G/gt.gaa tt.caa/CGTTGC
CTCAGG/gt.aag CCtag/TCCTAC
AGCCAG/gr.ggg :ccag/AGTCCA
CTGGAG/gcagg cccag!GC;'.J..GG
CTGGCT/gtgta dccag/TGCTGG

Il 725 CCGGCG/gr.gCg cccaa/GGCCTT
7 '121 ATCCAG/gr.gac cacag/CTGG;'.C
X 11I17 TTACAG/gcgag tcr.ag/GCTCCC
l) 111.'\7 ,'GAAAT/gr.aag gcaag/GC;\ACC

III 115..l AATACG/gr.gr.g t.r.gag/GACTTC
II 137~ TCATCG!gtgag eccag/GTCTTG
12 1..l'l7 TTCCAG/gr.gcg tgcag/ATTGCC

Location \lf intron.-i and dnnor/acccptor site sequences for the Npt2
and NP~ ccncs. The innnn loc;llinn is ha.'iCd on the nucleutille
numllcr in -the corn:spnndin.,: NaPi·7 :lOd NaPi-3 cDNAo;. Ex"n
sequcncl.'S arc lIepictcd in uppcrca.o;c Icuers and intron ~qucn~ in
lowcrca.'C kncrs.

---_._- ~- -- ~-
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Table 2. .vpt2INP~ gc:ne exon/intron noundary codons

~f()usc: Human

[nlron Codon phase Amino acid Codon phase Amino acid

2 [ VAL [ VAL
~ [ GLU 1 GLC
~ [ GLY 1 GLY

- [ LEU 1 LEt:'
6 Il ARG Il ARG
i 0 GU,z Il GL"
8 () GLU (j GL'O
9 1 CYS [ CYS

10 [ ASP 0 TIiR
[1 1 GLY 1 GLY
12 0 GU,z 0 GL....

Amino acid and codon phase usage al ellon/Ïnlron boundaries of Ihe
.vpt2 and NP~ genes. The translalional stan site for bolh the mousc
and human genes lies wilhin exon Il (Fig. 3). Inlrons Ihal do nol split
codon lriplets are indicated by phase O. interruption after the IÏrs!
nucleotide by phase 1. and inlerruption after the second nudeotide by
phase: IL Amino acids encoded at the sp[icc: sites arc indicatc:d.

from mouse kidnev as descnbed above. cDNA SVtlthesis W3S

carried out with 20 ';nits ofMuLV reverse transcriptaSe (Promega)
as recommended by the supplier. The produets ofcDNA synthcsis
were loaded on a 6% sequcncing gel along with a sequencing
ladder prepared with the abo-Je primcr and cDNA prodUCl_

Npl2 Promoter Analysis. A 484-bp Npt2 fragment was PCR
amplified from the pB 1.5 subcfone. using forward and rC'-erse
primers corresponding to nucleotides -454 to -435 and 11-30of
the Npt2 gene. respectively (see Fig. 4). The fragment W3S

subcloned into pBluescript II and the sequence confinned. The
fragment was then excised and insened immediately upstream of
a luciferase reporter gene in a promoterless luciferasc expression
veetor (pGL3~basjc. Promega). Correct insertion was verified by
sequcncing and the right orientation was designated pGL3--J84.
OK ecUs that were 4O-SO% confluent and cultured on 3.5<m
plates as described (20) were transfeeted with 0.15 ~ of the
pGL3-484 construet using Ca2PO~ (21). pCMV-lacZ (O.~ ~

provided by S. Rusconi. University of Zurich) was cotransfeeted
with the reporter gene construet to control for transfeetion
efficiency. Additional controis were performed by mock
transfeetion or by transfeetion with pGL3-basic (0.15 ~). The

Coopter 3. NPT2 Gene Structure
I3-gafaetosidase assay was dalle in 0.2 M NaPO~ (pH 7.5). 4
mg!mJ O-nitrophenyf l3-~opyranoside.1mM MgCh for 30
min at 37"C and the optical density measured at 420 nm.
Luciferasc was assaved with a luciferase kit and measured in a
luminometer (Lumâc Biocounter MISOO. MBV, Stâfa. Switzer
land).

RESULTS AND DISCUSSION
Soulh~mBiol Anal\'SÏ5 ofMuri. and Hu....n Genomic DNA.

Southem blot analysis'of murine (Fig. 2) and human (not shawn)
genomic DNA using fuU-length NaPi-7 and NaPi-3 cDNA
probes. was used 10 estimate the si2e and complexiry of the Npt2
and NPT2 genes. Based on digests with at lcast five restriction
endonucleases. or combinations thereof. an approximate size of
16 kb was estimated for bath the mousc and human genes. This
estimate is in good agreement with the size of the Npr2 and NPT2
genes detennined from genomic c10ning (sec below). Blots
washed at bath high and 10'" stringency gave similar results.
suggesting that the Npt2 and NPTI genes an: single copy genes
and not pan of a larger subfamily of related genes.

Organization 0I1he Np12 and NPT2 Geaes. Two overlapping
Npt2 clones (À 13.3 kb and 11.0 kb. Fig. 1) were isolated br
screening [wo mouse gcnomic DNA libraries. The 13.3-kb clone
contained nucleotides 33-1463 of the mouse NaPi-7 cDNA. a
ponion of the S' untranslated region. the ATG translation start
site (within exon Il). and 12 intron/emn boundaries (Fig. 1). The
Il-kb clone contained the first four emns and extended 9 kb into
the S' f1anking region of the gene. The Np12 gene did not contain
introns downstream of nucJeotide 1463 of the cDNA. This was
established by PCR amplification of mouse genomic DNA with
rIVe different primer pairs. using bath Taq polymerasc and
EJongase. which permits amplification of long. single-copy
genomic templatcs (up to 20 kb). In none of the reaetions were
PCR produets detected that cxceeded the size expeeted for the
cDNA The absence of PCR produCt5 in corresponding water
blanks indicated tbat contamination with cDNA couJd not ac
count for our fmdings. These data were confumed by PCR
amplification of the genomic clone À YC (Fig. 1).

A single genomic À 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 pornon of the S' untransJated region. the ATG trans-

FIG. 4. Sequence comparisun of the 5' nankins: rcgions of the: .vpf2 and NPTI ge:nes. A comparison of the: firsl 220 bp of the m~~ and hU~3n

promoter sequences rcvc:alcd an idc:nlity ur 72%. CAAT and TATA hm:c:s arc dcpictcd in boldfacc. uppcn:asc I~Ue:~. The transcnpllon sian Sll~

of Ihe Npt2 gene are marketS hy a'ilerisks. The: nucleOlidcs corre-ponding to Ihe: NaPi-' and NaPi·J cDNAs are gtvc:n tn uppc~ Ic:lte:rs. The: fir5t
nucleotidc: l,r e:ach cDNA il\ [abclcd as + 1. Gaps in the: cnrrcsponding se:qu.:ncc:s between Ihe: two ge:ncs are prc:senle:d as a dashc:d hne. The scque:nc~

wcrc cClmparctS and aligncd using a program package (Genc:tics Compuler Group. Version 8). whic:h introduccs gaps for best fil.

tcttgggggt aaagttaatt taatggggaa aagagggaag gcagctaaag ttcttctagt
'" 11111 11111111 IJIII 11111111 1111111 1 III
tctcaggggt gaggttaatt ... ggggga. cagagggagg gcagctaggg ttc-------

gacagtct.g dccatacoct ccccctgcag aggtgaagat tagCAATtaa ctggaaggaa
Il 1 J II11ll1 11111 11111 Il I!I 1111111111'111111 11111
gaagaacctg âccatagatt ccccatgcag agctgacgat tagCAATtaa ctgggaggaa

teattaagga ctttgccctt gacccgaggg TATAAAgaag agggtettag ttect·----
1 III 1111111111 1111/ Il 1 1""111 11111111 Il III

----caggga ctttgccctt gacccaagag TATAAAgagg agggtctcag ttctcctcag

TGGAGCTGAG CCACAG---
1 111111 Il''

AGAAGCTGAA ACACAG---

'* '* +1
-_··ctttag acttcccc~A GCAGCCGGGC

11 Il 1111 1 Il Il 1 Il
ggtcctggag gcttcattça gCTGCTGAGC

+1

inouse gene

human gene

mouse gene

human gene

mouse gene

human gene

mouse gene

human gene

•
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Chapter 3. NP12 Gene Structure
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FIG. 7. E.'tprc:ssion of a Npr2 promoter-!uciferase consuuet in OK
cells. A ~'-l-bp fragment of the Npr2 promoter region. comprising c:xon
1. TATA and CAAT boxes. and 5' sequence. was c10ned upstream of
a luciferase reporter gene (pGL3-484) as dc:scribed. OK cells at
~O-50~ caniluency were cotransfectc:d with pGL3-~ and pCMV
lacZ ta correct for transfection e:fficiency. Controis were pcrformed
with mack-transfected OK cells and OK cells transfected with the
plasmid lacking the Npr2 promoter fragment (pGLJ·basicl. ACter :!
days. the OK cells were harveste:d and Iuciferase and l3-galaetosidase
3SSa~'ed. luciferase activity was relate:d to t3-galaetosidasc 3etivity.
:'IIormalized luciferase activity in OKcells transfeeted with pGU-basic
was set at one. The data represent the mean =SD derived from si'l:
c:xperiments.

human eenes and differed onlv in IWO amino acids and one codon
phase ùSagc (Table 2). ln a·ddition. a camparison of intronic
sequences (introns 2~) in the Npr2 and NPT2 genes revealed 68%
identilV.

Stnicture of the sr Ranking Region of the Nptl and NPT2
Genes. Sequence analysis of the pB 1.5 subclone (Fig. 1) of the
Npr2 gent: rcvealed a TATA box at positian -40 and a CAAT
box at position -[';7. relative 1O 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 posilion - 143. relative ta
nucleotide 1of NaPi-3 cDNA (Fig. 4). A comparison of 220 bp
from the murine and human promoter regions is dcpicrcd in
Fig. 4 and shows an overall sequence identity of nl7c.

Genomtc sequence

FIG. 5. Dl:termlnatlon of the transcrlptiona! stan ~ite of the: Spr1
;;cnc by primer cxtcnsion and 5' RACE. ~tousckidney poty, AI- R:"A
lA 1and [ntal RNA 181 wcn: h~'l1ridizcd with a "=P-lahcJcd pnmer (nt
h3-i'S of NaPi- i' cDNA 1and the primer extension products_ gcnerated
with rcverse transcriptase. were run on b":é polyacrylamidc ge:ls. A
scquencing ladde:r prepared .....ith the same primer and the mous<:
cDNA produclS was abo run on the gel. Thc cxtcnded produclS lAo'ere
(} and 10 nudcutidcs upstream from nucleotide 1of NaPi- ï cDNA. The:
double band for total RNA is only visible with longer e:tposurc: time.
The astensk dcplclS the star! of the NaPi-ï cDNA sequence and is
followed by the sequence of the adaptor used for c10mng the cDNA
into pSPDRT. Thc boldfacc letters sho'llo"" on the ri~ht are deri\'ed
tram sc:quencing two 5' RACE products. -

Iation initiation site. and eiWt intron/e:<on boundaries of the
NPTI e.ene. Four additional i"fltrQJl/exon boundarics in the NPT2
gcne v7cre identificd by sequencing PCR produet5 obtained by
amplification of human genomic DNA using primers designcd
from NaPi-3 cDNA sequence. The absence of inlrons down
stream from nuclcotide 149i of the cDNA was confirmed bv PCR
amplification as dcscribcd above for the Npr2 gene. .

A comparison of the Npr2 and NPTI genes is depicted in Fig.
3. The number. relative position. and size of introns are similar for
both murine and human gcncs. NucleOtide sequenccs at the
intron/cxon boundaries of roth Npr2 :lOd NPT2 genes confarm
[Q the GT/AG rule for intron donor and acceptor splice sitcs
(Table 1), The amino acids and codon phase usage at e..~on/intron
houndarics arc also remarkably similar for both the murine and

•

•
2110 acctgtgc~~ att=~~ggcc acaç~çgca~ ggçc~~::gt dattaagagg tag~gtgcac

• poly A tai) Ca)

21iO a~tg( ~ëÇ;~~:tça gcctgtgtga ccattaç:gc gggtgtaatg tgagLdcact

2230 çt~tgggtac aggç;~~~çc agatgcctag ggag:c:cca aacttttctg gaaagagtca

:~9G ~c~ata(c:: L:C~:~:::: cacaactctt g~~:~~lcag gagggacaga agaacagctg

•
• Doly A ta;) (b)

~~lO JJ~tgaalgt ~gc ~~22

FIC;. fi. 3' RACE tlf mtlus.:lidn.:y mRNA. Two]" RACE prudu.:ts werc tlhtamed nÎlh n:ver.-c·tr.Jn.'iCrittct.l ml1u:-c: kidl'lcy poly(A)'" RNA "nu
t<llill RI"A a.. L1l,;~l:rihcd. 'nI': d.:pil:lI:d :-<:4ucncc i.. tha[ ut the J' .:nJ and [h.: numttcrin~ ...orn:l'p<IOd.... tn thiltl1f N•• Pi-7 c:DNA. Two polylAltilil..
wcrc iucntllicLl.•11 nudeuliJ.: ~ l:olt} (II 1;and z·e:! (h). r..-spcctivcly. 8tllh wcre pn:ceLl .... J hy a p!.llyadcnylylation Signai (undcrlincdl.
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Chapter 3. NPT2 Gene Structure
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FIL. ,"Ï. Supe:rimposition of Ihe exon ooundaries ~'ilh Ihe prcdietcd sc:condary structure of Ihe Npt2 prmein. The secondary structure was derived
(mm a combination of hydropathy anaJ~~is and Ihe insidc positi..·c rule:. The shaded boxcs represent the suggcslcd eight transmcmbranc rcgions
(numberc:d M l·MS in rcf. 10). Trian!,!lc:s dcpict the posil/ons ui Ihe cxon/intron boundarics. Exons are numbered [-XJlI.

•

•

Transcription Initiation and Pol\'aden"Malion Siles in the
NplZ Gene. Thc transcription initiaâon sit~ 'for the mous<: gene
was dctermined by primer extension and 5' RACE. ln primer
extensions. reverse transcription of poly(A)+ RNA showcd (wo
signais. at -9 and -10 (Fig- 5). i.e.. 9 and 10 nuclcotides upstream
from the first nucleotide of the NaPi-i cDNA (Fi~. 4). Similar
rcsults werc obtained by sequencing the SO-bp 'implifiC1tion
product derived from S' RACE (Fi2. 5).

The 3' region of the transcnbed ilp'2 gene was determined by
3' RACE Products of 650 and 900 bp were obtained. subcloned.
and sequcnced. The larger product ended with a poly(A) tail at
nuclcotide 2422 and corresponded exactly to the NaPi-i cDNA
(Fig. 6). The shortc:r 650 bp product was formed from an earlier
polyadenylylation signal derived from a cDNA of2189 bp (Fig. 6).
These findings are consistent with the appearance and size of (wo
transcripts (2.6 and 2.4 kb) detected with a full-Iem~th. rat NaPi-2
cDNA probe on Northem blots of mouse kidney-RNA (10).

Promoler Adi\'ily of the 5' Rankine Region of the Npt2 Gene.
Wc determined whether a 484 bp 5' fragment of the Npl2 gene.
containing pan of exon 1. the TATA and CAAT boxes. could
drive the expression of a luciferasc reporter gene. The ~bp
fragment functioned as a promoterofluciferase activityfollowing
transfection of the pGL.3-484 promoter-reporter construct in
OK cells (Fig. 7). Correction for transfection efficiency was
accomplished by eotransfecting OK cells with the pCMV-IacZ
vcctoc. AEter normaJization with respect to I3-galactosidase ae
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 Np,2 promoter fragment (pGL3-basic) (Fig. i).

Lack of Cornlalion 8etwftn Exon-Defined Peptide Domains
and Predided Nptl Sec:ondary Siructure. Fig. 8 shows the
supcrimposition of exon boundaries on the Np,2/NaPi-7 protein
secondarv structure model. derived from a combination of hv
dropathy'analysis (22. 23) and the inside positive rule (24. 25).
Although previous reports showed that lranscripts for several
membrane spanning lransporter genes and other membrane
protein genes arc frequently spliced near rnembrane/aqueous
transitions (see rd. 26). no such rclationship was apparent \Vith
Npt2. Moreover. in the case of the Np,2 gene. cxon boundaries are
locatcd within prcdicted transmembrane domains as weil as in
intraccllular and extracellular domains <Fig. 8). Similar findings
apply to NPTI..

Conclusions. This study describcs the molccular c10ning and
genomic organization ofNpt2 and NPT2. murine and human type
1r Na· -Pi cotransporter genes. The membrane proteins Ihey
encode arc exprcsscd exclusively in the brush border membr.:me
of renal proximal tubular cclIs where Ihey mcdiate the roue
limiting step in the renal reabsorption of filtcrcd Pi (1-0).
Npt2/NPTI thus play a key role in Ihe overall maintenanœ of
cxtmcellular Pi homcostasis and arc crucial for normal lltmc
mincrùliwtion and growth. Our data providc a ba...is for t.Ictailcd
analysis of cis and lrans clements involved in the rcgulatiun of
Npt2/NPTI gcne lranscription and facilitalc scrcening fur mu
tations in lhe NPT2 gene in paticnts with autosomally inhcritcd
disorders of rcnal Pi reabsorplion.

Soce. In a recent abstracto Taketani t!t al. (27) reponed thal the human
renal Iype: Il Na ~ ·phosphate cotransponer gene spans 8 kb and
consislS of 10 exons. We have: no explanation for Ihe discrepany
between thase findings and Ihc rcsults of this study.

This work was supponed by Ihe Medical Research Council of
Canada (MRC Genctics Group Grant to H.s.T.) and the Swïss
Nalional Science Foundalion (H.M.). C.H.K. is the recipienl of
Siudentshîp Awards from McGîll Universîry-Montre31 Children's
Hospital Research Institute and The McGill Faculty of Medicine.
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C/rapler4 A searchfor the gene responsiblefor 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 Iower

limbs, impaired bone mineralization, decreased renaI Pi reabsorption, and

hypophosphatemia. The hypophosphatemia in HHRH patients Ieads to an appropriate

increase in serum 1,25(OH)20 levels, secondary to increased renal l-a-hydroxylase

activity, which results in increased intestinal Ca2+absorption and hypercalciuria. AIl of

the phenotypic features of HHRH can be explained by an abnormality in renaI Pi

conservation. In addition, treatment with Pi supplementation completely corrects ail

features of the disease phenotype. except the decreased renal Pi reabsorption,

suggesting that a defect in a renai Pi transporter may be primarily responsible for

HHRH.

Two possible candidate genes for HHRH are the type 1 and fi renal specific Na+-Pi

cotransporter genes, NPTI and NPT2. Aberrant expression ofNPT2 was shown to be

associated with X-linked hypophosphatemia, another inherited disorder of Pi

homeostasis sharing many phenotypic features with HHRH (Chapter 1. Table 3).

Hyp and Gy mice (the animal models for XLH) exhibit decreased renal expression of

Npt2 mRNA and protein suggesting that decreased Npt2 expression is responsible for

the hypophosphatemia seen in affected animais (Beek et ai .• 1996; Tenenhouse et al.,

1994). In Chapter 2 of my thesis. both types of renal-specifie Na+-Pi cotransporter

genes, NPT 1 and NPT2, were mapped by fluorescent in situ hybridization to

autosomes 6p22 (Kos et aL, 1996) and 5q35 (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 XLH were shown to he caused by

mutations which inactivate or delete a metalloendopeptidase gene known as PEX (Beek

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 proteines). The gene responsible for HHRH could be NPTI.

NPT2 or a component of the PEXI NPr2 regulatory pathway.

The BHRR pedigrees

The first pedigree to he described with lllIRH 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 Hl-IRH kindred and additional family members not included

in Tieder et al 1985 (Figure 6).

Consanguineous matings are of Iittle importance with respect to a dominantly inherited

trait since a dominant trait manifests even if only one disease ailele in the heterozygous

state is present in an individual. However, for a recessive trait to manifest, an

individual needs two disease alleles. The disease a1leles cao 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 tum 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 ffin for the mutant a1lele (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 locale 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 a1lele 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 NPTl or NPT2 gene. As the project progressed we decided not

only to exclude or include NPTI and/or NPT2 as candidate loci. but to map the HHRH
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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.

Plzenotypic classifications

Examination of asymptomatic members of the Bedouin kindred revealed that 40% have

a bioehemieal 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 idiopathie 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 phenotypie groups: individuais with

hypophosphatemia, hypercalciuria and bone disease were designated HHRH,

individuals with moderate hypophosphatemia and hypercalciuria, but without bone

disease were designated lli, and individuals without bene 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 abnonnality were designated as having an unknown

phenotype.

Approaches

Beeause inbreeding inereases the chance of finding homozygosity and the Bedouin

kindred has multiple inbreeding loops, there was the possibility that homozygous

regions would he 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 polymorphie were

analyzed.

Next, it was assumed that either the NPTI 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, 1116 (Chapter 1, Figure

4a). However, the chance of finding homozygosity in that same region in a second,

unrelated individual (Figure 4b) is considerably lower (1116 X 1116 = 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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is segregating in the family, due to the presence of affected individuals that are

compound heterozygotes and not homozygous at the disease locus (Chapter l, 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. 5ince HHRH was assumed to he recessive, it

was expected that the affected pedigree members wouId possess two copies of the

mutant allele. Because aIl the affected Bedouin individuals are related and disease

alleles are assumed to be rare, the affected individuals wouId all have the same

disease allele at markers showing excess homozygosity (Figure 7).

Methods and Materials

Preparation of DNA samples

Phenotype and pedigree infonnation was colleeted on a 114 member Bedouin kindred

with 8 inbreeding loops (Figure 6). II 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 sampies divide into

the following phenotypie 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 nonnal and 2 individuals were unexamined and therefore of unknown phenotype.

Markers

Ordered lists of the polymorphie 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 wheth~r 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 Aank.in~ Candidate Genes and ldentity Markers
One primer from each of the marker pairs 055498. 055469, 0652238. D652237. and

D652233 (Figure 8) from the candidate regions on chromosome 5 (McPherson et al .•

1997) and chromosome 6 (Feder et al .• 1996). as weil as from nine 'identity markers'

(HPRT. FAB2, CD4. CSFIR, TH, PLA2A. F13Al, CYPI9, LPL)(ApPendix 2. ID

Marker List) (Hammond et al .• 1994) known to he highly polymorphie in various
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Figure 7. Homozygosity mapping in the HHRH kindred. Il is hypothesized that a
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ethnie populations, were end-Iabeled 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-Iabeled primers.

The samples were overlaid with minerai oil, denatured at 950c 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 2~ forrnamide loading dye and

electrophoresed on 4% sequencing polyacrylamide gels with size markers. The gels

were dried and exposed at room temperature to autoradiographie film. Exposure times

ranged from ovemight ta three days. Two investigators ealled the aIleies by visual

examination of the films.

Marker D55408. closely Iinked to the candidate gene, NPT2 on chromosome 5, was

purchased pre-Iabeled 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 D55408 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, Iml weil

DNA source plate. Aliquots were removed from DNA source plate and combined with

PCR reagents by a R05YS 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 IOcM (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 c1ean amplification products under the

following PCR conditions.

Pre-Iabeled markers were purchased from Research Geneties. The forward primer

from each marker was end-Iabeled with one of three fluorescent dyes, HEX (yellow),

TET (green), 6-FAM (blue). Fifty nanograms of genomic DNA was amplified in 14fJ1

PCR reactions using 20~ labeled primers, overlaid with 25111 mineraI 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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Marshfield Medical Research and Education Foundation web site:

http://genetics.mflgclin.edu (now found at http://www.marshmed.orglgeneticsl).

Genome Scan Markers

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 (KIuglyak et al., 1996). GENEHUNTER cao

perfonn single point or multipoint analysis and calculate a parametric LOD score or

non-parametric sharing statistic (npl-score) as weIl 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 specifie model proposed for the disease

as is the parametric LOD score. In this study, GENEHUNTER was used to perfoon

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 he 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, Il of which

were affected and only 26 of which were genotyped. For the third analysis, the

kindred was broken ioto eight pedigrees (AHHRH-HHHRH) (Figure Il) consisting of

all but three genotyped individuals and additional non-genotyped family memhers 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, memhers of the

kindred displaying hypercalciuria, Le. 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 e;ght 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 502ï) (Figure

10) were found to have an unusually high frequency of segregation errors in their

typing data. Their data were exeluded and the analysis of the three pedigrees with all
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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 he 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 homozygous 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 ooly one other individual, 6055.

A single individual (6064) was homozygous at ail 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 othee affected individuals; 5027, 5089,

6C66 i~ the heterozygotic st:ite (Figure 13). ~Jl cf the HHRH affected individuals were

homozygous for allele 142 at marker D5S469. However, D55469 is believed to be

uninfonnative since every member of the Bedouin kindred that was typed had al leasl

one copy of allele 142 at marker D55469 and 80% of the fi 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 rn 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 opl

score was 2.25 and a p-value 0.03 found on chromosome 3 at distance 79cM from the

telomere of the short arme In the second analysis, where members of the kindred
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displaying either rn 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 score of 2.20 occurred on chromosome 9 at distance 35cM.

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

tMGH).

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 ponion of

that haplotype. However, only one marker D352388 showed excess homozygosity

(Figure 13). No conclusions regarding linkage of HHRH to markers on chromosome

3 can he made without a denser set of markers.

Discussion

These studies aimed to detennine by genetic analysis whether HHRH in the Bedouin

kindred is linked to region p22 of chromosome 6 containing the NPTI 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 he more complex than was

originallyanticipated. 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 he rare. Four of these individuals displaying the rn trait (4029, 4030,

4033 and 5061) are specified as having rnarried 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, a1though it is not possible to determine where these two

alleles entered into the kindred. If HHRH is a very rare recessive disorder, and m
represents the heterozygous state, then it is unlikely that so many additional disease

alleles entered the kindred from unrelated individuals. What is more Iikely is that we

are missing complete pedigree infonnation and additional unidentified inbreeding loops

are present which Iink 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 he normal, yet both gave birth to HHRH

affected children (6003, 6004 and 6066). If two mutant alleles are required for

presentation ofHHRH, then 5010 and 5075 must he carriers of a mutant allele but oon

penetrant for m. Another more complicated example is individual 3009, who is also

reported to he nonnal but must he a carrier nonpenetrant for 1lI. A son (4020) and two

granddaughters (5027 and 5029) of 3009 are affected wim HHRH. Individual 3009 is

reponed to he related to the central part of the pedigree by marriage only. If this is true,

then in order for 4020, 5027 and 5029 to he homozygous mo for the same alleles as

the other affected members in the kindred, 3009 must he related not simply by marriage

but a1so 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 ail the

affected individuals POssess two copies of the same mutant allele inherited identical by

descent from a common ancestor, if mutation of either the NPTI gene, the NPT2 gene,

or a gene on chromosome 3 was responsible for HHRH, one would expect that ail the

affected individuals would he homozygous by descent for the same haplotype at

markers closely Iinked to the disease gene. The results of these experiments did not

show this to he 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 he detected. However, such a scenario

is unlikely to have resulted in so Many different disease haplotypes. In the case of the

NPTI gene the marker interval is so small (less than IcM) that even ifthere was a very
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old NPT1 mutation, the occurrence of multiple recombination events between N'PT1

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 Ca2+ levels and have been implicated in

autosomal dominant hypocalcemialhypoparathyroidism (ADH) (Pollak et al., 1996).

Although ADH patients like HHRH patients exhibit hypercalciuir~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 he made without further

typing of a denser set of markers because of the large genetic distances between the

markers.

69



•

•

•

Chapter 5. General Discussion

70



•

•

•

General Discussion

The kidney is the major site of regulation of serum Pi levels. Failure of the kidney to

properJy reabsorb Pi was believed to he 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 NPTl and NPT2 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 chromosomallocalization.

The second was to characterize the structure of the NPT2 gene to gain infonnation

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 NPT 1 or NPT2

was invoJved in the pathophysiology.

Three physical mapping experiments presented in Chapter 2 localized the NPTI and

NPT2 genes in human to chromosomes 6p22 and 5q35, and in rabbit to chromosomes

12p11 and 3pIl, 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, polymorphie markers flanking the NPT2 gene were

identified.

The third chapter described the cloning, sequencing and characterization of the structure

of the human NPT2 gene and similar experiments performed on the mouse Npt2 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 li renal Na+-Pi cotransporter transcription and for the construction of a Npt2

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

NPT 1 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 NPTI and NPT2 genes. Analysis failed to reveal excess homozygosity or

allele sharing on either chromosome 6 or 5, where the NPTI 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 suppon for the

hypothesis that mutation of either the NPTI or NPT2 gene is responsible for HHRH.

Interestingly however, homozygous Npt2 knock-out mice (NpI2-1-) lacking functional

Npt2 protein, display biochemical characteristics typical of HHRH patients (Beck et

al., 1998). The NpI2-1. mice exhibit increased Pi excretion, hypophosphatemia, and an

appropriate elevation in serum 1,25(OH)2D levels resulting in hypercalciuria (Beck et

al., 1998). Given the striking similarity of the HHRH and NpI2-1- biochemical

phenotypes, it was somewhat of a surprise that the Npt2-1- mice do not have rickets or

osteomalacia. Rather, the newbom Npt2-1- mice exhibit a complex bone phenotype

which is not ooly 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 eVldence for excess allele

sharing in the Bedouin kindred could he because HHRH alleles are in fact not rare but

common (Tieder et al., 1992). Other possible reasons could he because the founding

mutation is very old, the founder was a compound heterozygote or sorne combination

of all these reasons. The discordant bone abnormalities seen in HHRH patients and

Npt2-1- 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(OHhD levels (Beck

et al., 1998). Similarly these differences could he do to the genetic background of the

mice. Reponed 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 a1so seen in mice harboring the Hyp mutation when it

was transferred to the same background as the original Gy strain. Breeding the Npt2-1-
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mice onto another genetic background may result in rnice with a phenotype closer to

that of human patients.

Another attractive explanation for why there are so many different haplotypes al

markers near the candidate genes is that common mutations or polymorphisms in the

NPT2 gene eould act in eombination with a rare allele of another gene to cause HHRH.

This is not unreasonable given that multiple genes have been speculated to eontribute 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 he 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 rarily 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 ongin 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 polymorphie 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 digenie 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 Npt2-1- mouse.

NPT2 mutations May be common, and a mutation at an unknown gene could he 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 XLH

disease phenotype is not obvious. PEX is a membrane bound protein and is not

expressed in the kidney. It is believed to he 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 he the primary

cause of the bone disease seen in the XLH, Hyp and Gy disorders. Several studies

have provided evidence for an intrinsic bone defeet 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 cotranspon 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 (Beek

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 umbrella

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 CLCN5 (Fisher et al., 1995).

Although the XLHN syndromes were al no time believed to he 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(OHhD levels. Two
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syndromes, Dent's disease and XLRHR present with rickets and osteomalacia.

Although, the role of the CLCN5 channel in Ca2+ reabsorption is unknown, for a time

the CLCN5 gene was speculated to contribute to IH in the normal population and he a

possible candidate for HHRH. To date no CLCN5 mutation has been found in either

nonnal IH individuals (Scheinman, 1998).or members of the Bedouin HHRH kindred

(personal communication with Dr. R. Thakker). Like PEX, CLCN5 is a novel gene

identified by positional c10ning 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 experimen4 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-l or diphor-l (Custer et al., 1997). Two possibilities were postulated

for how diphor-l 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 removaI and

degradation of cotransporters from the membrane. The second is that diphor-l

increases the activity of the NPT2 cotransporters already present in the membrane.

Circumstantial evidence aIso exists for a circulating factor which down-regulates renai

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 wouId 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 exc1ude the possibility of

NPT2 involvement in disease.
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Eventually, the locus or loci causing HHRH will be discovered. It May tum out to be

diphor-l, phosphatonin or an entirely new component of the renal Pi reabsorption

regulatory pathway. Nevertheless, what makes the disorder HHRH so interesting

despite all of ils 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 rabbitchromosome region 3pll.

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 NPT1 gene to a rabbit chromosome 12pIl.

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

8) The results of experiments which eliminate the NPfl 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 reoal type n Na+-Pi cotransporter

genes.

11) The results of genetic mapping experiments investigating the disorder hereditary

hypophosphatemic rickets with hypercalciuria (lllIRH).

12) The suggestion that a locus on human chromosome 3p may have a role in

HHRH.
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Appendù /. 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 additionaJ markers typed on chromosome 3 were based on information
obtained from WICGR, Dr. Feder, Or. McPherson and from the Marshfield Center
for Medical Genetics: http:/ / www.marshmed.org/genetics / maps/

Chr-Chromosome where marker is located
Marker-The name Qr ID fQr the primer pair or pQlymQrphie locus
Plaœd typed-LocatiOD where the pnQtn?ing was perfQ[JDed eitber at WICeR-MIT
(MIT) or at the Montreal General Hospital (MGR)

Label-AbbreviatiQn for the t):pe Qf radioactive ïsQtQpe Qr fluQrescent dye used
to label primers

cM to next-The distance in ceotimo[pns ta the next marker
Hel.-The Hetero~gosityvalue
AUele ran~e range Qf allele sjzes in basepairs
Panel-The MIT marker panel Dame
RobQtrun-Tbeb1f[robqtpanelname
Iype-The type of polymor.phje repeat

Plaeed cMto Allele Robot• Chr Marker typed Label next Het. range Panel run Type

1 D151612 MIT F 13 0.83 88-130 1 A tetra
1 D151597 MIT T 8.9 0.71 155-181 3 A tetra
1 GATA29A05 MIT F 9.3 0.73 171-215 27 E tetra
1 D15552 MIT H 22 0.72 240-264 1 A tetra
1 D151622 MIT F 4.8 0.72 252-275 33 D tri
1 D152134 MIT F 17.2 0.84 256-301 27 E tetra
1 D151669 MIT F 13.2 0.74 372410 4 A tetra
1 D151665 MIT H 12.4 0.74 219-241 16 C tetra
1 D15551 MIT T 11.2 0.67 166-186 10 C tetra
1 D151588 MIT F 11.5 0.68 114-139 8 C tri

1 D151631 MIT F 17.4 0.77 125-156 12 B tri

1 D151675 MIT F 3.8 0.62 220-255 12 B tetra
1 D15534 MIT H 6.9 0.83 196-218 38 E tetra
1 D151595 MIT T 11.6 0.78 260-297 8 C tetra

1 D151679 MIT F 4.2 0.84 148-170 38 E tetra
1 D151677 MIT F 19.2 0.68 180-214 8 C tetra

1 D151589 MIT T 10 0.76 194-220 33 D tri

1 D15518 MIT T 9.3 0.84 191-224 12 B tetra
1 D151660 MIT H 7.4 0.78 226-252 30 D tetra

1 D151678 MIT H 3.5 0.68 288-313 8 C tetra

• 1 D153465 MIT H 11.5 0.62 121-133 31 E tetra

1 D152141 MIT F 11.6 0.84 235-265 8 C tetra

Al-I



Appendix /. Marker List

• Plaœd cMto Allele Robot
Chr Marker typed Label next Hel. range Panel run Type

1 015549 MIT T 8.3 0.77 157-194 8 C tetra
1 0151656 MIT H 2.2 0.90 125-165 8 C tetra
1 ATA29C07 MIT F 25.7 0.75 248-270 4 A tri
1 015547 MIT T 7.6 0.79 280-310 35 C tetra

2 0251780 MIT F 9.9 0.73 307-338 33 0 tetra
2 025423 MIT T 7.9 0.70 110-135 10 C tetra
2 0251400 MIT H 17.9 0.66 107-140 1 A tetra
2 025405 MIT T 17.8 0.67 233-262 23 0 tetra
2 0251356 MIT F 14.4 0.76 236-256 23 0 tri

2 0251337 MIT T 10.2 0.66 123-163 31 E tetra
2 02S441 MIT H 4 0.75 127-159 10 C tetra
2 0251394 MIT T 11.8 0.70 158-175 37 E tetra
2 0251777 MIT F 5.3 0.65 190-215 23 0 tetra
2 0251790 MIT F 21.8 0.80 278-328 12 8 tetra
2 025410 MIT T 9 0.80 152-182 23 0 tetra
2 0251328 MIT F 15.5 0.75 135-168 3 A tetra
2 02S442 MIT H 18.1 0.65 194-228 2 A tetra
2 0251353 MIT F 12.3 0.80 136-164 23 0 tri

2 0251776 MIT F 15.7 0.72 286-308 1 A tetra
2 0251391 MIT F 13.3 0.79 109-133 30 0 tetra• 2 0251384 MIT F 11.9 0.80 141-167 34 E tetra
2 0151649 MIT F 5.6 0.80 106-136 2 A tetra
2 02S434 MIT T 9.6 0.77 256-286 21 0 tetra
2 0251363 MIT T 12.6 0.79 172-192 5 C tetra
2 02S427 MIT H 17.4 0.76 215-263 34 E tetra
2 025338 MIT T 11.6 0.81 271-291 12 8 di
2 025125 MIT T 0.82 82-103 25 E di

2 tel-2q44 MIT F 175-183 36 E di
18.8

3 0351304 MIT F 16.5 0.80 253-275 29 0 di

3 0352403 MIT F 28.3 0.70 248-292 14 8 tetra
3 0352432 MIT F 13.2 0.83 117-170 14 8 tetra

3 0352409 MIT T 8.1 0.75 111-127 12 8 tri

3 0351766 MIT T 12.9 0.76 207-232 3 A tetra
3 0351285 MIT H 11.8 0.73 230-243 4 A di

3 0352406 MIT T 17.5 0.87 306-370 38 E tetra

3 0352459 MIT H 6.5 0.84 174-204 31 E tetra

3 D353045 MIT H 11.2 0.82 175-208 14 B tetra

3 0352460 MIT T 20.7 0.76 143-174 14 B tetra

3 0351764 MIT T 13.6 0.80 218-260 29 0 tetra

3 0351744 MIT F 17.7 0.80 131-167 4 A tetra

• 3 0351763 MIT T 6.3 0.78 260-282 28 E tetra

3 0353053 MIT H 9.2 0.72 223-246 26 E tetra

AI-2
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• Placed cMto Allele Robot
Chr Marker type<! Label next Het. range Panel run Type

3 0352427 MIT T 14.2 0.87 203-250 4 A tetra
3 0352436 MIT T 5.7 0.66 164-181 1 A tetra
3 0352398 MIT H 6.7 0.79 266-298 12 B tetra
3 0352418 MIT T 8.9 0.71 87-117 14 B tri

4 0452366 MIT H Il.8 0.79 120-144 12 B tetra
4 045403 MIT F 8.1 0.77 214-234 3 A di
4 0452639 MIT T 8.6 0.85 160-192 29 0 tetra
4 0452397 MIT F 23.8 0.78 126-144 24 0 tri
4 0451627 MIT H 8.4 0.81 177-202 1 A tetra
4 GATA28F03 MIT H 8.1 0.73 231-257 22 0 tetra
4 0452367 MIT F 129 0.78 125-147 18 C tetra
4 GATA1OG07 MIT T 4.2 0.66 161-179 24 0 tetra
4 0452361 MIT F 12.2 0.74 149-164 36 E tri
4 0451647 MIT F 26.4 0.75 130-156 27 E tetra
4 0452394 MIT T 13.5 0.79 235-259 24 0 tetra
4 0451644 MIT F 4.6 0.72 188-210 4 A tri
4 0451625 MIT F 16.3 0.74 182-210 24 0 tetra
4 0451629 MIT H 8.6 0.72 137-158 24 0 tetra
4 0452368 MIT T 11.6 0.75 299-328 9 B tetra

• 4 0452431 MIT H 6.5 0.82 234-258 20 C tetra
4 0452417 MIT F 14.6 0.68 251-273 24 0 tetra
4 04S408 MIT H 12.7 0.76 225-248 15 B tetra
4 0451652 MIT H 0.71 136-150 2 A di

5 0551492 MIT T 12.3 0.60 114-126 24 0 tetra
5 05S807 MIT H 4.8 0.76 166-203 22 0 tetra
5 055817 MIT H 14.6 0.66 260-272 2 A tetra
5 0551473 MIT F Il.9 0.72 240-320 37 E tetra
5 D551470 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 0551501 MIT T 11.5 0.78 98-144 21 0 tetra
5 D551719 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 0551505 MIT F 11.2 0.80 215-275 28 E tetra

5 D55816 MIT T 9.6 0.83 22S-251 38 E tetra
5 D551480 MIT F 12 0.79 218-240 5 C tetra
5 055820 MIT F 18.7 0.77 188-210 32 E tetra
5 D551471 MIT T 5.1 0.68 151-172 20 C tetra
5 D551456 MIT H 10 0.78 191-211 18 C tetra

5 055498 MGH P32 5 0.81 173-189 NA Manual di

5 DS5469 MGH P32 6 0.48 142-146 NA Manual di

5 OSS408 MIT H 0.73 247-266 NA Manual di

• 6 065477 MIT T 14.5 0.82 213-237 17 0 tetra
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• Plaœd cM ta Allele Robot
Chr Marker typed Label next Hel. range Panel run Type

6 0651006 MIT F 23 0.61 192-202 6 A tri
6 0651281 MIT H 0.13 0.72 176-212 17 0 tetra
6 0652238 MGH P32 0.13 0.81 87-113 NA Manual di
6 0652237 MGH P33 0.13 0.77 113-137 NA Manual di
6 0652233 MGH P34 9.81 0.81 139-161 NA Manual di
6 0651019 MIT F 5.4 0.67 212-236 17 0 di
6 0651017 MIT F 13.3 0.68 151-171 32 E tetra
6 D651280 MIT T 10.8 0.78 168-192 17 D tetra
6 D651053 MIT T 12.7 0.81 295-325 15 B tetra
6 D651270 MIT H 9.5 0.62 111-137 13 B tetra
6 D651056 MIT H 12.6 0.85 236-273 14 B tetra
6 0651021 MIT F 5.5 0.73 140-156 39 E tri

6 D65474 MIT F 10.3 0.77 151-167 17 D tetra
6 0651040 MIT H 10 0.75 251-285 32 E tetra
6 0651009 MIT H 1.2 0.80 237-273 5 C tetra
6 D651oo3 MIT T 19.9 0.77 292-319 14 B tri

6 0651001 MIT T 15.1 0.60 283-303 22 D tetra

6 D651277 MIT T 12.1 0.72 282-311 17 0 tetra
6 D65503 MIT H 3.4 0.71 241-263 Il B tetra

6 0651027 MIT T 0.77 115-138 17 0 tri

• 7 0752201 MIT T 25 0.62 100-117 15 B tetra
7 0751802 MIT H 9.3 0.73 177-201 20 C tetra
7 0751808 MIT F 8.9 0.78 251-216 15 B tetra
7 D75817 MIT F 8.5 0.78 156-180 1 A tetra
7 GATA31A10 MIT T 14 0.16 172-196 2 A tetra
7 0751818 MIT T 3.3 0.71 180-202 30 0 tetra
7 0751830 MIT T 17.4 0.76 200-230 20 C tetra
7 GATA73010 MIT T 5.7 0.81 217-269 15 B tetra
7 0752212 MIT T 19.4 0.8 196-216 28 E tetra
7 0751799 MIT H 14.4 0.72 171-199 15 B tetra
7 GATA44F09 MIT H 9.9 0.86 174-201 4 A tetra
7 0751804 MIT F 19.1 0.86 210-290 35 C tetra
7 0751824 MIT H 5 0.83 163-199 28 E tetra
7 0752195 MIT H 15.4 0.79 237-292 23 0 tetra

7 0751826 MIT F 21.6 0.76 142-164 15 B tetra

7 075559 MIT H 0.81 190-235 24 0 di

8 0851130 MIT H 4.3 0.80 130-162 18 C tetra

8 0851106 MIT F 5.4 0.73 126-155 20 C tetra

8 0851145 MIT T 12.5 0.73 261-293 20 C tetra

8 085136 MIT F 21.9 0.88 63-89 6 A di

8 0851477 MIT F 8.1 0.86 137-180 5 C tetra

• 8 0851110 MIT F 8.7 0.77 262-286 2 A tetra

8 D851113 MIT T 6.1 0.81 215-245 16 C tetra
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Chr Marker typed Label next Het. range Panel run Type

8 0851136 MIT F 4.7 0.72 235-268 20 C tetra
8 GATA12B06 MIT T 15.1 0.84 260-288 5 C tetra
8 0851119 MIT H 8.3 0.80 173-199 13 B tri
8 GAAT1A4 MIT H 9.2 0.66 140-157 19 C tetra
8 0851132 MIT F 6.6 0.86 134-171 35 C tetra
8 085592 MIT T Il.1 0.67 150-164 12 B tetra
8 0851179 MIT H 6 0.82 162-194 23 0 tetra
8 0851128 MIT H 14 0.76 240-268 17 0 tetra
8 0851100 MIT T 0.65 183-193 15 B tri

9 GATA62F03 MIT F 18.8 0.64 272-295 22 0 tetra
9 095925 MIT H 16.2 0.82 167-199 29 0 tetra
9 095741 MIT F 13.4 0.79 190-208 20 C di
9 0951118 MIT T 9.8 0.81 139-177 36 E tetra
9 D9S301 MIT T 8.6 0.80 208-241 37 E tetra
9 0951122 MIT H 5.9 0.71 190-210 8 C tetra
9 095922 MIT H 4.4 0.78 251-272 9 B tetra
9 0951119 MIT H 21.7 0.92 151-175 39 E tetra
9 095910 MIT T 7.3 0.5 105-129 26 E tru

9 095938 MIT F 9.1 0.79 390-414 3 A tetra

• 9 095930 MIT T 0.78 278-307 19 C tetra

10 01051435 MIT H 14.1 0.69 256-276 26 E tetra
10 0105189 MIT T 8.4 0.72 178-189 4 A di
10 01051412 MIT F 12.4 0.73 108-170 25 E tri

10 0105674 MIT T 3.6 0.76 218-258 18 C tetra
10 01051423 MIT F 12.3 0.74 218-242 39 E tetra
10 01051426 MIT T 13.8 0.74 152-180 13 B tetra
10 01051220 MIT H 12.2 0.62 230-252 13 B tri

10 01051225 MIT T 15.9 0.76 168-204 27 E tri

10 01051432 MIT T 9.8 0.74 159-185 39 E tetra
10 GGATIA4 MIT T 18.7 0.66 198-230 22 0 tetra

10 0105677 MIT F 7.9 0.81 195-225 2 A tetra

10 01051239 MIT T 10.8 0.75 158-184 25 E tetra
10 01051237 MIT F 11.4 0.82 363-436 1 A tetra

10 01051230 MIT H Il.1 0.74 110-138 14 B tri

10 01051223 MIT F 13.5 0.74 269-296 13 B tri

10 0105169 MIT T 0.75 95-117 23 0 di

Il 01152362 MIT T 7.1 0.81 208-232 13 B tri

11 01151999 MIT H 15.2 0.80 108-137 3 A tetra

Il 01151981 MIT F 21 0.83 134-178 28 E tetra

11 ATA34E08 MIT F 0.1 0.76 152-172 29 0 tri

• 11 01151392 MIT F 16 0.77 198-220 13 B tetra

Il 01151985 MIT H 11.8 0.87 234-286 37 E tetra
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• Plaœd cMto Allele Robot
Chr Marker typed Label next Het. range Panel run Type

11 01152371 MIT H 22 0.67 192-213 19 C tetra
11 01151366 MIT T 7.9 0.71 198-262 31 E tetra
11 01151986 MIT T 9.6 0.79 184-248 32 E tetra
11 01151998 MIT F 9 0.68 129-165 13 B tetra
11 GATA64D03 MIT H 11.1 0.78 225-253 19 C tetra
11 0115912 MIT T 0.81 99-123 13 B tetra

12 0125372 MIT T 7.2 0.76 173-190 18 C tetra
12 0125374 MIT T 12.2 0.71 274-294 13 B tetra
12 0125391 MIT H 9.6 0.88 209-251 3 A tetra
12 0125373 MIT T 14.2 0.76 173-228 26 E tetra
12 Dl251042 MIT T 8.7 0.81 118-136 4 A tri
12 Dl251090 MIT H 23.5 0.87 217-258 7 A tetra
12 01251294 MIT F 8.5 0.84 168-204 18 C tetra
12 01251052 MIT T 12.8 0.12 138-165 22 0 tetra
12 01251064 MIT F 14.7 0.82 167-197 30 0 tetra
12 01251300 MIT H 4.2 0.63 108-135 15 B tetra
12 PAH.30361 MIT H 17 0.79 228-260 28 E tetra
12 ATA25F09 MIT H 7.7 0.79 86-104 7 A tri
12 0115395 MIT H 15.3 0.76 223-247 39 E tetra

• 12 GATA32F05 MIT F 13.2 0.81 250-283 18 C tetra
12 01151045 MIT T 0.80 76-103 16 C tri

13 0135787 MIT F 18.9 0.72 245-267 26 E tetra
13 GGAA29HO~ MIT T 8.7 0.80 217-245 11 B tetra
13 0135894 MIT T 6.4 0.64 180-205 19 C tetra
13 0135325 MIT F 18.2 0.80 195-235 25 E tetra
13 0135800 MIT T 8.8 0.75 292-319 18 C tetra
13 0135317 MIT H 27 0.79 175-199 33 0 tetra
13 0135779 MIT H 0.71 180-199 30 0 tri

14 GATA31B09 MIT T 3.5 0.70 288-301 3 A tetra
14 0145597 MIT H 5.1 0.78 177-193 35 C tri

14 0145297 MIT T 14.5 0.62 84-112 Il B tetra
14 0145306 MIT F 14 0.79 188-214 15 B tetra
14 0145587 MIT F 11.3 0.84 245-278 19 e tetra
14 0145592 MIT H 8.9 0.75 228-240 25 E tri
14 0145588 MIT H 18.9 0.67 114-141 9 B tetra
14 0145606 MIT T 6.3 0.69 266-278 26 E tetra
14 0145610 MIT H 11.7 0.71 355-376 6 A tetra

14 0145617 MIT F 11.5 0.78 137-173 22 0 tetra

14 0145611 MIT F 0.67 151-174 19 e tetra

• 15 0155165 MIT H 12.2 0.79 180-217 9 B di

15 ACTe MIT T 17 0.87 67-96 5 e di
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Chr Marker typed Label next Het. range Panel run Type

15 0155659 MIT H 9 0.84 161-206 25 E tetra
15 0155643 MIT F 10.7 0.86 193-223 29 0 tetra
15 0155153 MIT F 27.9 0.87 194-228 9 B di
15 0155652 MIT H 8.4 0.80 283-309 3 A tri
15 0155816 MIT F 6.1 0.66 123-148 9 B tetra
15 0155657 MIT F 0.82 329-360 2 A tetra

16 01652622 MIT T 14.3 0.67 71-91 7 A tetra
16 0165748 MIT F 6.4 0.82 181-214 26 E tri
16 01652619 MIT T 14.3 0.79 143-163 34 E tetra
16 0165403 MIT H 7.3 0.85 132-155 27 E di
16 0165769 MIT F 7.5 0.69 255-272 9 B tetra
16 0165753 MIT T 15.2 0.79 250-278 9 B tetra
16 GATA22F09 MIT H 14 0.71 167-188 16 C tetra
16 01652624 MIT H 7.1 0.70 131-150 17 0 tetra
16 0165518 MIT H 18.2 0.83 272-290 4 A di
16 0165422 MIT H 13.2 0.79 184-212 5 C di
16 0165539 MIT T 0.76 144-172 9 B tetra

17 01751308 MIT F 13 0.67 304-316 26 E tetra

• 17 01751298 MIT F 16.9 0.60 246-260 Il B tetra
17 01751303 MIT T 27.5 0.70 227-245 14 B tetra
17 01751294 MIT F 8 0.68 244-272 21 0 tetra
17 01751293 MIT T 6.5 0.83 262-296 2 A tetra
17 01751299 MIT F 16.7 0.73 185-209 21 0 tetra
17 0175809 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 01751301 MIT F 0.65 141-164 21 0 tetra

18 018559 MIT F 12.3 0.80 142-165 7 A di
18 0185976 MIT T 17.7 0.86 166-194 7 A tetra
18 0185843 MIT H 12 0.75 179-195 7 A tri
18 0185542 MIT H 16.5 0.79 178-198 12 B di
18 0185877 MIT T 10.7 0.68 116-137 27 E tetra
18 0185535 MIT H 10 0.76 130-157 5 C tetra
18 D185851 MIT F 4.4 0.73 250-277 7 A tetra
18 0185858 MIT F 19.8 0.75 188-208 7 A tri
18 GATA26C03 MIT T 15.3 0.83 272-300 16 C tetra
18 0185541 MIT T 8.5 0.76 266-289 7 A tetra
18 0185844 MIT H 0.76 182-201 36 E tri

19 GATA21G05 MIT F 13.1 0.72 222-245 30 0 tetra
19 0195586 MIT T 8.8 0.83 222-250 27 E tetra

• 19 Dl95714 MIT H 12.7 0.79 220-258 33 0 tetra

19 0195433 MIT F 7.3 0.77 192-221 Il B tetra
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19 0195587 MIT F 24.8 0.62 138-156 11 B tetra
19 0195246 MIT F 5.7 0.82 184-233 34 E tetra
19 0195601 MIT F 4.4 0.78 197-237 22 0 tetra
19 0195589 MIT T 0.72 161-186 11 B tetra

20 0205473 MIT T 26.6 0.68 169-187 6 A tri

20 0205604 MIT F 5.9 0.72 131-147 6 A tetra
20 0205470 MIT T 7.5 0.87 266-314 11 B tetra

20 0205477 MIT F 8.3 0.71 221-268 6 A tetra
20 0205478 MIT T 9.5 0.81 240-275 39 E tetra
20 0205481 MIT T 0.83 217-253 6 A tetra

21 02151437 MIT H 9.4 0.73 110-143 6 A tetra
21 02151435 MIT T 5.3 0.81 163-191 16 C tetra
21 02151270 MIT H 11.3 0.83 172-198 6 A tetra

21 02151440 MIT F 5 0.74 153-175 16 C tri

21 02151809 MIT H 15.8 0.75 210-222 27 E tetra
21 02151446 MIT T 0.69 200-226 9 B tetra

22 022S446 MIT F 13.4 0.81 182-233 33 0 di

• 22 0225689 MIT F 3.3 0.76 197-230 16 C tetra

22 022S685 MIT T 12.6 0.79 168-209 21 0 tetra

22 022S445 MIT T 6.9 0.65 110-130 1 A tetra

22 0225444 MIT H 0.53 123-131 28 E tetra

X 0XS6807 MIT F 48 0.68 253-273 3 A tetra

X OXS6810 MIT T 19 0.66 212-225 10 C tetra

X OXS7132 MIT F 9 0.73 282-303 11 B tetra

X DXS6800 MIT F 10 0.76 195-221 14 B tetra

X 0XS6789 MIT F 14 0.76 118-153 10 C tetra

X OXS6799 MIT F 5 0.70 241-274 10 C tetra

X 0XS6797 MIT T 24 0.76 240-274 1 A tetra

X OXSI047 MIT F 0.81 177-211 10 C di

3 GATA31E08 MIT H notused 0.73 226-256 10 C tetra

XY GATA2A12 MIT H notused 0.65 230-250 21 0 tetra

y OY5389 MIT F notused 0.66 248-264 17 0 tetra
y DYS390 MIT F notused 0.76 205-224 19 C tetra

•
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l;o:nb3nk llXU~STRl.., C,.;OB Gcn~ Producr Lcnph
DCSIIU\3nun ,hrornnwm~ IOC3nonl l'CR Primns (bp)

HU~IHPRTB/AGATl..tHrRT.........•. Hvpounrn,"~ {A: JEI ca QI ara ara cac alc ccc} 259-299
rno"ononoosylrnlnster3SC 8: ClC Ice asa ara pt ... 111..

'\<Jlo.

HlJ~'FABPfAATL., FA8PZ ._._._____ Inre1nn3J !3nV 3':IJ-blndlng {A: lU SU rca pt Ica IaIlP cac c} 199-220
proreln (~l8-<.4jl' 8: QlItC 1" ccc Jit pc III CCI

HlJ~tC[).4fAAAAGL.ICD4...•.__.•• Rc:en2n.C1on '~urt3cc :Jntlgrn {A: "1 PI cCi aa ICI pa eu A} 125-115
'.;J""llp Il·prer. 8: ca... III IF••pa

HUMCSFI POfAGAT)." CSFIR ......... .;·!ms oro[o-on':otl:en~ ror {A: MC CIl. CIl cca..KI.} 295-321
CSF·I reccprordqJJJ-qJ'" B: Ite cac aca cca aaacc.c ne

HUMTHO IIAATGL./TH ....._.___ Tyr~,"cnvdroJl:V~cllp15.5} {A: PI IF Ip au Ft ccc pr lat} 1"-203
1:anaa.pa rer.cre..

HUMPlAlAIIAATJ,.,.rlA.!A .•...__.. r3ncre3f1C onOSol'lohoaK A·I {A: IP III aJI ne car ..arr.. } 111-139
i 12~!J-..lrerl B: 1tJ.Kt rac rar PI cca • r

HUMFIJAOI1AAAGL.iFI3AI ...•_ Co.1(Wbr.on r3crar XIII (A: PI pt Fa CIe PIen..caa) 211-331
(6pH·pli' 1: nc CIl MI car ccc .acc Ka

HUMCYAR()4fAAAT1.,CVPI9.__ Aronur3K cyrochrom~P·..UO (A:IP"CJlpaen. CIl ca c} 113-201
(15qll.ll 1: pracaPI.caa.CP'"

HUMLlPOLtAAATJ,./LPL .__.•_ ..• L.poprorCtn hp:Jsc (8pll) {A: CIl ace aJI IR••"lai} 125-115
B: lit MC IIIA"as. CI.. .

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 ofHuman Genetics 55:175-189 (1994).
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Appendix 3. Description 01 Programs

The following is a list and very brief description of the programs used in Chapter 4 of

my thesis that 1 have writteo 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 cao he obtained from the

Center for Genome Research web site at: www-gencme.wLmit.edu. A description of

the GENEHUNTER commands can also he found at: http://bimas.dcrt.nih.gov/linkagel

ghcrnds.html.

The ABI GENESCAN/GENOTYPER gel and data processing programs were used to

calI the alleles for the fluorescent marker D5S408. The GENESCAN program was

used to calI 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 individuallanes 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.

Infonnation from each lane is extracted inta 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 caUs the allele sizes. The

NEWCALL program generates tables of lanes and allele sizes that can he used to check

whether a lane has been successfully called. If a lane was not called it gives a reason

Le., suspected leakage, size standards problems, multiple alleles or no sampie present.

Marker performance cao he 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 Le., that each child receives one allele from each parent. This wams if

plate was invened during loading, or if a gel was misnamed.

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

Files loaded into database:

Pedigree file- lists ail members of the pedigree including ail 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 narne of the panel, lane no., pedigree name and individual's ID.

Phenotype file- specifies the pedigree name, individual's ID, affection status and

Iiability c1ass (optional).

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

the gel.

intercalls.db - is similar ta 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 a1ready 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 he 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 fonnat (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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Appendix 6: Chromosomes 5 and 6 Marur Daia

INDIV. LD. :Phenal",. 0554" 1 OSS4" 1 05540. 1 0'52231 1 0'52237 1 0'52233
5027 ~ 1 189 1 179 1 142 1 142 25& 1 25& 1 105 : 1 128 1 129/27 1 157 : 157
5029 ~ 1 189 1 175 1 142 1 142 1 252 1 254 1 95 109 1 131 ! 123 1 153 ! 149
5083 : ~ 1 179 1 173 142 1 142 t 254 1 2511 1 107 1 107 i 131 1 129 1 1 159
5089 ~ 1 189 1 189 1 142 142 1 25& 1 264 1 95 1 105 : 131 ; 129 1 155 : 155/153
6003 ~ 1 179 1 175 1 142 : 142 1 25& 1 256 1 101 ! 105 129 1 129 i 155 1 151
6004 ~ : 179 1 175 142 1 142 1 252 1 256 1 107 1 109 131 1 123 1 157 149
6055 : ~ 1 189 1 175 1 142 142 : 254 1 264 1 105 105 131 : 129 : 157 155
6064 ~ : 189 1 189 142 : 142 1 25& 1 256 1 95 1 105 129 113 157 155
6066 ~ 1 189 1 179 1 142 1 142 1 256 1 260 1 95 107 131 129 159 155
6075 1 ~ : 189 i 189 1 142 1 142 1 254 1 264 1 105 109 129 113 ! 155 155
4013 1 li : 179 i 175 1 142 1 142 1 252 1 256 1 105 109 1 129 : 123 1 157 i 149
4030 1 li 175 : 173 142 i 142 1 254 1 254 1 105 i 105 1

1 1

4033 i li 1 189 1 189 1 144 1 142 i 258 1 258 1 105 1 105 1 i 1 1
4038 1 li 1 1119 1 173 1 142 : 142 1 254 1 264 1 107 1 107 1 1 1 158 155
5014 li 1 175 i 175 1 142 1 142 1 252 1 25& 105 1 107 1 131 1 128 1 157 1 155
5025 li i 177 1 173 142 1 142 1 252 j 254 85 1 105 1 131 1 128 1 157 1 153
5028 : li 1 177 175 1 142 1 142 254 1 258 85 1 109 1 1 1 153 1 1411
5070 1 li 1 189 1 189 1 142 1 142 256 1 2114 ilS 1 105 1 1 1 157 1 155
5074 1 li 1 lU 189 1 142 1 142 256 2110 1 85 1 105 1 1 1 157 1 155
5084 1 li 1 U8 1 173 1 142 1 142 254 1 2114 107 1 108 1 131 ! 113 ! 155 i 155
5088 i li 1 189 j 173 1 142 1 142 254 1 256 1 105 1 1 121l ' 128/1171 155 155
6002 1 li t 175 175 1 142 1 142 1 256 1 256 107 1 1011 1 1 ;

6008 1 t4 1 178 175 1 142 1 142 244 254 101 1 108 1 131 ! 131 : 155 J 151
6010 1 t4 1 1119 1 175 142 1 142 244 254 101 1 103 1 131 ! 128 1 157 1 155
6040 1 H 1 178 1 la8 '42 1 ,.2 1 252 1 280 1 85 1 105 1 1 1 1
6043 1 t4 1 1 lUI 1 la8 '44 1 142 254 2U 101 1 105 129 1 117 ! 157 1 153
6054 1 t4 1 1118 188 142 1 142 1 256 214 105 105 1 131 1 129 1 157 1 155
6068 ! t4 1 1119 1 1711 1 14. 1 ,.2 256 280 Ils t 1 1 159 1 155
6071 : li 1 1119 1 189 1 144 1 142 254 258 105 107 1 1 1 158 1 157
6072 : li 1 189 1 1811 1 142 142 254 256 95 107 1 1 1 159/61 : 155
6073 1 li 1 189 178 1 14.. 1 ,.2 258 1 258 105 107 1 131 1 129 1 159 ! 157
6074 li : 1119 1 178 1 142 1 142 254 1 258 95 1 107 1 1 1 159 1 155
6077 : li : 189 1 173 1 142 1 142 1 254 1 251 105 1 109 129 1 113 1 155 ! 155
6078 1 t4 1 1119 : 173 1 142 1 142 254 1 214 1 95 1 109 1 1 1 155 : 155
6079 1 li 1 177 1 173 1 142 1 142 254 2511 1 107 1 : 1

7003 1 li : 1119 189 1 142 1 142 256 2511 101 105 1 131 1 117 1 155 ! 153
5010 ! normal 1 179 1 175 142 ! 142 258 1 2511 1 101 1 109 1 1 :
5036 1 narmal 1 175 1 175 1 142 1 142 1 244 1 25fi 1 103 109 : 133 1 129 ! 157 151
5051 1 normal 1 175 1 175 i 142 1 142 248 1 24fi 1 95 109 i : 153 1 153
5052 : normal 1 188 1 179 142 142 1 252 1 251 115 1 109 i : : 1

5063 1 narmar 1 189 1 173 142 1 142 1 254 1 2U 105 1 1 129 1 129 1 157 1 155
5073 narmal 1 179 1 181l 1 '4" 1 142 1 251 1 280 85 105 1 1 i 1
5075 1 normar 1 1119 1 179 1 142 142 1 254 t 251 107 1 107 1 131 1 128 1 151l 1 157
5092 1 norma' i 1117 1 175 ! 142 1 142 1 254 1 254 101 i 105 1 131 1 128 : 155 1 155
60C7 narma' 1 175 1 1119 1 142 1 142 1 254 258 1 103 107 1 1 j 157 1 155
6009 norma' ! 189 1 175 1 142 142 254 1 25fi 1 101 108 1 1 j 1

6011 unknown i 175 : 189 1 142 1 142 ! 244 j 254 1 103 107 : 1 ! :
6039 normal 1 179 1 189 1 258 2110 1 105 109 1

, 1 1
6041 1 nc.;mar te9 1 179 142 142 252 1 2110 1 95 95 1 ! l :
6042 1 normal 1 17g 1 179 142 1 142 258 1 2110 85 1 105 : 1 i :

6052 1 normal 1 1117 1 177 142 1 142 254 1 2511 101 1 105 : 129 1 117 : 157 1 153
6056 t normal 1 188 188 142 142 254 1 214 85 1 105 1 1 1 157 155
6063 1 normar 1 U8 188 142 142 25' 1 2114 lOS 1 105 1 1 j 155 1 155
6065 1 narma! 1 1118 189 142 1 142 258 1 284 85 105 1 1 1 157 1 155
6067 : normer 1 1118 188 142 142 1 254 2110 95 1 107 i 1 1 158 ! 157
6069 1 narmar 1 189 1 178 ,..4 142 1 258 2511 105 1 107 1 ! 1 159 157
6070 : narmal 1 189 1 189 14.. 142 254 25fi 95 1 107 1 1 1 158/111 1 155
6076 1 normar 1 173 1 188 142 142 254 284 1 105 107 1 1 15! ! 155
60S0 1 unknown 1 175 1 175 142 142 251 2511 105 1 1

7001 : normar 1 1119 1 173 142 1 142 254 2114 lOI 105 1
7002 1 narmal 1 188 1 189 1 142 142 251 2114 105 105 128 128 1 157 157

1 1 1 1 1
1RI_" •....,.. m...... lhal ____ Inl.......1Ion ~ 1 1 ! 1
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