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ABSTRACT

SCREENING FOR MUTATIONS IN PAX3 AND MITF IN WAARDENBURG
SYNDROME AND WAARDENBURG SYNDROME-LIKE INDIVIDUALS

By

Melisa L. Carey

Waardenburg Syndrome (WS) is an autosomal dominant disorder
characterized by pigmentary and facial anomalies and congehital deafness.
Mutations causing WS have been reported in PAX3 and MITF. The goal of
this study was to characterize the molecular defects in 33 unrelated WS
individuals. Mutation detection was performed using Single Strand
Conformational Polymorphism (SSCP) analysis and sequencing methods.
Among the 33 WS individuals, a total of eight mutations were identified, seven
in PAX3 and one in MITF. In this study, one of the eight mutations was
identified and characterized in PAX3 exon seven in a WSI family (UoM1).
The proband of UoM1 also has Septo-Optic Dysplasia. In a large family
(MSU22) with WS-like dysmorphology and additional craniofacial anomalies,
linkage was excluded to PAX3 and no mutations were identified in MITF.
Herein | review the status of mutation detection in our proband screening set
and add to the understanding of the role of PAX3 and MITF in development

by exploring new phenotypic characteristics associated with WS.
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BACKGROUND and SIGNIFICANCE

Waardenburg Syndrome Phenotype

There are at least four clinical sub-types of Waardenburg Syndrome as

defined by McKusick in Mendelian Inheritance of Man (MIM): WSI (MIM
193500), WSII (MIM 193510), WSIII (MIM 148820), and WSIV (MIM 277580).
The presence of dystopia canthorum in 98% of WSI individuals distinguish WSI
from WSII(": 610  Waardenburg Syndrome (WS) types I, II and III are
autosomal dominant disorders. WSI is characterized by congenital deafness,
dystopia canthorum, heterochromia irides, poliosis, broad nasal root,

synophrys, hypo- and hyperpigmentation of the skin and hair.(") Other less
common clinical anomalies include aganglionic megacolon, cardiac defects,

cleft lip and palate and spinal bifida. WSIII has the clinical characteristics of
WSI with the addition of limb abnormalities.('": 2 The classic example of
WSIII was described by Klein('!: 13.19) and hence WSIII is often referred to as
KIein—Wa’ardenburg Syndrome. WSIII is rare, with approximately a dozen
published cases.(12: 1523) WSIV (Shah-Waardenburg Syndrome) exhibits WS
along with aganglionic megacolon.?429 WSIV is also called Hirschprung
disease (HSCR) with pigmentary anomaly. Approximately 25% of WS
individuals exhibit unilateral or bilateral hearing loss.() It is estimated that 2%

of all individuals with profound deafness have WS.(!: 4



Classification of WS is determined by major and minor criteria

established by the WS consortium as listed in TABLE 1.2 3 The penetrance
and expressivity for all WS clinical features vary both within and between
families. Thus, WS is both clinically pleiotropic and genetically

heterogeneous.?5: 30. 31)

Table 1: Waardenburg Syndrome Diagnostic Criteria
Major Characteristics:

Sensorineural deafness
Iris pigmentary abnormalities
Heterochromia irides
Characteristic brilliant blue iris
Hypopigmented iris
Hair pigmentation
White forelock
Body hair (eyelashes; eyebrows)
Dystopia canthorum (only in WSI individuals)
First-degree relative previously diagnosed with WS

Minor Characteristics:
Congenital leukoderma (severe areas hypopigmented skin)
Synophrys
Broad high nasal root
Hypoplasia of alae nasi
Premature graying

Rare Characteristics:
Hirschprung disease (classified as WSIV)
Sprengel anomaly
Spina bifida
Cleft lip and/or palate
Limb defects (characteristic of WSIII)
Congenital heart abnormalities
Abnormalities of vesitbular function
Broad square jaw
Low anterior hair line

Table 1: The clinical diagnostic criteria for Waardenburg Syndrome according to the guidelines

established by the Waardenburg Syndrome Consortium.(3) In order to be characterized as
having WS, an individual must possess either two major characteristics, one major and a first
degree relative diagnosed as affected with WS or 1 major and 2 minor characteristics.



Mouse models for Waardenburg Syndrome

Pigmentary anomalies associated with deafness were documented in

domestic animals by Darwin,®? and others®®3 34 may have been examples of

Waardenburg Syndrome. Waardenburg Syndrome was one of the first
reported examples of pigmentary anomalies with deafness in humans.(!: 34
The hypothesis of a single gene being responsible for the combined clinical
phenotype gained acceptance, after the observations that all of the tissues
affected in WS patients were derivatives of neural crest cells.@5 35-37) Several
mouse mutations including the Splotch (Sp)©®®, microphthalmia

(M)39), piebald-lethal (S)#® and Patch (Ph) loci affect neural crest cell
development, migration and/or differentiation.#") The Splotch mice when
homozygous have severe neural tube defects, pigmentary defects, muscle
defects, craniofacial anomalies and usually embryonic or neonatal death!-52.
321) (TABLE 2). Mi mice when homozygous exhibit a white coat, eye
abnormalities and ear defects (TABLE 3). Piebald homozygotes are completely
white, they have megacolon and structural defects of the iris. Likely candidates
for Waardenburg Syndrome were predicted on the basis of conserved syntenic
relationships between mouse and human,®® at chromosomal locations, of 2q,

3p, 3q or 4p, near the proto-oncogene KIT.(54



In 1989, Ishikiriyama et al.®®5-%") reported a child with WSI that had a de

novo inversion of 2q35-q37.3. This was the region predicted for WS on the

basis of the Sp mutant locus. Genetic linkage of WSI to 2q35 was then

demonstrated.(57-60)

Table 2: Pax3/Splotch mutations (modified from Chalepakis et al. 1993)(0)

ALLELE PHENOTYPE HETEROZYGOTE PHENOTYPE HOMOZYGOTE
Sp (sd) white spotting embryonic death E14p.c.
curly tail pigmentation deficiency
spina bifida
exencephaly
meningocele

neural overgrowth

dorsal root ganglia deficiency
schwann cell deficiency
truncus arteriosus deficiency
thyroid deficiency

muscle deficiency

Spd (sd) similar to Sp anterior structures not affected
no exencephaly
late embryonic or neonatal death

Sp2H/Sp1H  similar to Sp

Sp4H analogous to Sp most severe phenotype
retarded growth postimplantation lethal



Table 3: Mi mouse mutations (modified from Steingrimsson et al. 1994)(167)

ALLELE

Mior (oak ridge)

Mwh (white)

mws (white spot)

miew (eyeless-white)

mice (cloudy-eyed)

mi'¥ (red-eyed white)

mivit (vitiligo)

miSP (spotted)

mibw
(black-eyed white)

PHENOTYPE HETEROZYGOTE

slight dilution coat color
pale ears and tail
belly streak or heat spot

dilution of coat color

reduced eye pigmentation

spots on toes, tail and belly
inner ear defects

melanocytes absent from dermis

white spot on belly
toes and tail often white

normal appearance

normal appearance

normal appearance

normal appearance

normal appearance

normal appearance

PHENOTYPE HOMOZYGOTE

white coat

eyes small/absent
incisors fail to erupt
osteopetrosis

white coat

eyes small; inner iris pigmented
spinal ganglia, adrenal medullae small
inner ear defects

mast cell deficiency

white coat
eyes pink but near normal size

white coat
eyes absent/eyelids never open

white coat
eyes pale (cloudy white) and small
inner ear defects

white coat with pigmented spots head/tail

eyes small and red

spots on thorax and abdomen

gradual depigmentation of pigmented areas

old mice are nearly white
retinal degeneration

normal appearance
reduced tyrosinase activity in skin

white coat color

inner ear defect



The PAX Family of Genes

There are several conserved DNA-binding motifs identified among the
genomes of Drosophila, mouse, nematode, zebra fish, frog, turtle, chick and
human.®' 62 One evolutionarily conserved DNA-binding domain is encoded
by the paired box, first discovered in three Drosophila segmentation genes.®*
65 There are nine known human PAX genes that have a paired domain of 128

amino acids®© 87) (TABLE 4). PAX gene members may also contain an

octapeptide domain and/or a paired-homeobox.

Table 4: PAX Genes

GENE HUMAN MOUSE2 REFERENCES

PAX1: 20p11.2 2 Stapleton et al. 1993

PAX2: 10q22.1-q24.3 19 Tsukamoto et al. 1992

PAX3: 2935 1 Stapleton et al. 1993

PAX4: 7q32 6 Stapleton et al. 1993, Tamara et al. 1994
PAXS: 9p13 4 Stapleton et al. 1993

PAX6: 1p13 2 Ton et al. 1991

PAX7: 1p36.2-p36.12 4 Stapleton et al. 1993

PAX8: 2q12-q14 2 Stapleton et al. 1993

PAX9: 14q12-q13 nd Stapleton et al. 1993

Nine PAX genes with the human and mouse chromosomal locations. (modified from
Stapleton et al. 1993)(66) a = Walther et al. 1991, nd = not determined.



The members are grouped according to their DNA-binding motifs
(FIGURE 1). PAX103) and PAX9®9 contain a paired domain and an
octapeptide domain. PAX261. 70-72) paxs(3. 74) and PAX8(7577) contain a
paired domain, an octapeptide domain and a small- portion of the
homeodomain. PAX4(75) and PAX6(9: 80) contain the paired domain and the
homeodomain. These two genes do not have an octapeptide domain. PAX3 is
most closely related to PAX7®184), containing a paired domain, an octapeptide
domain and a paired-type homeodomain. The Sp phenotype was
demonstrated to be due to a mutation in Pax3.4243. 85 Pax3 and its human
homologue, PAX3 are members of the paired box (PAX) gene family of

transcription factors.

A PAX Gene Family
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N\ _\— COOH

PD OCT HD

NH,

|

N N cooH
PD OCT HD

D

NHo

\ N COOH

-
O'

HD
Figure 1 PAX gene family. (A) PAX1 and PAX9. (B) PAX3 and PAX7. (C) PAX2, PAX5 and
PAX8. (D) PAX4 and PAX6. (modified from Baker et al. 1995)(44)



PAX genes responsible for several disorders

The PAX genes have distinct functions throughout development. (2 86.

89) There are slight overlaps in expression patterns as well as specific organ
and tissue development.(®6:87.90.91) The PAX genes are expressed in the
developing nervous system with the exception of Pax12 93 and Pax9. Many
of the Pax genes were identified through the use of syntenic relationships
between mouse and human (TABLE 4).

Several PAX genes have been implicated in human syndromes and
disorders. Pax6 in the mouse is involved in eye development(®0: 4 and some
Pax6 mutations are responsible for the small eye phenotype.(79: 8597
Mutations in human PAX6 have been identified that cause a number of
disorders including: aniridia, ®3-192) Peter's anomaly, (193105 cataracts,(101. 106)
WAGR (Wilms' tumor, aniridia, genitourinary abnormalities and mental
retardation)(17- 198) and keratitis.(1%®) A PAX2 mutation has been implicated in
a family with optic nerve colobomas, renal anomalies and vesicoureteral
reflux.('19 No human disorder has been identified that is associated with a
defect in PAX1. Although the undulated mouse mutant is caused by Pax1 and
homozygous mice exhibit vertebral malformations along the entire cranio-

caudal axis.(111-113)



Several of the PAX genes play a role in cancer development.(114-116)
PAX2(117) and PAX8(118.119) gre implicated in the development of Wilms'
tumor,(120-122) g embryonic tumor of the kidney. Medulloblastomas express
many of the PAX genes. PAX5 expression is upregulated in the tumors
compared to slight increase in PAX2, PAX3 and PAX1.(123 PAX5 is a B-cell
transcription factor (BSAP) that controls expression of CD19('24) and may also
play a role in the development of astrocytoma.('?® Fusion gene products
between PAX3 and forked head (FKHR) and between PAX7 and FKHR are
responsible for alveolar rhabdomyosarcoma.(126-136) PAX3 and PAX7 gene
translocations result in the 5'-end of either PAX3, t(2;13)(q35;14)(126. 127. 131,
132.138) or PAX7, t(1;13)(q35;14)(12%) adjacent to the 3'-end of FKHR. The 5'-

end of both PAX3 and PAX7 contains the DNA binding domains and the 3'-end

of the FKHR gene contains the activation domains.

PAX3 Expression Pattern

Pax3 encodes a 479 amino acid, 56 kDa protein that is expressed during
embryonic development(®0. 91. 137-142) gnq in the adult.®5 88 Around embryonic
day 8.5 to 9, murine Pax3 expression is limited to mitotic cells in the ventricular
zone of the developing spinal cord and to distinct regions of the hindbrain,
midbrain and diencephalon.('3") Pax3 is expressed in neural crest derivatives,
particularly the spinal ganglia and cephalic neural crest cells, including the

nasal process and structures derived from the first and second brachial
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arches.(1?) Pax3 is expressed in the migrating neural crest cells and the
dermomyotome cells.(144) Pax3 expression during development is observed in
the craniofacial mesectoderm and in the limb mesenchyme.(144148) pax3 s
also expressed in the Bergmann glia and the basket cells of the Purkinje cell

layer of the cerebellar cortex.(®3)

Mutations in human PAX3

Mutations have been identified in PAX3 in WS individuals. (®9: 60. 148-159)
Hundreds of WS families have been identified by the WS consortium;
approximately 80% of the mutations in PAX3 in WSI individuals have been
identified.('5®) To date more than 50 mutations have been identified in WSI
individuals within PAX3 (TABLE 5). Until recently no common mutations in
WSI individuals from unrelated families were identified. However, three
identical mutations have since been identified in unrelated families with WSI
(TABLE 5).

The majority of PAX3 mutations that cause WSI are within the DNA-
binding domains (FIGURE 2). Many of the codons with mutations are highly
conserved among species. On the basis of crystal structure studies, these
codons have been identified as important for DNA-binding or phosphate

backbone contacts.(156: 157)
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Mutations in human PAX3

Mutations have been identified in PAX3 in WS individuals. (9: 60. 149-155)
Hundreds of WS families have been identified by the WS consortium;
approximately 80% of the mutations in PAX3 in WSI individuals have been
identified.(15%) To date more than 50 mutations have been identified in WSI
individuals within PAX3 (TABLE 5). Until recently no common mutations in
WSI individuals from unrelated families were identified. However, three
identical mutations have since been identified in unrelated families with WSI
(TABLE 5).

The majority of PAX3 mutations that cause WSI are within the DNA-
binding domains (FIGURE 2). Many of the codons with mutations are highly
conserved among species. On the basis of crystal structure studies, these

codons have been identified as important for DNA-binding or phosphate

backbone contacts. (56 157)
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Table 5: PAX3 mutations. The listing includes the family name, the
mutation, and the exon of the mutation. Large deletions and
inversions are not included in this table.
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Table 5: PAX3 Mutations
FAMILY MUTATION EXON REFERENCES
WS.055 F45L 2  Tassabehji et al. 1994
BU47 N47H 2 “Hothetal 1993
MSuU17 N47L 2 Sommer et al. 1983; Asher et al. 1995
BU26 PSOL 2 da Silva 1991; Hoth et al. 1993, Baldwin et al. 1993
BU35 RS6L 2 Carezani-Gavin et al. 1992; Hoth et al. 1993
BU48 V60OM 2  Baldwin unpublished
WS.024 V78M 2  Tassabehjietal. 1995
WS.15 G81A 2  Foy et al. 1990; Tassabehiji et al. 1993
Zloto 1995 S84F 2  Zlotogora et al. 1995
BUS K85E 2 Baldwin et al. 1995
WS.009 G99D 2  Tassabehji et al. 1994
MSU3 100ins1 2 Morefl et al. 1993
WS.05 185del18 2 Foy etal. 1990; Tassabehiji et al. 1992
WS.100 191del17 2 Tassabehji et al. 1995
UGM2 266del14 2 Morell et al. 1992
WS.06 288del1 2 Foy et al. 1990; Tassabehji et al. 1992
BUS3 297del28 2  Baldwin et al. 1994
WS.090 364delS 3  Tassabehjietal 1995
WS.093 358del1 3  Tassabehji et al. 1995
WS.084 451ins1 3 Tassabehjiet al. 1994
WS.003 452def2 4  Tassabehji et al. 1994
WS.11 556del2 4 Foy et al. 1990; Tassabehji et al. 1993
WS.138 A196T 4  Tassabehji et al. 1995
Hol, 1995 598delS 5 Holetal 1995
BU7 Q200X 5 Baldwin etal. 1995
BU4 S201X S5 Baldwin et al. 1995
8U9 R223X 5 Baldwin et al. 1994
B8US E235X 5 Baldwin et al. 1995
BUS2 F238S 5 Baldwin et al. 1995
WS.030 E251X 5 Tassabehiji et al. 1995
WS.001 Q254X 5 Tassabehji et al. 1995
NIH3 V265F 6 Lalwaniet al. 1995
WS.028 wW266C 6  Tassabehji et al. 1995
WS.016 R270C 6 Tassabehji et al. 1995
WS.10 R271C 6 Foy etal. 1990, Tassabehji et al. 1995
MSUS R271C 6 Asheretal. 1991; Morell et al. in press
NIH8 R271G 6 Lalwaniet al. 1995
WS.008 R271H 6 Tassabehji et al. 1995
MSuU7 wW274X 6 Morell et al. in press
wsS.123 W274X 6 Tassabehji et al. 1995
BU14 Q313X 6 Baldwin etal. 1995
BUZ2 874ins1 6 Baldwin et al. 1995
MSuU9 874ins1 6  Kapur and Karam 1991; Morell et al. in press
WS 019 874ins1 6  Tassabehji et al. 1995
WS . 105 916del1 6 Tassabehji et al. 1995
B8U30 954del1 6 Baldwin et al. 1995
UoM1 Q391H 7 Carey et al. 1996 (in preparation)
BU2S 1185ins3 8 Baldwin et al. 1995
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Figure 2: PAX3 mutations. A diagram of the mutations characterized in
the literature. The top panel displays the paired domain, the
octapeptide domain and the homeodomain in relation to the
mutations. The lower panel displays the mutations in relation
to the eight exons.
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In addition to alveolar rhabdomyosarcoma and WS, a mutation in PAX3
also causes Craniofacial Deafness Hand Syndrome (CDHS) (MIM 122880).

CDHS was first identified in a single small family.('5® CDHS is characterized
by the absence or hypoplasia of the nasal bones, profound sensorineural
deafness, small and short nose with a slit like nare, hypertelorism, short
palpebral fissures and limited movement at the wrist and ulnar deviation of the

fingers.(158) A missense mutation, Asn47Lys, in PAX3 exon two in a highly
conserved codon of the paired domain was identified.('5® There is a mutation
in the same codon, Asn47His, in a WSIII family.('> This discovery is an

example of a syndrome other than WS being caused by a mutant allele in
PAXS.

Microphthalmia
Extensive linkage studies suggested that WSII was not linked to
PAX3.(7.180) At |east one additional gene was responsible for WSII mutations.

After the mouse Mi gene was cloned,('%") its human homologue MITF

(Microphthalmia-associated Transcription Factor) was cloned and assigned to
3p12.3-p14.1 by fluorescent in situ hybridizaiton (FISH).(162) Analyses in WSII

families established linkage to 3p12.3-p14.1. Tassabehji et al.('6%) were the

first to describe mutations in MITF responsible for the WSII phenotype.

Approximately 10 MITF mutations have been reported to date('63 (TABLE 6).
The majority of MITF mutations fall within the DNA binding domains (FIGURE

3). However, WSII appears to be genetically heterogeneous since the WSII
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phenotype in some families is unlinked to MITF. Therefore, there must be at

least one more gene which when mutant, causes WSII.

MITF Mutations

FAMILY MUTATION EXON | REFERENCES

WS.002 G153+1A IN1 Tassabehiji et al. 1994
WS.140 G153+1A IN1 Tassabehji et al. 1994
WS.026 A562-1C IN4  |Tassabehiji et al. 1994
WS.082 del3 7 Tassabehji et al. 1994
WS.115- S250F 8 Tassabehji et al. 1994
WS.078 N278F 8 Tassabehji et al. 1994
WS.022 S298F 9 Tassabehji et al. 1994
MSU11 944del1 8 Morell et al. submitted

Table 6 MITF mutations. The listing includes the family name, the mutation, the exon the
mutation. Tassabehii et al.(155) discuss non-pathologic mutations which are not included in this
table.

MITFIMi are members of the basic helix-loop-helix-leucine zipper
(bHLH-Zip) family of transcription féctors (FIGURE 4). In bHLH-Zip proteins,
DNA binding is mediated through the basic domain. Dimerization occurs by the

.helix-loop-helix domain and is stabilized by the zipper.('64. 165 This family of

transcription factors bind as dimers and can form stable heterodimers with
other members of the bHLH-Zip family.('%®) Mjis expressed in the murine

developing ear, eye, skin and in the adult heart.('”) Melanocytes are not

essential for viability, however, Mi is essential for melanocyte differentiation,

function and survival.(166)
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MITF mutations. A diagram of the mutations characterized in
the literature. The top panel displays the paired domain, the
octapeptide domain and the homeodomain in relation to the
mutations. The lower panel displays the mutations in relation
to the nine exons. S = splice site mutations.
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MITF Mutations
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Figure 4: bHLH Protein Family
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Other genes causing Waardenburg Syndrome

Mutations in several genes have been identified that are associated with

WSIV. Mutations have been characterized in Endothelin-3 (EDN3),(168)

Endothelin Receptor B (EDNRB)(16%.170) and the proto-oncogene RET
(Rearranged during Transfection)('”"-179) in individuals with Hirschprung
disease and Waardenburg Syndrome. The endothelin family of 21 amino acid
peptides act on G protein-coupled heptahelical receptors.(180) EDNs are
produced from a large prepropolypeptide precursor that is cleaved to the active
21-residue mature form.('8%) There are three endothelins (EDN1, EDN2 and
EDN3) known in mammals. Each EDN gene product is encoded by a separate
gene and expressed in vascular and nonvascular tissues. There are two
subtypes of endothelin receptors (EDNRA and EDNRB) that are expressed in
various cells. The receptors initiate several intracellular signal transduction
events through heterotrimeric G proteins.('8?) EDNRB plays an essential role in
the normal development of epidermal melanocytes and enteric ganglion
neurons in mice and humans.(170.180.181) EDNRB in the mouse is called the

piebald locus, which was predicted to be a candidate for WS.(54 173. 181, 182)

Understanding function

There are now at least five genes, PAX3, MITF, EDNRB, EDN3 and
RET, known to be involved in the Waardenburg Syndrome phenotypes. The

expression, function, interaction with one another, if any, and the role of these
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genes in development are now of great interest. One experimental approach to
begin to elucidate the normal function of these genes is to examine the range
of mutant phenotypes. Therefore, identifying additional mutations in all of these

genes may help in further understand their function.



CHAPTER ONE

Screening for mutations in PAX3 and MITF in families with classical
Waardenburg Syndrome and Waardenburg Syndrome-like phenotypes.

INTRODUCTION

The Goals of this study

The main purpose of this study was to determine the molecular defects
in WS genes segregating in WS and WS-like probands. The proband
screening set consisted of 42 individuals (TABLE 7). The entire set of
probands was screened for the eight exons of PAX3('51. 183 and the nine
exons of MITF(183) by SSCP analysis, and sequencing analysis.

The proband screening set included 33 WS individuals representing 33
families (in APPENDIX A TABLES 14-21) of which thiteen were WSI, nine

were WSII, three were WSIV and seven were unclassified WS families. In

addition, six SOD individuals and two families with WS-like clinical traits not
usually considered a part of the WS phenotype were examined. The additional
phenotypes of interest in the WS-like families were deafness, other neural tube
defects and facial anomalies. The intent of including individuals with WS with
other phenotypes and WS-like phenotypes, was to determine if these traits
were caused by mutations in PAX3 or MITF. The analysis of two families,

designated UoM1 and MSU22, with WS probands exhibiting WS and additional

22
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traits will be discussed in detail in later chapters. There have been many
observations of WS associated with various other phenotypes that may or may
not be classified as traits of WS.(18. 184-190)  The jdentification of mutations
causing related phenotypes or disorders may help in further understanding the

role of PAX3 and MITF in normal development.



Table 7:
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Proband screening set. The table is organized by the WS
phenotypic type. The approximate number of individuals in
the family are listed A = affected family members and U =
unaffected family members. Any other clinical traits
associated with the WS phenotype are listed including
SOD = Septo-Optic Dysplasia, 18q = 18q Syndrome,
CDHS = Craniofacial Deafness Hand Syndrome, AN =
Anencephaly, DEAF = Deafness, CA = Craniofacial
anomalies and OA = Ocular Albinism. The mutations
identified in the set are included.
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| |PROBAND SCREENING SET : i
T =

FAMILY i A" U TYPE : SSCP ANALYSIS ° MUTATION 'REFERENCE
MSU1 | 17 , 30 | WSl PAX3 MITF ]
MSU2 6 ' 9 . Wsl PAX3 MITF -
MSU3~ © 10 14 | WSl PAX3 MITF __ 100ins1 Morell etal. 1993
MSUS 11 - 26 ; Wsl PAX3 MITF ~ R271C _ Morelletal. 1996
MSU7 1 4 | 6 | WSI ' PAX3 MITF  W274X Morelletal 1996
MSU9 32 WSI PAX3 MITF _ 874Ins1 Morelletal. 1996 =~ |
MSU20 1 - 10 | WSl PAX3 MITF |
UGM1-1 15 - 67 | WSI PAX3 MITF S
UGM12 | 10 : 20 | WSl _ . PAX3 MITF _ 266del14 Morell etal. 1992
UGM1-3 | 4 . 11 | Wsl PAX3 MITF .
UGMi4 | 2 [ 28 | WsI PAX3 MITF & :
UofM1 7 | 9 [WSI-SOD | PAX3 MITF | Q391H ICarey etal. 1996
MSU25 1 | 23 WS-8 ' PAX3 MITF . . "
UoM4 2 5 WSI? | PAX3 MITF T )
MSU1S ' 1 7 | WsI? PAX3 MITF T
MSU20 ‘4 14 1T WSI? PAX3 MITF T e
MSU30 1 ? WSI? PAX3 MITF
MSU22 15 39 | WS-CA PAX3 MITF
MSU11__ 9 | 18 | WSI-OA | PAX3 MITF __ 944Dell -Morell submitted
MSU4 T 6 . 16 | wsil PAX3 MITF- T N
MSU6  ~ 7 T 14 T WSIl_ PAX3 MITF o T
MSU10 7 101 Wwasl PAX3 MITF o
MSU23 T 3 16 | wsll PAX3 MITF
MSU24 | 2 | 2 wsili PAX3 MITF . T
MSU27 5 1101 WSl ' PAX3 MITF
UGM2-1 1] 30 WS PAX3 MITF '
UGM2-2 | 12 | 26 wsili PAX3 MITF ~
MSU14 T 1 1 10 | WSI? | PAX3 MITF ) T
MSUI5 T 1 7 10 | WSIF? ' PAX3 MITF i T
1 | .
MSU12 - 2 ; 2 WSIV | PAX3 MITF - ] T
MSU13 | 4 T 9 WSIV PAX3 MITF j
MSU28 | 3 ' 10 | WSIV PAX3 MITF_~ ' —
1 H H
MSU26 ' 6 | 8 |DEAF-AN PAX3 MITF T T/
MSU17 | 3 ~ 6 : CDHS _ PAX3 MITF  N47L  Asheretal. 1996 |
sob1 - 1 ¢ 7 SoD PAX3 MITF ~ T T T
soD2 T 1t ? SOD PAX3 MITF T
sop3 T 17 ? SOD PAX3 MITF N T
sob4 T 1] ? SoD PAX3 MITF . = T
sops T 11 7 SOD PAX3 MITF T
sob6 | 1 | ? SOD PAX3 MITF T
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Description of the Proband Screening Set

Among our classic WS families (TABLE 7), four families designated,
MSU25, MSU11, UoM1 and MSU22, exhibited clinical traits not commonly
associated with Waardenburg Syndrome. The proband of MSU25 has a typical
WSI phenotype as well as 18g-syndrome. Both the proband's parents are
phenotypically normal. The characteristics of 18g-syndrome are growth
deficiency, microcephaly, minor facial anomalies, limb abnormalities,
genitourinary malformations, neurological and ocular abnormalities with
developmental delay, and mental retardation.('®!. 192) Karotype analysis by
New York University Medical Center showed a de novo 18q deletion.

MSU11 is a WSII family with ocular albinism. A mutation was identified

in MITF and characterized in this family prior to this study.(319) There are two
other families, UoM1 and MSU22 with WS associated with other traits. Both of
these families are discussed in detail in chapters two and three, respectively.
There are also families in the data set that would not be classified as
having WS although they do have some similarities to the WS phenotype. The
characteristics in these families included: Craniofacial Deafness Hand
Syndrome(158) (CDHS) , MSU17, hearing loss and anencephaly, MSU26 and

six families with Septo-Optic Dysplasia (SOD1-6).
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Prior to this study mutations were also characterized in MSU3,(153)
UGM2(152) and MSU17("59 in PAX3 exon two within the paired domain.
Mutations were also identified in the homeodomain of PAX3 in MSU5, MSU7,

MSU9 (Morell et al. 1996,(320) see manuscript in APPENDIX B).



RESULTS

The proband screening set included the probands from Waardenburg
Syndrome families and Waardenburg Syndrome-like families. These
individuals were screened for mutations in PAX3 and MITF. Methods for
detecting mutations or sequence variants were SSCP analysis, cycle
sequencing and direct sequencing techniques.

A total of 34 primer pairs (TABLES 8 and 9 in Appendix A) were used for
SSCP analysis. A diagram of the eight exons of PAX3 and the nine exons of
MITF, with the approximate locations of each of the primers, is displayed on
FIGURES 5 and 6 in APPENDIX A. Details of PCR and SSCP analysis are
described in the Materials and Methods. The PCR fragments labeled with o33P-
dCTP or a33P-dATP were electrophoresed on 0.5X hydrolink MDE gels. The
length of electrophoresis was sequence dependent and determined empirically.
Variant SSCP patterns were identified in several families. Many of the subtle
SSCP pattern differences were not reproducible. All DNA fragments that
displayed aberrant and reproducible SSCP patterns were subcloned and
sequenced. Some of the PCR fragments were cycle sequenced without first
sub-cloning.

None of the PCR products was gel purified prior to SSCP analysis which
could contribute to the complexity of the SSCP patterns. Only the families with

reproducible SSCP variants are discussed below.

28
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SSCP Analysis of PAX3

Among the 33 WSI and WSI-like probands in this study several SSCP
variants were identified in PAX3. However not all of the variants were
consistently identified in independent PCR amplification followed by MDE gel
electrophoresis. For example, there were two different SSCP variants identified
in exon one, in MSU1 and MSU2. Duplicate PCR amplifications were done on
the genomic DNA for the probands of both of these families and the variants
were not reproduced.

In this WS proband screening set, mutations were identified in exon two
in MSU3 and MSU17 prior to this study yet, no other SSCP variants were
identified within exon two for the screening set. Prior to this study three SSCP
variants were identified in exon six in MSU5, MSU7 and MSU9 , and the
mutations have been characterized in these families (see APPENDIX B for
reprint). In this study a SSCP variant was identified in UGM4 in exon six, no
mutation was identified. The SSCP variant identified in UoM1 was reproducible
and will be further discussed in chapter two. There were no SSCP variant
patterns identified for any of the WS and WS-like probands for exons three, four

or eight.

SSCP analysis of MITF

SSCP variants were identified in MITF. There were three different SSCP

variants identified in exon one in MSU23, MSU26 and UoM1. The variant in
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MSU26 in MITF exon one was a subtle pattern difference not present in either
parent. This variant was also not reproducible in multiple PCR amplifications.
The PCR product from MSU26 was included in the sequencing evaluation. The
SSCP pattern identified in MSU23 was subtle. The DNA fragments from both
the probands from MSU23 and MSU26 were subcloned into the TA-cloning kit
pCR™II vector® (Invitrogen) and the clones were analyzed by SSCP analysis.
For each proband fifteen clones were screened by SSCP analysis. No SSCP
variants were identified in any of the clones for either MSU23 or MSU26.

In MSU26 along with the MITF exon one variant, there were two other
possible MITF variants detected, one in exon three and another in exon eight.
The parent's genomic DNA was isolated and analyzed for the SSCP variants
identified in the proband. The parents were both profoundly deaf. Neither
parent had any of the three mentioned SSCP variations. Also after multiple
PCR amplification of the proband’s genomic DNA, the exon three and exon
eight variants were not reproduced.

There were two other SSCP variants identified, one in MSU23 in exon
two and one in UoM1 in exon nine. Neither of these subtle pattern variants
were identified after consecutive PCR amplifications. No SSCP variants were
identified for any of the other probands in the screening set in exons four, five,

six or seven of MITF.
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Cycle Sequencing Analysis of PAX3 and MITF

Cycle sequencing was optimized for PAX3 exons two through seven and
MITF exons one, two, six, seven and eight. The primers designed for the
remaining exons of PAX3 and MITF were not suitable for cycle sequencing and
were therefore omitted from the analysis. All the PCR products were gel
purified on low melt agarose gels after PCR amplification. Several of the PCR
primers were optimized for cycle sequencing (TABLE 10 in APPENDIX A) and
were used to screen a number of the probands from the screening set.
However, no sequence variants were identified in the probands screened by
cycle sequencing methods. There were a few primers that were optimal for
many of the DNA samples including PAX3 exon two, six and seven and MITF
exon one, two and eight. However, the sequencing results, even using these
primers, did not produce reliable data.

PCR amplified DNA fragments were cycle sequenced from both MSU23
and MSU26. The sequence was of high quality with very little background.
There were no sequence changes detected within the coding region of MITF
exon one. However, not all of the 5'-untranslated region (UTR) sequence was
readable by this method. This problem was addressed by subcloning these
PCR fragments using the TA cloning kit (Invitrogen). No sequence variants
were detected in the region sequenced after cloning the fragments from MSU23

or MSU26.



DISCUSSION

The main goal of this study was to identify and characterize mutations in
PAX3 and MITF in WS and WS-like individuals. The proband set included 33
WS individuals and eight WS-like individuals. There have been reports in the
literature of various neurocristopathies associated with WS including
meningocele,('® meningomyelocele, (184 194. 195 gpina bifida,(187: 19) cleft
lip/palate, (188 197) neuropathy,(98: 199) piebaldism,(188: 200 yitiligo®0) and
albinism.2%2) The rationale of including WS-like individuals in this study, and
many others, (155 203) was to determine if mutations in PAX3 or MITF caused a
WS-like phenotype.

Several methods were employed to screen the exons of both PAX3 and
MITF including SSCP analysis, direct cycle sequencing and sequencing of
plasmid clones. The 42 probands (TABLE 7) were screened by SSCP analysis
for all known coding exons of PAX3 and MITF (in APPENDIX A TABLES 8 and
9). All probands were included in the screen of both genes to establish controls

for the normal SSCP patterns. Mutations were not expected in M/ITF in WSI
individuals.(7: 155. 160, 186, 197) pAX3 mutations were not expected in individuals
with WSII. The inclusion of all samples in the screen also increased the

number of chromosomes screened which could be used to demonstrate that
any given variant was not a polymorphism. Once a variant was identified the

genomic DNA was PCR amplified several times to assure the variant was

32
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reproducible, not an artifact of PCR or a concentration dependent variant.

Fragments with a persistent SSCP were then subcloned and sequenced.

SSCP Analysis

There were several variants identified by SSCP analysis. All possible
variant patterns were documented and the genomic DNA was PCR amplified in
duplicate to determine if the variant was real or an artifact. Several variants
were not reproducible and excluded from further investigation. Any variant
that persisted in multiple reactions was subcloned into the TA-cloning kit
pCR™II vector (Invitrogen). Individual clones containing inserts were
analyzed by SSCP analysis and clones identified with the variant SSCP
patterns were sequenced.

Families with characterized mutations MSU3,(153  UGM2,(152)

MSU17,(199)  MSUS5,(320) MSU7(320) and MSU9(320) identified by SSCP analysis
prior to this study were included in the mutational screening in this study. The
SSCP variants identified in these families were consistently observed and the
mutations characterized (TABLE 7; FIGURES 2 and 3). These DNA samples
with characterized PAX3 and MITF mutations served as positive controls for the
conditions used in this study for SSCP variant detection.

There were three families that were kept in the screening set even after
SSCP patterns were not reproduced. These included MSU23, MSU26 and in

UoM1. MSU23 is a classic WSII family, and MSU26 is a family with hearing
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loss and multiple anencephalic fetuses. UoM1 is discussed in chapter two. All
three of the families had SSCP variants detected in MITF exon one. The PCR
products generated during the SSCP analysis were subcloned. Two of the
families, MSU26 and UoM1, were of considerable interest, because of their
phenotypes. MSU23 was included because of the interest in MITF exon one.
SSCP analysis of the clones determined which clones had the observed
variant. In MSU23 and MSU26 no variants were identified in fifteen clones from
each of the proband's PCR amplified DNA. Multiple PCR amplification of the
genomic DNA from these two families did not consistently identify the SSCP
variant. Cycle sequencing was also performed using PCR amplified and gel
purified DNA from the probands from each family. No sequence changes were
observed in the translated region of exon one of MITF for either MSU23 and
MSU26. The 5'-UTR was not completely sequenced since the SSCP variants
were not consistently observed. There was the possibility that a mutation was
missed that fell within the 5-UTR. The function and relevance of any base
change in the 5'-UTR, however, would be difficult to prove. Therefore, further
pursuit of this region was not warranted. The variant observed in UoM1 is

discussed in chapter two.

Cycle Sequencing

Along with SSCP analyses Direct Cycle Sequencing protocols were

used to directly look for mutations in PCR amplified genomic DNA for the exons
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of PAX3 and MITF. Direct sequencing has several potential advantages over
the traditional cloning and sequencing protocols. Cycle sequencing reactions
are cheaper, faster and theoretically more accurate since the cloning step is
eliminated. However, cycle sequencing protocols used in this study were
difficult to optimize. Several reactions were done for various exons but the
sequencing reactions usually did not produce easily interpretable results. High
background in the sequencing reactions made single base substitutions difficult
to interpret for most of the exons. In addition, over the course of ten years of
gathering samples, genomic DNA was isolated by various methods. The
differences in the DNA preparations required individual primer optimization for
many of the DNA samples.

Cycle sequencing reactions were optimized for each primer of every
exon used for the sequencing reaction. Rather than designing new primers,
one of the PCR primers was used for the sequencing when possible (TABLE 10
in APPENDIX A). These were the same primers used for the PCR amplification
(TABLES 8 and 9) and therefore, were not optimally designed for direct cycle
sequencing according to the Amersham protocols. Both ATaq Cycle
Sequencing Kit and ThermoSequenase (Amersham) were used. The
intensities of the bands for the dd-NTPs varied using the ATaq method. The
enzyme preferentially incorporates certain dd-NTPs causing many artifacts and
high background. The ThermoSequenase method was designed by the

manufacturer to eliminate the preferential incorporation of dd-NTPs. However,



36

this method still did not produce optimal sequencing results. Since many of the
primers were those designed specifically optimal for PCR, not sequencing,
several of the primers did not have optimal lengths or GC-content
recommended by Amersham in the protocols. The sequencing extension
reaction requires the exclusion of one of the dideoxynucleotides for the primer
to be elongated according to the protocols for cycle sequencing. The length
and the GC-content of the elongated primers was not consistent between the
different primers for each of the exons used in the study (TABLE 10).

Direct sequencing from PCR amplified DNA was suggested to be the
most efficient and stringent way to screen for mutations. DNA from several of
the WS family members was PCR amplified and cycle sequenced. No new
mutations were identified by this method. However, the high background and
numerous artifacts made identification of single base substitutions difficult.
Further optimization would have added considerable time and material expense
to this portion of the study. Therefore considering the technical obstacles this

method was abandoned.

Mutation Detection

Prior to screening the entire data set of thirteen WSI, nine WSII, three
WSIV and seven WS-like individuals several families MSU3, UGM2, MSUS,

MSU7, MSU9 and MSU17 were screened for mutations in exons two, five and

six for PAX3. Seven new WSI mutations were identified and characterized
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(TABLE 7). The mutational searches were dependent upon the availability of
the intron flanking sequence to design PCR primers. The entire proband set
was analyzed for mutations once primers for all of the exons of PAX3 and MITF
became available. A total of 42 individuals were screened in this study, six

mutations in WSI individuals were identified and characterized in PAX3, one
mutation in PAX3 in a family with CDHS and one mutation in a WSII family in

MITF. Herein one of the six mutations identified in PAX3 was characterized in

a WSI family. No new MITF mutations were found in this study among the nine
WSII individuals.

It is estimated that all WSI families map to PAX3.9 In a recent study of
one hundred and thirty-four families, PAX3 mutations were identified in the
coding regions in 20/25 WSI and WSIII individuals.('59 In the 42 probands in
this screening set, there were thirteen WSI individuals. PAX3 mutations were
detected in six (46%) of the unrelated WSI individuals. Although this estimate
is lower than the expected 80%('5%, considering the small sample size the
maximum number of mutations in WSI individuals in the known regions of

PAX3 may have been identified in this study.

MITF mutations causing WSII have only recently been identified. For

WESII individuals approximately 20% of the mutations have been identified in

MITF. (159 In this screening set, one MITF mutation in nine (11%) unrelated
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WSII individuals was detected. The results, however, were consistent with the
published mutation detection expectation in MITF among WSII individuals.
There may be at least one other gene responsible for the WSII phenotype that
is yet to be identified. The other WSII gene(s) may be important in the
regulation of the genes responsible for normal neural crest cell migration and
differentiation.

There are six probands in this screening set that were not classified as
WSI or WSII. Complete clinical data was lacking for these families, therefore,
they could not be characterized. However, they were included in the mutational
screening. No mutations were detected in the six unclassified WS individuals.

The set also included three WSIV probands that were not included in the WSI
or WSII calculations. Also not included in the estimates were the six SOD

individuals, MSU17 with CDHS or MSU26.

Evaluation of Clinical Data

Numerous factors may have contributed to the small number of
mutations identified in this analysis. However, the most important depends on
accurate collection and interpretation of the clinical data for each family. The
data on each family was carefully evaluated to be sure families were classified
correctly into the WS sub-categories.

My evaluation was based on the data in our files for all the families

focusing on the hearing tests, W-index measurements and the mention of any
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other clinical traits. The data for each family is described in detail in TABLES
15 through 22 in APPENDIX A. Families in this set were ascertained by
different clinicians and/or genetic counselors from all over the United States as
well as from out of the country (TABLE 11 in APPENDIX A). The data sheets
(see APPENDIX B) supplied to them were completed to various degrees, with
emphasis on different portions of the phenotype. Often pedigrees were not
included or the detail was limited. This made interpretation of the clinical
evaluations difficult. For example, many of the families did not have hearing
tests, eye exams, inner-canthal, inner-pupillary and outer-canthal
measurements. Other clinical traits not classified as WS may or may not have
been included. Pictures were rarely available of affected family members.
Most of the descriptions of the clinical data were vague and missing actual
reports. Families with questionable phenotype or without W-index ratios were
not included in the estimates for the approximate mutation detection.

Another factor that may influence the number of mutations detected is
the improper classification of dystopia canthorum with approximately 98%
penetrance. PAX3, when mutant, is responsible for the occurrence of dystopia

canthorum; and is thought to play a direct role in skull and facial

development.2%) This gene may also play an indirect role in development by
activating other genes that are responsible for skull organization. Variation in

the inner canthi, could be mistaken for WSI when in fact the clinical

manifestation is something quite different.(2%%. 208) Families with craniofacial
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anomalies should be carefully evaluated before classifying them as WSI or
WESI], if they fit the other WS criteria. This does not seem to be the case in our

screening set, with the exception of MSU22. There may be skull malformations
that are caused by mutations by PAX3 that do not exhibit the other

characteristics of WS. An example of this is Craniofacial Deafness Hand

Syndrome (CDHS) described originally in 1983.('%8) The clinical manifestation
of CDHS is distinct from Waardenburg Syndrome yet a mutation was identified

in exon two of PAX3 within the paired domain.(159)

Mutations Due to Deletions

There are several other explanations for a possible lower than expected
efficiency of PAX3 mutation detection in WS probands. Cytological analyses
could have been done to detect very large deletions in the region of PAX3 or
MITF. Deletions of PAX3 have been reported.?9?) However, a deletion that
was submicroscopic could be overlooked. Such deletions could include the
regions homologous to one or both of the primers, the entire gene or a large
segment of the gene. None of these types of deletion would be
detected by the PCR based methods used in this study. There are several
methods that can be used to detect deletions, including: competitive
quantitative PCR amplification, southern blotting, cytological testing for
submicroscopic deletions using fluorescent probes, and possibly identifying

excess homozygosity.
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Mutations in Regulatory Regions

Another possible explanation for the low number of mutations detected
in this screening set, is that the mutations responsible for the WSI phenotype
are within regulatory regions of either PAX3 and/or MITF. These regions may

be near the coding sequence or may be hundreds of kilobases away.(208-210) A

position effect mutation 85 kilobases away from the 3'-end of the PAX6 gene
causes aniridia.?') Mutations in regions downstream or upstream of the

coding region may be difficult to identify.(?12)

Mutations in a regulatory region of either PAX3 and/or MITF may cause
the WS phenotype. Regulatory regions may include promoters, enhancers,
silencers or even splicing mutants that create cryptic splice sites within introns
or alter the branch point site. Mutations within regulatory regions may affect the

function of a gene.

Mutations in Alternate Transcripts

The existence of alternative transcripts may also explain why more WSI
mutations in PAX3 and WSII mutations in M/TF were not identified. Several of
the PAX genes, including PAX2, PAX8, PAX6 have alternative transcripts that,

change the 3'-end of the gene altering the carboxy terminus.(76.213.214) Tyo
alternative transcripts of PAX2 are expressed in the human fetal kidney with no

observable difference in temporal expression.'4) There are six alternative



42

transcripts identified in murine PAX8 that are temporally and spatially regulated
during development in the developing central nervous system (CNS), the
thyroid gland and the embryonic kidneys.("® There are two isoforms of PAX6
mRNA expressed in the developing eye, brain, spinal cord and olfactory
epithelium.213)

There are at least two isoforms of PAX3 mRNAs expressed in the
human adult cerebellum and skeletal muscle as a result of alternative
splicing.®® The 3"-end of these isoforms would not be screened for mutations
by the primers used in this study. In addition to these alternate forms there
may be other alternative transcripts of PAX3 that have not been identified.
Once these different messages are identified there will be new regions to
screen for mutations in classical WS families.

Two different forms of Mi have been identified. One expressed in
melanocytes (187) and the other in heart and skeletal muscle.?® The
difference in the 5'-ends of these two forms may be generated by different

promoters.('%?) There is the possibility that other forms of Mi/MITF exist.

Technical Obstacles with SSCP

The low number of mutant alleles identified in this screening set may be
due to the detection methods that were used in this study. A key component of
SSCP analysis is primer design. The primers must be specific for the

sequence of interest, and the fragment generated by PCR should be within an
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appropriate size range for optimal variant detection. The optimal size range for
PCR fragments used in SSCP analysis are 100-200 base pairs for 80%
detection, for fragments of 300-400 base pairs the detection frequency is less
than 50%.121®) Several of the primers used in this study were designed when
little was known about the intron sequences flanking the exons of PAX3.
Therefore they could not be designed for optimal SSCP analysis. At least one
of the primers used with this screening set falls within the 5'-end of the exon
(see FIGURE 5 in APPENDIX A). This could account for some of the
undetected mutations. The majority of fragments analyzed in this study were
between 200 and 400 base pairs, two fragments were greater than 500 base
pairs. The fragment sizes detected by the primer pairs utilized in this screen
are listed in TABLES 8 and 9 in APPENDIX A. The sub-optimal fragment size

could explain why the observed mutations in WSI families were lower than

expected. However, it is important to note that the primers used in this study
are similar, but not identical to those used in other screens reported in the
literature. (151, 155.203)

Deciphering normal and variant conformational patterns can sometimes
be difficult. Often there are background bands that vary in intensity and in
pattern. Some of this variation can be eliminated by gel purifying the samples
after "cold" PCR prior to the "hot" reaction. Very few of the samples were gel
purified prior to PCR. A complex pattern of bands may still exist for a variety of

other reasons, including various DNA and primer concentrations, overloading
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the sample, differing PCR amplification efficiencies, electrophoresis conditions
and overamplification.

Genomic DNA samples not isolated with the PUREGENE kit were often
difficult to PCR amplify thus requiring a two step PCR method. Most of the
samples were PCR amplified for thirty cycles without isotope and then for
twenty-six cycles with isotope. The same primer pairs were used for both the
"cold" and "hot" reactions, possibly causing the overamplification.

Important variables for SSCP analysis include: electrophoresis
temperature conditions, gel composition and wattage. In this study, gels were
run at 4°C and at 23°C. They were prepared with MDE and/or native
acrylamide with or without glycerol. The power was set at: 8, 15, 20 or 50
Watts with differing electrophoresis times. The time each fragment should be
run for adequate separation is dependent on the sequence as well as the gel
and electrophoresis conditions and was determined empirically. Although
many combinations of the temperature conditions, gel composition and wattage
were used in this study, any one of the combinations may have been under-
represented. However, SSCP variants identified by one condition were also
observed using others conditions. Also, the SSCP variants observed in families
with previously documented mutations were consistently demonstrated using a

variety of the above conditions.
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Mutations in Other Genes

Mutations in EDNRB, EDN3 and RET have been characterized in
individuals with Hischprungs disease (HSCR) and Waardenburg Syndrome.
Hirschprung disease or aganglionic megacolon, is associated with the
congenital absence of intrinsic ganglion cells in both the myenteric and
submucosal plexuses of the distal gastrointestinal tract, leading to the failure of
innervation of the colon.('7® HSCR is estimated to occur in 1/5000 live

births with a sibling recurrence risk of 4%.2°) Males are more susceptible than

females.?® HSCR is considered to be a developmental defect stemming from
a failure of neural crest cell migration, differentiation or colonization during
gestation weeks five to twelve.('”® Mapping studies implicated several genes
as possible candidates. After the discovery of the genes responsible for the
Hirschprung disease phenotype the question of screening our families for
mutations needed to be addressed.

We have three families, MSU12, MSU13 and MSU28, in our data set
that appear to exhibit Hirschprung disease, along with WS (TABLE 7). All
three HSCR families have been screened for mutations in PAX3 and MITF by
SSCP analysis but not EDNRB, EDN3 or RET. No apparent SSCP variants

were identified in these three families.



CONCLUSION

Considering the possible errors in experimental design and the missing
clinical data there may be more information to be collected from the 31
Waardenburg Syndrome families discussed in this study. One family
designated UGM1, has been shown to be linked to PAX3; however, a mutation
within the coding region has not been identified (data not shown).

There are several aspects that could still be considered for exploration.
Direct sequencing with optimal primers of each exon of both PAX3 and MITF
for each proband is one possibility. The use of automated sequencers could
also eliminate differences in reaction conditions.

Several of the families in this study were missing essential clinical data.
This made clear classification of WS difficult; thus without accurate and
complete clinical data the diagnosis may not be reliable. Prior to undertaking
any large scale screening for mutations, a thorough evaluation of the available
clinical data is important to ensure that time is not wasted on screening
individuals that are unlikely to have mutations in the genes of interest.

The identification of submicroscopic deletions may be possible with the
use of competitive quantitative PCR amplification, cytological analysis looking
for the deletions or identifying an excess homozygosity. All three of the above
techniques are time consuming and technically challenging. The results may

not be conclusive. Therefore, without linkage data demonstrating the gene of
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interest is responsible for the phenotype, optimizing the techniques may not be

cost efficient. In this study markers linked to PAX3 could be used to look for an
excess of homozygosity; which may indicate that the alleles are actually

hemizygous. The small sample size will not give statistically significant results.



MATERIALS and METHODS

Family Identification and DNA isolation

During the period of this study, WS families were ascertained in various
ways and by many different individuals. Several of our families were identified
through schools for the deaf, in the United States and in Indonesia. Included in
this study were six Indonesian families identified and collected during multiple
trips made by Drs. Asher and Friedman to Indonesia (collaborators: SuKarti
Moeljopawiro, Sunaryana Winata and | Nyoman Arhya, Udayana University,
Denpasar, Bali Indonesia). The more recent families used in this study were
identified through collaborations with various physicians and genetic counselors
(TABLE 11 in APPENDIX A). Most of the clinical data was collected by
different physicians and, as a consequence, is not complete in every respect.
The entire proband set is outlined in TABLE 5 in Chapter one. Each family is
described in TABLES 14-21 to the extent that our records are complete. All
family members contacted were informed of the study and signed consent
forms in order to participate (see APPENDIX B for copy of blank forms).

Patient DNA was obtained from either lymphocyte cells from blood or
cheek cells isolated by a saline mouthwash method. DNA obtained from blood
was isolated using the PUREGENE™ kit (Gentra Systems). The blood sample
was incubated with RBC lysis solution, then centrifuged at 2000xg at room

temperature. The white cells formed a pellet and the supernatant was
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discarded. The white cells were then incubated with WBC lysis solution at
37°C. Protein precipitating solution was added and the supernatant was
collected. Two volumes of ethanol were added to the supernatant. The DNA
was precipitated and was washed in 70% ethanol for several minutes and then
resuspended in T1gE1 pH 8.0. In families identified in the early 1990's, the DNA
was isolated by various other methods including phenol extraction.

The mouthwash samples were isolated in 10 ml 0.9% sterile saline. The
solution was centrifuged and 500 pul 0.05 N NaOH was added to the
pellet. Then the solution was incubated at 95°C for five to ten minutes, stored

on ice for zero to five minutes before adding 500 ul T10E¢ pH 8.0.

Polymerase Chain Reaction

DNA amplification was performed on a MJ Research, Inc., Thermo
Controller using the Polymerase Chain Reaction (PCR) for each of the known
exons of both PAX3 and MITF. See primer list (TABLES 8 and 9). All of the
primer pairs for PAX3 and MITF were amplified using the PCR buffer recipe: 10
mM Tris-HCI, pH 8.3, 1.5 mM MgCl, and 50 mM KCI (Boehringer Mannheim)
except exon seven of PAX3. The reaction buffer for exon seven contained: 10
mM Tris-HCI, pH 9.2, 1.5 mM MgCl, and 75 mM KCI (Stratagene Opti-Prime ™
PCR Optimization Kit, buffer 10).

Standard amplifications were performed in a total volume of 25 ul which

included: 100 ng genomic DNA, 0.1-0.2 uM of each primer, 0.25 mM dNTP's,
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2.5 ul 10x PCR buffer, 0.2 units of Thermal Stable DNA Polymerase (TSP).
The cycling parameters were: 94°C for 1 minute, a specified annealing
temperature (TABLES 9 and 10), 72°C for 3 minutes for 15-30 cycles and then
a 10 minute final extension at 72°C. Labeling reactions also included a.33P-
dATP or a33P-dCTP (Amersham and/or Andotech).

Markers linked to PAX3 were used to analyze informative families for
linkage. In this study MSU22 was typed for the markers described by Wilcox et
al.(183) and Macina et al.(132) See primer list in TABLE 13. The PCR

amplification followed the standard protocol outlined above.

Single Strand Conformation Polymorphism

Single Strand Conformation Polymorphism (SSCP) was performed on all
known coding exons of PAX3 and MITF for all of the probands. The PCR was
performed as above. A 2-3 pl aliquot of each amplification was denatured for 3
minutes at 95°C, chilled on ice, then electrophoresed on a MDE™ 0.5X
Hydrolink® gel (AT Biochem). The MDE gels were prepared with 12.5 ml
MDE, 3 ml 10X TBE (Tris base, Boric acid and EDTA), 35 ml dH20, 540 ul 10%
ammonium persulfate (APS) and 30 ul TEMED (Tetramethyl-ethylenediamine).
Electrophoresis proceeded in 0.6X TBE buffer in both the upper and lower
chambers of a NUGENEration™ Sequencing Systems (OWL Scientific models
S1S and S2S). MDE gels were run at 8 Watts both at room temperature and at

4°C. Gels were also run under the above conditions with and without 10%
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glycerol. Select gels were run at 15 or 50 Watts at both temperatures. The run
time varied from four to 12 hours for each exon due to the size of each
fragment and the sequence. Control samples were included for each analysis
to distinguish normal patterns from SSCP variants.

For DNA samples with a SSCP variant the genomic DNA was PCR-
amplified multiple times and run on several gels to determine if the variant
pattern was reproducible. The PCR products from individuals with abnormal
and reproducible SSCP patterns were either subcloned and sequenced
(Amersham Sequenase™ Version 2.0 Kit, or a modified version) or directly
sequenced by cycle sequencing protocols (Amersham ATaq Cycle™

Sequencer or ThermoSequenase™ kits).

Allele Specific Amplification (ASA)

Allele-specific primers were designed so that the single base
substitution was at the 3'-end of the primer. An allele specific primer (TF195)
was synthesized to verify the base change in family UoM1 in PAX3 exon seven.
TF195 was amplified with TF141 for exon seven and in the same reaction tube
h a PAX3 exon four control primer pair set TF35 and TF36. The primers were
optimized using the Stratagene Opti-Prime™ Optimization Kit and buffer #2 (10

mM Tris-HCI, pH 8.3, 1.5 mM MgClz and 75 mM KCI). The cycling parameters
were as above with an annealing temperature of 65°C. The exon four primers

(TF35-36) were used for a control fragment, with a product length of 242 base
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pairs and the allele-specific fragment amplified with TF141 and TF195
produced a 270 base pairs product. (see the primer list TABLE 8). The
fragments were separated by electrophoresis on a 4% 3:1 NuSieve for 3 hours

and visualized with ethidium bromide staining.

Cloning fragments

After determining that a SSCP was reproducible, the mutant PCR
product containing the SSCP variant was cloned into a pGEM®-T Vector
System (Promega) or the TA-Cloning® kit (Invitrogen). The insert:vector molar
ratio was either 3:1 or 1:1. The ligation reactions included: T4 DNA ligase 10X
buffer (300 mM Tris-HCI, pH 7.5, 100 mM MgCI2, 100 mM DTT and 10 mM
ATP), 50 ng pGEM®-T vector, PCR product, T4 DNA ligase (1 Weiss unit/ml)
and dH20 to a final volume of 10 pl. The ligation reaction mix incubated for
three to twelve hours at 15°C. The transformation step used a 2 pl aliquot of
the ligation reaction mix. After the ligation reactions, the vector was introduced
into the Sure Cells by either electroporation or by the cell shock protocol
described by Invitrogen®. Cells were grown on LB (Luria-Bertani) plates with
ampicillin (50 pg/ml), IPTG (200 mg/ml) and X-Gal (20 mg/ml in
dimethylformamide) utilizing the blue-white selection method. LB medium
contains 10 grams Bacto®-tryptone, 5 grams Bacto® yeast extract, 5 grams
NaCl and 15 grams agar per liter. Inserts cloned into pGEM®-T vector were

verified by either restriction digests or PCR. Clones were then propagated in
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liquid LB with ampicillin (50 pg/ml) for eight to twelve hours at 37°C and shaking
at 225 rpm. Plasmid DNA was isolated using the Wizard™ Minipreps DNA
Purification Systems (Promega). SSCP analysis was performed on individual
clones and compared to the patterns generated from the genomic DNA in order

to identify clones containing the mutation responsible for the SSCP variant.

DNA Sequencing

The DNA sequence of the cloned fragments containing SSCP variants
was determined using the forward and reverse primers from the Sequenase 2.0
kit following the manufacturer's protocol. A modified version of the Sequenase
protocol called the Quick Double-Strand DNA Sequencing Protocol was used.
This method does not require an ethanol precipitation after the denaturation
step and thus saves about one hour. Primer concentrations generally ranged
from 1-2 mM however, primer concentrations as high as 20 mM were also
used. In the denaturation step, the DNA, primer and 1N NaOH was incubated
at 68°C for ten minutes. Freshly prepared TDMN (Tes, concentrated HCI, 1M
MgClz, 4M NaClz; and 1M DTT) was added in the annealing step.

For the cycle sequencing or direct sequencing reactions the PCR
products were separated by electrophoresis on 1-2% low melt (FMC) agarose
gels and purified using the Wizard™ PCR Purification Systems (Promega).
Cycle sequencing reactions were optimized for each primer for each of the

exons of PAX3 and MITF. The annealing temperature varied for each primer
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(TABLE 10) and either 67°C or 72°C were used for the termination reaction.
Cycling was done 50 times at both steps, the overall reaction time was
approximately three hours. Cycle sequencing reactions were performed
following the manufacturer's protocol using either the ATaq Cycle™
Sequencing kit (Amersham) or ThermoSequenase™ Cycle Sequencing kit
(Amersham). Sequencing reactions were separated by electrophoresis on 6%
acrylamide gels with either flat or wedged spacers. The gel solution was made
in 600 ml volumes and stored at 4°C and includes: 90 mi 40% acrylamide
(Biorad 19:1 solution), 60 ml 10X TBE, 288 g urea and dH20 to 600 ml. The
standard gels use 75-100 ml from the prepared acrylamide stock, 30-50 pl
TEMED and 75-100 ul APS. The gels were pre-warmed for 30-45 minutes in
0.5X TBE buffer prior to denaturing the PCR fragments at 94°C for two to ten
minutes. Electrophoresis proceeded at 55 or 95 watts in order to maintain a
constant temperature of 55°C. Gels were fixed in 20% methanol and 10%

acetic acid for 45 minutes, dried and exposed to Hyperfilm™-MS (Amersham).



CHAPTER 2

A Waardenburg Syndrome type I family
with the proband exhibiting WSI and Septo-Optic Dysplasia.

INTRODUCTION

Septo-Optic Dysplasia

Septo-Optic Dysplasia (SOD) also known as Septo-Optic-Pituitary
Anomaly (SOPA) has a highly variable phenotype.©17-223) Key characteristics
of SOD are optic nerve abnormalities, partial or complete absence of the
septum pellucidum(®?4. 225 and endocrine dysfunction.(??6-228) The pituitary
dysfunction can be highly variable and change throughout life. Some of the key
characteristics of pituitary dysfunction are: short stature, neonatal
hypoglycemia, seizures, apnea, cyanosis, jaundice, thermal instability and
fever, CNS abnormalities and mental retardation.(26: 227. 229-233) The primary
diagnostic characteristic of SOD is visual impairment, including amblyopia and
nystagmus. (234 235

The cause of SOD is not known. There are some correlations between
a young age of the mother and even possible drug use with the occurrence of

SOD. There are also examples of various infections during pregnancy

including Rubella, viral and urinary tract infections.(?28. 236-239) There are two
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cases with relatives displaying SOD suggesting the possibility of a genetic

component, yet all other reported occurrences of SOD have been sporadic. 4%
241)

SOD arises early in gestation and represents a mild form of
holoprosencephaly.(227. 242-246) The approximate time in embryogenesis is at
about four to six weeks gestation when the anterior wall of the diencephalon
invaginates and the optic nerve ganglion cells develop.?*”)  Findings of
widespread calcification and glial nodules in the septal region and the anterior
hypothalamus suggest that a destructive process with necrosis and neuronal
loss between eighteen to twenty weeks has occurred.(242:248) This is

approximately the time when the septum pellucidum forms (242 243)

(FIGURE 7).

Septum Pellucidum

Figure 7 Medial surface of a 4 month human embryo brain. The arrow is pointing to the newly
forming septum pellucidum, the broken line indicated the future expansion of the corpus
callosum. (modified from Langman's Medical Embryology, Sixth Edition)(322)
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The morphological role of the septum pellucidum is to divide the two
telencephalic ventricles and to permit the adhesion of the fornix to the corpus
callosum@17:218) (FIGURE 8). When agenesis of the septum pellucidum occurs,
the mass of embryonic neuralgia tissue which forms the commissural plaque
between the origin of the corpus callosum and the anterior commissure does
not form(@17: 218) (FIGURE 9). Thus the fornix is not attached to the corpus
callosum. If there is a distinct function of the septum pellucidum it is not

known.(249)
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fornix septum pellucidum

Figure 8 Normal frontal view of the brain. Arrows pointing to the corpus callosum, septum
pellucidum and the fomnix. (modified from The Human Brain and Spinal Cord, Lennart
Heimer).(323)

Figure 9 Frontal view of a brain with Septo-Optic Dysplasia. Notice the absence of the septum
pellucidum which causes an enlargement of the ventricles. The corpus callosum and fornix are
not attached and seem malformed. (modified from de Morsier)(242)
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Ascertainment of an Individual with WSI and SOD

UoM1 is a four generation family (FIGURE 10) that was ascertained at
the University of Michigan Pediatric Genetics clinic by Dr. Jeffrey Innis. Some
members of the family exhibited a typical WSI phenotype (TABLE 18 in
APPENDIX A). The proband in this family has Septo-Optic Dysplasia (SOD)

and WSI, however, the other six individuals with WS do not have SOD. There

are no reports in the literature of an individual or family with WS and SOD.

There are reports of other clinical associations with SOD including digital
anomalies,@%0) cleft face,?51: 252) craniofacial anomalies such as Apert

Syndrome(?53 and other severe brain anomalies not including WS.(254)

Six additional individuals with SOD and/or optic nerve hypoplasia
(SOD1-SOD6) but not WS were ascertained by Dr. Innis in collaboration with
Dr. Nancy Hopwood. All of these individuals were sporadic cases of SOD,
identified at the University of Michigan genetics clinic. A description of the
phenotype for each individual is in TABLE 21 in APPENDIX A. Although none
of these individuals demonstrated any characteristics of Waardenburg
Syndrome they were included to investigate a possible connection between a
PAX3 or a MITF mutation and SOD. There are no reports in the literature that
individuals with SOD have been examined for mutations in either PAX3 or
MITF. Until ascertaining UoM1 there would have been no reason to suspect

such a connection.
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Figure 10 The pedigree of UoM1. The symbols are divided into two halves, the right portion
being shaded if the WS phenotype is present and the left portion if SOD is present. The WS
phenotypeincluded: dystopia, premature graying and deafness.



RESULTS

UoM1 was screened for all of the exons of PAX3 and MITF. There were
three SSCP variants identified in the analysis, one in PAX3 exon seven, and

two in MITF, one in exon one and the other in exon nine.

SSCP Analysis of PAX3

The SSCP variant found in PAX3 exon seven was not identified in the
any of the other 42 probands (FIGURE 13). The SSCP was reproducible and
seen in all WS affected individuals in the family. The PAX3 exon seven SSCP
variant was not seen in the unaffected mother of the proband. The PCR
fragment was gel purified and cloned into the p-Gem-T Vector. The materials
and methods are described for all experiments in Chapter one.

The clones were analyzed by SSCP analysis and clones with the variant
SSCP and the normal pattern were sequenced using the Sequenase version
2.0. A guanine (G) to cytosine (C) transversion was identified in exon seven
predicting an amino acid change at codon 391 changing a glutamine (Q) to
histidine (H) (FIGURE 11). PCR amplified genomic DNA from several WS
individuals from this family were directly sequenced and the same base
substitution was identified. An allele-specific primer was designed (TF195) and
used to amplify genomic DNA in combination with a normal upstream exon

seven primer (TF140). The PAX3 exon four primers (TF35-36) were included in
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the same PCR amplification as a control (see TABLE 8 in APPENDIX A for
primer description). All WS individuals in the family amplified the mutant allele-
specific fragment while the normal mother only amplified the control band
(FIGURE 12). A set of 60 random individuals were screened by PCR
amplification with the mutant allele-specific primer set and the control set.
None of the random individuals had the allele specific fragment yet all amplified

the control fragment.



Figure 11:
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PAX3 exon 7 normal and the mutant DNA sequence and the
normal and mutant protein sequence. The normal sequence
is on top for both the DNA and protein and the mutant is on
the bottom. There is a G to C transversion, that is boxed in
with an arrow. This change alters the amino acid sequence
substituting a glutamine (GIn) with a histidine (His) which
occurs at codon 391. This is the 3'-end of exon seven and
may alter splicing since the splice consensus is changed from
Aggtcagt to Acgtcagt.
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1 10 20 30 40 S0 60 70
5' AGAAAACATGATGGTTGACAATCTTTTTCATTTCAGCTGTGTCAGATCCCAGCAGCACCGTTCACAGACC

I E X2 S Z2SR S22 2SR RERRR RS R RS RS R RS R Rl SRR RRs RSl RRRRRRR SRS SRS RE SRS

S' AGAAAACATGATGGTTGACAATCTTTTTCATTTCAGCTGTGTCAGATCCCAGCAGCACCGTTCACAGACC
1 10 20 30 40 50 60 70

71 80 90 100 110 120 130 140
TCAACCGCTTCCTCCAAGCACTGTACACCAAAGCACGATTCCTTCCAACCCAGACAGCAGCTCTGCCTAC
Y A R R R R I I S I
TCAACCGCTTCCTCCAAGCACTGTACACCAAAGCACGATTCCTTCCAACCCAGACAGCAGCTCTGCCTAC

71 80 90 100 110 120 130 140

141 150 160 170 180 190 200 210
TGCCTCCCCAGCACCAGGCATGGATTTTCCAGCTATACAGACAGCTTTGTGCCTCCGTCGGGGCCCTCCA

(2 2SS 2SR SRR R RER R RS R R R R RS RRRSR R RER AR RRRSSE SRRttt RtRl R RaRE R RS N

TGCCTCCCCAGCACCAGGCATGGATTTTCCAGCTATACAGACAGCTTTGTGCCTCCGTCGGGGCCCTCCA
141 150 160 170 180 190 T 200 210

211 220 230 240 250 260 270 280
ACCCCATGAACCCCACCATTGGCAATGGCCTCTCACCTC TCAGTCCCGTGTTTCTAGACAGACGATT

AKX KKK AR AR AR R R A AR A AN AR AR RN R A AR RRRARANRNKA] A A AR A A AR A A A AR RN ARRARA AR AR RN

ACCCCATGAACCCCACCATTGGCAATGGCCTCTCACCTCACITCAGTCCCGTGTTTCTAGACAGACGATT
211 220 230 240 250 \\. 260 270 280

281 290
TGCTGTATACC 3

Kk Akkkkkkkk

TGCTGTATACC 3
281 290

ValSerAspProSerSerThrValHisArgProGInProLeuProProSerThrValHisGInSerThrilePro
ValSerAspProSerSerThrValHisArgProGInProLeuProProSerThrValHisGInSerThrilePro

SerAsnProAspSerSerSerAlaTyrCysLeuProSerThrArgHisGlyPheSerSerTyrThrAspSer
SerAsnProAspSerSerSerAlaTyrCysLeuProSerThrArgHisGlyPheSerSerTyrThrAspSer

PheValProProSerGlyProSerAsnProMetAsnProThrlleGlyAsnGlyLeuSerProGin
PheValProProSerGlyProSerAsnProMetAsnProThrileGlyAsnGlyLeuSerProHis




Figure 12:
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ASA of the PAX3 exon 7. The allele specific amplification of
the PAX3 exon 7 mutation identified in UoM1. Five of the
seven WS affected individuals were analyzed by ASA. The
WS affected individuals are have the allele-specific fragment
which is 270 base pairs. The unaffected mother (#10) does
not have the allele-specific band but does have the control
fragment which is 242 base pairs. The four random individuals
only have the control fragment.
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Allele-specific Amplification
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Figure 13:  SSCP variants identified in UoM1. The top panel demonstrates
a portion of the proband screening set analyzed by SSCP for
PAX3 exon 7, number 27 represents the proband of UoM1.
The lower panel demonstrates a sample of probands analyzed
by SSCP for MITF exon 1, number 27 represents UoM1.
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Mutation ldentification in MITF

The exons of MITF were also analyzed in UoM1 for mutations. Two
SSCP variants were identified in MITF. In order to determine if the observed
SSCP variants identified in MITF were reproducible, the genomic DNA from the
proband was amplified six times along with both of the proband's parents. The
SSCP variant that was identified in exon nine was not consistently observed,
therefore it was not further analyzed. An obvious SSCP was identified in exon
one (FIGURE 13) however, the variant was difficult to identify in separate PCR
amplifications electrophoresed multiple times on different gels made with the
same recipe.

In order to determine if there was a sequence change responsible for the
SSCP variant in exon one of MITF cycle sequencing was performed on the
PCR- amplified fragment for the proband and his parents. No sequence
variations were observed in the mother, father or proband within the coding
region of exon one of MITF.

The proband's PCR amplified DNA fragment of 290 base pairs was
subcloned and 60 clones were screened by SSCP analysis. None of the clones
showed the obvious SSCP variant identified originally in the proband. Two
clones with two different SSCP variants, different from the one observed in the

genomic DNA from the proband, were sequenced. The only sequence change
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was within intron one beyond the splice site junction. No other sequence

changes were observed in either clone.

Other Individuals with SOD

Six individuals with SOD were ascertained from the University of
Michigan Pediatric Endocrinology clinic. All six individuals were screened for
mutations in PAX3 and MITF by SSCP analysis. Two different, subtle SSCP
variants in exon seven of PAX3 were detected in two of the SOD individuals,
SOD2 and SOD4, but were not reproducible. The PCR fragments were cloned

and 25 clones were analyzed by SSCP. No variant clones were detected.



DISCUSSION
Description of UoM1

UoM1 is a four generation family with Waardenburg Syndrome Type I
and one individual with both WSI and Septo-Optic Dysplasia (SOD) or de
Morsier Syndrome. Individuals in this family present a typical WSI phenotype

with dystopia canthorum, pre-mature graying and deafness. The proband
however, also has SOD. The proband has optic nerve hypoplasia and absence
of the septum pellucidum. The father was examined by magnetic resonance
imaging (MRI)255. 256) and found to have a normal septum pellucidum and
other intracranial structures. He has no vision loss and no apparent endocrine
dysfunction. Therefore, there is no indication of SOD in the father of the
proband.

Due to the possibility of some connection between the presence of SOD
and either a PAX3 or MITF mutation, several additional individuals were
ascertained with SOD. This was the first opportunity to explore a possible
genetic basis for Septo-optic dysplasia. One hypothesis is that mutations in
either PAX3 or MITF were responsible for both the WS phenotype and/or the

SOD.
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Mutational Analysis of PAX3 and MITF

The UoM1 proband was screened by SSCP analysis for PAX3. A SSCP
variant was detected in PAX3 exon seven that was not observed in the 40 other
probands (FIGURE 13). There was a glutamine (G) to cytosine (C) transversion
identified in the third position of the last codon of exon seven (FIGURE 11). The
substitution was verified in three other WS affected individuals in the family by
directly sequencing the products from PCR-amplified genomic DNA. This
transversion mutation predicts an amino acid change at codon 391 changing a
glutamine (Q) to histidine (H) (FIGURE 11). This single base substitution also
predicts a splice site mutation that may create a truncated protein due to the
premature stop approximately 70 nucleotides downstream, which would
possibly eliminate a portion of the PAX3 transcriptional activation domain. This
putative splice site mutant is predicted by the consensus splice sites.(257: 258)
Although there are now more than 50 mutations causing WSI, this is the first
example of an exon seven mutation of PAX3 identified in patients with WSI
(TABLE 5).

In order to verify the sequence change in the genomic DNA an allele-
specific primer was designed (TF195) and used to amplify genomic DNA in
combination with a normal upstream exon seven primer (TF140). The PAX3
exon four primers (TF35-36) were included in the same reaction mix as a

control (see TABLE 8 in APPENDIX A). The expected fragment sizes were 270
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base pairs for the allele specific fragment and 242 base pairs for the control
fragment. The PCR-amplified DNA was separated by electrophoresis on a 4%
NuSieve agarose gel and stained with ethidium bromide. All WS individuals in
the family had the allele specific band while the normal mother only amplified
the control fragment (FIGURE 12). A set of 60 random individuals were
screened by PCR amplification with the allele specific primer set and the control
set (data not shown). None of the random individuals had the allele specific
fragment yet all amplified the control band. This indicates that the mutation
identified in UoM1, in PAX3 exon seven, was most likely the WS associated
mutation and not a common polymorphism.

The proband was also screened by SSCP analysis for MITF. Two
variants were identified in the proband exhibiting both WS and SOD, one in
MITF exon one and the other in exon nine. Neither parent, the normal mother
or the WS affected father, had either of the two SSCP variants seen in the
proband. The variant in exon nine was not reproduced in multiple PCR
amplifications, and therefore was not further investigated. The MITF exon one
variant was an obvious pattern difference (FIGURE 13) compared to the other
40 probands but was not observed in all experiments.

The PCR amplified fragment from exon one was cycle sequenced. No
sequence changes were identified in the coding region of exon one (data not
shown), however the entire 5'-UTR was not readable by this method. The

fragment was subcloned into a plasmid vector and 60 clones were analyzed by
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SSCP. There were two clones with SSCP patterns that were different from the
original SSCP variant identified in the proband. These clones were sequenced,
the only sequence variation was within intron one beyond the

splice site. No other variant SSCP patterns were identified in the 58 clones

(data not shown).

Other individuals with SOD

Due to the possibility of a connection between WS and SOD in this
family and the SSCP variants identified in both PAX3 and MITF, several
individuals with SOD were ascertained. There were two individuals with SOD,
designated families SOD2 and SOD4, that had two different SSCP variants
identified in PAX3 exon seven. The genomic DNA was PCR-amplified in
multiple sets along with control samples and the SSCP variants were not
reproduced in SOD2. The variant pattern in SOD4 was subtle. Considering the
importance of these data the genomic DNA from SOD2 and SOD4, was PCR-
amplified and the fragments were subcloned. A total of ten clones were
screened by SSCP analysis for each proband. No SSCP variants were
detected in any of the clones. No other SSCP variants were identified in the
remaining exons of PAX3 or MITF for either proband. There were no SSCP
variants identified for any of the exons of PAX3 or MITF for SOD1, SOD3,

SOD5 and SODS6.
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SOD1 through SOD6 did not exhibit any WS characteristics (TABLE 21
in APPENDIX A). However, a diagnosis of a mild or subtle form of SOD may
be easily missed in WS individuals due to the high variability of the clinical
manifestations.(?5%-261) |t is possible that some individuals with WS may also
have very mild SOD that was not diagnosed. This was why the father of the
proband in UoM1 was examined by MRI. Individuals with only mild endocrine
dysfunction, an absent septum pellucidum and without any nerve hypoplasia
may not be identified. Verifying the absence of a septum pellucidum is
expensive and would not be done without good reason. Therefore, it is
possible that WS patients may have SOD with only mild characteristics and
would not be identified.

There is a possibility that the PAX3 mutation in exon seven is
responsible for both the WS and SOD phenotypes. The connection may not
have been observed before due to a bias of ascertainment, individuals that did
not have dystopia canthorum. Ascertaining other SOD individuals with dystopia
canthorum or other WS characteristics may further elucidate a
possible connection between the SOD and the WS phenotypes in the presence

of a PAX3 mutation.



CONCLUSION

Considering the involvement of PAX3 with neural crest cell migration
and role of MITF in melanocyte differentiation it is reasonable to propose that
other neural tdbe defects or melanocyte-deficient diseases may be related to
mutations in either of these genes. |dentifying families with WS phenotypes
associated with other clinical traits may help further characterize the clinical
characteristics of the WS phenotype. Although the connection between WS
and SOD could not be established in this study, this observation may alter the
guidelines set for ascertaining and characterizing disorders. Whether the

occurrence of SOD is sporadic or inherited is yet to be determined.
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CHAPTER 3

Waardenburg Syndrome co-segregating with
other severe craniofacial anomalies.

INTRODUCTION

Genes Causing Craniofacial Anomalies

Several genes have been associated with syndromes that are
characterized by craniofacial and limb anomalies. The molecular control of
embryogenesis and differentiation is regulated by a system of coordinated
genes expressed both spatially and temporally. Some of these genes encode
DNA-binding proteins that in turn regulate other genes. Several families of
genes fall into this category including HOX, PAX, POU and zinc finger genes.
In the initial mapping studies for Crouzon Syndrome a candidate gene
approach was taken that included several genes important in early
development, including the entire PAX gene family.(262)

Fibroblast growth factor receptors (FGFRs) are members of the
transmembrane tyrosine kinase receptor family with three extra cellular
immuno-globulin like (Ig) loops. The FGFRs bind fibroblast growth factors
(FGFs). The FGF family is made up of related polypeptides that function in
various aspects of embryogenesis, growth and homeostasis. Three of the four
human FGFRs (FGFR1, FGFR2 and FGFR3) have been implicated in several

disorders. Mutations in FGFRs have been found associated with three skeletal
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dysplasias including: achondroplasia(@%3. 264 (ACH), thanatophoric dysplasia
type 11(285. 266) (TDII) and hypochondroplasia?®”) (HCH); and four
craniosynostotic syndromes8® including: Apert (MIM 101200), Crouzon (MIM

123500), Jackson-Weiss@59) (MIM 123150) and Pfeiffer (MIM 101600)

Syndromes.

Description of MSU22

A five generation family (FIGURE 14), MSU22 was identified with both
WS and craniofacial anomalies described in TABLE 23 in APPENDIX A. The
craniofacial anomalies in MSU22 are similar to those observed in the other
craniosynostotic syndromes including: Apert, Saethre-Chotzen (MIM 101400),
Crouzon, Pfeiffer and Jackson-Weiss Syndromes. The craniofacial
abnormalities in this family appeared to include the typical WS phenotype
including dystopia canthorum and broad nasal root, along with craniosynostosis
and dysostosis. Craniofacial anomalies like this have not been observed in WS
individuals prior to this study. The goal of this study was to determine if the

craniofacial anomalies in MSU22 were due to a PAX3 or MITF mutation.

Craniofacial Syndromes

Pfeiffer Syndrome (acrocephalosyndactyly type V) is inherited as an

autosomal dominant disorder. The condition is caused by coronal

craniosynostosis creating a tall and narrow skull (clover leaf heads). The
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individuals exhibit midface hypoplasia, hypertelorism, proptosis, downslanting
fissures, thumb abnormalities (broad), syndactyly, fusion of hands and
elbows.270. 27Y) Some sporadic cases also display hearing loss.(272-275)
Mutations in FGFR1, on chromosome 8%?7®) and in FGFR2, on chromosome
10q@76. 277) have been identified as at least two of the genes associated with
Pfeiffer Syndrome in some individuals.

Crouzon Craniofacial Dysostosis Syndrome (acrocephalosyndactyly type

II) segregates as an autosomal dominant disorder. The condition is caused by

cranial synostosis or premature fusion of the bone sutures. Crouzon is
clinically characterized by an abnormally short skull, protrusion of the anterior
fontanel (oxycephaly), hypertelorism, external strabismus, exophthalmos,

parrot-beaked nose, short upper lip, hypoplastic maxilla, relative mandibular
prognathism, hearing loss and visual loss.(?78-280) Mytations have been

identified in both FGFR2(268.277.281-286) gnd FGFR3, on chromosome 4p,287)

in individuals with Crouzon Syndrome.

Apert Syndrome (acrocephalosyndactyly type I),288) is yet another
craniosynostosis syndrome. Clinical characterization includes
hypopigmentation, CNS malformations,288-291) cleft palate, cervical vertebral
fusion, syndactyly, bone fusion and nail abnormalities of the hands and
feet.(292302) Hearing loss has been observed in individuals with Apert
Syndrome.(303. 304) The only gene identified with mutations causing Apert

Syndrome patients thus far is FGFR2.(305)
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Saethre-Chotzen Syndrome (acrocephalosyndactyly type III) is an

autosomal dominant disorder characterized by premature fusion of the cranial
sutures in association with mild cutaneous syndactyly, brachydactyly and
clinodactyly.(318) Individuals may have short stature, skin abnormalities of the
fingers and toes. The clinical characteristics include brachycephaly,

microcephaly, skull asymmetry, hypertelorism, ptosis, strabismus and unusually

shaped ears.(3%6-315 The gene responsible for the development of Saethre-
Chotzen Syndrome has not been identified; however, deletions and linkage
studies have implicated 7p21.2 as the candidate region.(313. 316.317)

In MSU22, the hypothesis that either a PAX3 or MITF mutations was
responsible for both the WS and some or all of the craniofacial phenotypes was
tested. However, due to the fact that there were only a few individuals with a
clear WS phenotype and with obvious craniofacial anomalies, the possibility

that two syndromes were co-segregating in this family was a possibility.
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RESULTS

Mutational Analysis

MSU22 was included in the SSCP analysis of PAX3 and MITF. No
SSCP variants were identified for any of the exons of PAX3 or MITF.
Sequencing was done for PAX3 exons two and six with no sequence changes
identified. These two exons included portions of the paired domain and the

homeodomain, respectively, which is why they were examined directly.

Linkage Analysis to PAX3

A linkage simulation (SLINK) was performed by Dr. J. H. Asher, Jr. that
predicted that it would be possible to determine whether or not this was a single
disorder or if either of the two clinical entities were linked to PAX3. The
simulation indicated the need for additional family members’ DNA. DNA
samples were obtained for fifteen of the thirty necessary individuals to obtain a
LOD score of greater than 3.0. The DNA was typed for two markers linked to
PAX3: the 5'-marker described by Wilcox et al.('83) and an intron seven marker
described by Macina et al.('3?) The primers, similar to those described in
Wilcox et al.(183) and Macina et al.(132) were designed, and are listed on TABLE
12 in APPENDIX A. The assay used is described in the Materials and Methods

in chapter one.
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The intron seven marker showed at least two recombinations in
individuals that clearly had Waardenburg Syndrome. The data from the 5'-
marker also had at least two obligate recombinants. The analysis was done
assuming one syndrome including both the WS phenotype and the craniofacial
abnormalities, WS alone (FIGURE 15) and the craniofacial anomalies alone
(FIGURE 16). The DNA from all the necessary family members’ was not

available, therefore a formal linkage analysis was not possible.



Figure 15:

MSU22 pedigrees: linkage analysis with WS phenotype.

This includes individuals with single WS traits that would not
be classified as WS by the consortium criteria according to
the WS consortium clinical criteria, see TABLE 4. Included is
a table with the individuals genotyped for the STRs described
by Wilcox et al.(183) and Macina et al.(132) and the genotypes.
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Figure 16:

86

MSU22 pedigree: linkage analysis with the CA phenotype.
Those family members that are do not exhibit the phenotype
and do not have offspring with the phenotype are not included
in this pedigree. All individuals with the craniofacial anomalies
have had surgery except 317, this individual has been not
been seen by our collaborator. Included is a table with the
individuals genotyped for the STRs described by Wilcox

et al.(183) and Macina et al.(132) and the genotypes.
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DISCUSSION

Description of MSU22

MSU22 was ascertained due to an inherited form of ulnar neuropathy by
Dr. Robert Spinner (Duke University Medical Center). Seven members of the
family clearly have a typical Waardenburg Syndrome phenotype including:
deafness, heterochromia irides and white forelock. There was a definite
correlation between the WS and craniofacial anomalies. Seven family
members exhibited only one of the major WS characteristics and would be
classified unaffected by WS diagnostic criteria.®® Seventeen of the family
members exhibited severe craniofacial anomalies, with all but one individual
needing surgery in infancy. The proband, 405, and his affected grandmother,
202, exhibit the Waardenburg Syndrome and the craniofacial abnormalities. A
high resolution chromosomal analysis was done by the Greenwood Genetic
Center for both individuals. No obvious chromosomal rearrangements were

identified in either individual.

The W-index developed by Arias and Mota in 1978® uses inner-canthal
(a), outer-canthal (c) and interpupillary (b) eye measurements. The W-index is a
quantitative measure of dystopia canthorum. Three individuals, identified as
305, 315 and 405, had both WS and craniofacial anomalies and had a W-index
that indicated non-apparent (NAD) dystopia canthorum® (TABLE 13). Au three

of these individuals had multiple extensive facial surgeries throughout early
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childhood. One other family member, identified as 202, with extensive
craniofacial surgeries clearly had dystopia canthorum (TABLE 13). No other
members of this family had any suggestion of dystopia canthorum. The pre-
surgery photographs are not available.

Due to the severe craniofacial anomalies in this family a reliable
diagnosis of dystopia canthorum could not be made, therefore, both PAX3 and
MITF were analyzed for mutations. However, we could not ignore the
possibility that two distinct clinical disorders were segregating in this family with

mutant alleles in both gene(s).
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Table 13: W-index for members of MSU22

i G ..__Msu2zz 4
~——E—T“A“Eo':*‘t;-_7"_i_w'?;:_A X Y w comments: ]
303 | 39 | 33 | 60 _ 96 0434907852 1.77003 T 1
[ 404 | 11 30 ~ 55 95 03785 07701 169412 ) B
307 | 40 | 40 | 70 120 04222 08373 183093
409 | 2 28 [ 48 . 85 04009, 08355 18198 ]
501 | 3 28 | 40 . 76 04735 1.0526 222608 :note age ]
323 | 40 3 | 68 ' 110 . 0.4071 0.7516 1.68816 1
416 | 18 37 | 68 100 0489 07811 1.81418
417 | 16 38 | 75 . 110 04435 07115 1.66165 ]

315 | 39 | 40 ' 65 115 " 0.4498  0.9209 1.98608 NAD-craniofacial |l surgery
410 © 8 | 30 | 55 90 04113 07701 172692
411 0 3 | 30 | 55 80 04892 0.7701_1.80483
| 305 | 43 . 43 72 116 _ 0.4958 | 0.8905 ' 1.98346 INAD-craniofacial surgery |

405 teens | 43 | 72 . 116 , 0.4958_ 0.8905 : 1.98346 NAD-craniofacial surgery_
202 ' 60s | 41 | 67 100 0.569 ' 0.9158 - 2.09679 Dystopia-craniofacial surgery |

| 306 | 40's | 32 | 62 93 04342 0.7195.1.66988 S
403 | '30s | 32 . 63 ' 93 - 04342 0.7041. 1.6463 . o T

— e mmee e e

Table 13 The table includes the a, b and c measurements along with the
values for X, Y and W. The individual identification number and approximate
ages are also included. The individuals with dystopia canthorum and NAD all
have had craniofacial surgery prior to the measurements.

NAD = non apparent dystopia canthorum.

W=X+Y +ab
X =[2a-(0.2119 c + 3/909))/c Y = [2a - (0.2497b +3/909)}/b

W > 2.07 = dystopia canthorum
1.87< W 2 2.07 = non apparent dystopia canthorum (NAD)
W < 1.87 = normal
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SSCP and Sequence Analysis

SSCP analysis was performed for the eight exons of PAX3 and the nine
exons of MITF. No SSCP variants were detected in the proband for any of the
exons of PAX3 or MITF. The sequence analysis for exons two and six of PAX3
did not demonstrate any sequence variations. Mutations in either PAX3 or
MITF cannot be ruled out by SSCP analysis or by sequencing the coding

regions alone.

Linkage Analysis

Due to the size of the family and the availability of the two closely linked
loci within or adjacent to PAX3, a simulation linkage analysis identified
individuals that needed to be typed for a LOD score > 3.0. A maximum LOD
score of 5.97 at 6 = 0.0 could be obtained with thirty family members. DNA
samples were received from fifteen of the thirty individuals necessary; thus a
formal linkage analysis could not be performed. However, the data indicated
that there were at least two different obligate recombinants for both loci, for
affected WS individuals (FIGURES 15 and 16). This data strongly suggested
an exclusion of linkage to the PAX3 locus.

Linkage to the MITF locus was not possible due to a lack of informative
markers closely linked to the gene. The SSCP analysis did not indicate any

possible mutations in MITF. However, without the availability of informative
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linked loci, linkage to MITF cannot be ruled out. Once other genes are
identified that cause Waardenburg Syndrome at least a portion of this family

should be reconsidered for mutation screening or linkage analysis.



CONCLUSION

The linkage data for the two loci linked to PAX3 demonstrate at least
two obligate recombinants therefore, linkage to PAX3 was excluded. Linkage
analysis could not be performed for MITF since polymorphic markers linked to
MITF have not been identified. The WS phenotype and the craniofacial
abnormalities in MSU22 are a likely to be two distinct disorders. Therefore,
screening the members of this family with the craniofacial anomalies for
mutations in FGFR1, FGFR2 or FGFR3 may identify the gene associated with
this anomaly. These genes are implicated in Crouzon, Apert, Jackson-Weiss
and Pfeiffer Syndromes. The region of chromosome 7p linked to Saethre-

Chotzen is another candidate region that could be screened in this family.
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Table 8: PAX3 PCR Primers
EXON]PRIMER SEQUENCE | SIZE| TEMP| COMMENT
1 | TF167 [CCGTTTCGCCTTCACCTGGA 153 60 1 PCR,SSCP |
TF59 |GCGCTGAGGCCCTCCCTTAC 1 T
|

TF99 |GTTCGGACAACCTGATGTAT

7 TF140 |GGATATCAGCAAATCGTCTGTCT

2 TF30 |ATTTTGCCCCATITGCTGTC 535 | 61 | PCR,SSCP |
TF32_ |CCGGTCTTCCCCAACACAGG | | 1
! !

3 TF33__ |CCTGCCCGCCTGTTCTCT 197 | 60 | PCR,SSCP |

TF34' |CGACTGACTGTCGCGCCT s

| 4 | TF35 |AGCCCTGCTTGTCTCAACCATGT 242 | 66  PCR,SSCP |
TF36 |TGCCCTCCAAGTCACCCAGCAAGT | I !

. L | i

5 TF100 [TCACTGTAATGGTGTCTTGC 355 | 55 ' PCR,SSCP |

TF101 _[TCCTGTCTGGACTGAAGTAG I
6 TF88 _|AGAAGCCTCTAATCTGTTTT 330 | 65 | PCR,SSCP |

T 200 | 48

-

"PCR, SSCP_|

1
|
1
i 1
L S G
| |

TF141 |AGAAAACATGATGGTTGACAATC

+
!

8 | TF156 [CCGGCATGTGTGGCTTAATC

TF157 |GCTCTTTTTTITAGGTAATGGG

7 TF195 |[CTAGAAACACGGGACTGACG

' 365 | 50 | PCR,SSCP |

" "7 64 | ASA UoM1

Table 8 The primers used for PCR amplification, SSCP analysis and Allele-
specific amplification (ASA) are listed. The size of the expected fragment, the
annealing temperature for each primer set, the exon number and the primer

identification number are included.

Y
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Table 9: MITF PCR Primers

EXON PRMER SEQUENCE SZE | TEMP | COMMENT

1 TF120 |GGATACCTTGTTTATAGTACCTTC 270 55 PCR, SSCP
TF121 |AAAAGAGCAGATTTATACTTATTG

2 TF122 |TATGAAACTCACAAATAACAGCGC 343 55 PCR, SSCP
TF123 |TATTCAACAGACAAGTTATTTAGC

3 TF124 |CCATCAGCTTTGTGTGAACAGGTC 245 55 PCR, SSCP
TF125 |TTTCAGGAAGGTGTGATCCACCAC

4 TF126 |AACTAAAGACCATTATTGCTTTGG 264 55 PCR, SSCP
TF127 |AGAAAAGAACCCTGGAAACACCTC

5 TF128 |ATAAATCCTAGAGTAGGATATAGG 270 55 PCR, SSCP
TF129 |ACTTTGTCTTATCAGGAAATGGAC

6 TF130 |TCAAGTCAAATAAGCTTCTGTATG 280 55 PCR, SSCP
TF131 |GTAGGAATCAACTCTCCTCTACAG

7 TF132 |GTGCTAAATGCATACATGGCACTG 264 55 PCR, SSCP
TF133 |TTAGGAATAGAACCAAAGGGAGAG

8 TF134 |TTCATTGAGCCTCAAATCCTAAAG 264 55 PCR, SSCP
TF135 |CTGTTTCTACTGTCTTGAAGTCGG

9 TF136 |AGTCCTCTGTGCTCGTCCTATTTC 715 55 PCR, SSCP
TF137 |AAGCTAAAGTCTGTGGTGAATTC

Table 9 The primers used for PCR amplification and SSCP analysis. The size
of the expected fragment, the annealing temperature for each primer set, the
exon number and the primer identification number are included.
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Table 10: Cycle Sequencing Primers

LABELING REACTION . EXTENSION REACTION]

i

JE . e e e e e

| Gene _exon_primer bps. temp % G+C __bps. | temp % G+C__omit

!

[PAX3 2~ JA5 20 48 50 ' 40 67 ' 35 | dATP |
3

PAX3  TF34 18 60 67 28 72 | 71 | dTTP |
|PAX3 4 TF35 22 60 85 55 72 . 65 | dATP |
PAXI 6§ TF101 20 48 50 30 67 57 :Tﬂ'ﬁ"
PAX3I 6 TF103 20 48 45 31 67 42  dGTP |
| PAX3 7 TF141 23 52 , 35 . 65 T72 30 dGTP |
|
MITF 1 TF120 24 5 38 31 7 72 42 ~ dATP |
| MITF 2 TF122 24 60 42 . 36 . 72 36  dATP |
MITF 6 TF131 24 50 46 31 . 72 ' 39 dGTP |
MITF 7 TF132 24 50 46 33 | 72 ' 36 _ dGTP
| MITF. 8 TF134 24 50 38 30 ;, 72 33 dGTP |

! ;

Table 10 The gene, exon and primer identification number are included along
with the length of the primer before and after the extension reaction, the
annealing and extension temperatures used, the % G+C before and after the
extension reaction and the dideoxynucleotide omitted in the annealing step.
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FAMILY Physician/examiner Location
[

MSU 1 |James H. Asher Jr,, PhD |Michigan

MSU 2 |James H. Asher Jr., PhD |Michigan State Speech and Hearing Clinic

MSU 4 (James H. Asher Jr., PhD [Michigan

MSU 5 |James H. Asher Jr., PhD  |Michigan

MSU 6 |James H. Asher Jr., PhD |Michigan

MSU 7 |Jessica Davis, MD Division of Human Genetics New York Hospital

MSU 8 (James Higgins, PhD |Michigan State  University Clinical Center

MSU 9 {Saroj Kapur IMichigan State University Genetics Clinic T
MSU 10 |Paula Czarnecki, GC Henry Ford Hospital, Michigan _ T
MSU 11 |2?7? Arizona L 7
UGM 1 |Arhya/Winata/SuKarti Indonesia

MSU 3 |Karol Christenson, GC [Michigan State Umversuty Clinical Center

MSU 12 |William B. Dobyns, MD [Division Pediatric Neurology, University of Minnesota
MSU 13 |Ephrat Levy-Lahad, MD Children's Hospital & Medical Center, Washington
MSU 14 |Paula Czarnecki, GC Henry Ford Hospital, Michigan
MSU 15 |Paula Czarnecki, GC Henry Ford Hospita, Michigan

MSU 16 |Susan Kirkpatrick, GC Waisman Center, University of Wsconsm-Madlson

MSU 17 |Annemarie Sommer, MD  [Children’s Hospital, Ohio . -
MSU 18 |John Pierpont [Arizona Health Sciences Center T
MSU 19 |Personal contact by family |Indiana T T
MSU 20 |Uta Francke, MD Children's Hospital at Stanford California

MSU 21 |Erawati Bawle, MD Children's Hospital, Detroit Michigan
MSU 22 |Robert Spinner, MD Genetic Clinic Veteran's Hospital, N. Carolina

UGM 3 |Arhya/Winata/SuKarti Indonesia

UGM 4 |Arhya/Winata/SuKarti Indonesia

UGM 5 |Arhya/Winata/SuKarti |Indonesia

UGM 6 [Arhya/Winata/SuKarti [Indonesia T
MSU 23 |Lester Weiss, MD Henry Ford Hospital, le:ﬁl_g';a-ﬁ. R

UofM 1 !Jeff Innis, MD, PhD University of Michigan Genetics Clinical Center  ~ |
MSU 25 [Harry Ostrer, MD . New York University Human Genetis Program |
MSU 24 |David Wargowski, MD Clinical Genetics Center, University of Wisconsin

MSU 26 |Tanya Dien, GC Michigan State Umversnty Clinic

SOD 1 |Nancy Hopwood, MD University of Michigan Clmlc

UofM 4 |Jeff Innis, MD, PhD University of Michigan Genetics Clinic

UofM 3 |Jeff Innis, MD, PhD University of Michigan Genetics Clinic

SOD 2 |Nancy Hopwood, MD [University of Michigan Clinic

SOD 3 [Nancy Hopwood, MD University of Michigan Clinic

SOD 4 |Jeff Innis, MD, PhD !University of Michigan Clinic
MSU 27 |Kambouris, PhD [Henry Ford Hospital, Michigan "~ ™7
SOD 5 |Nancy Hopwood, MD |University of Michigan Clinic |
MSU 28 |Lynne Bird, GC iChildren's Hospital, San Diego California

SOD 6 |Nancy Hopwood, MD |University of Michigan Clinic
MSU 29 {Erawati Bawle, MD |Children's Hospital, Detroit -Michigan
MSU 30 |Jeff Innis, MD, PhD iUniversity of Michigan Clinic

Table 11 Collaborators for each WS and WS-like family. A listing of the clinicians and genetic
counselors that identified the families as well as the approximate location of the families in the proband
set. One individual from each collaboration is listed. GC = genetic counselor. If the clinic was not
indicated the state was mentioned.
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Table 12: PAX3 Linked Markers

GENE PRIMER SEQUENCE SZE | TEMP COMMENT

PAX3 TF161 [TTTATATGTGGGTGGAATGCGAT | 255 50 |Macina et al.

TF162 |CCTCTGATGAAACCCAGACTG

PAX3 TF175 |AGTTGCTGAGGGCGGAGAAG 208 50 |Chatkupt et al.

TF176 |GAAATCACAAGAGGATAGAGGCT

PAX3 JA32 |GGGAGATGGCAGTTGCTGAG 183 58 [Wilcox et al.

JA33 |CACACAGAGGCACAGAAAGA

PAX3 TF26 | CAGGGAGATGGCAGTT 227 50 [Wilcox et al.

TF38 |CAGAGGCACAGAAAGA

Table 12 The list of primers for PCR amplification of the markers linked to
PAX3. These markers include the marker described by Wilcox et al.(183) at the
5'-end and the marker described by Macina et al.(132) at the 3'-end of PAX3.
The primer identification number, the size of the PCR fragment and the
annealing temperature are included. The primer pair described by Chatkupt
amplifies the 5'-end marker described by Wilcox et al.(183)
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Table 14: Phenotypes for MSU1-MSU7

PHENOTYPE

Dystopia canthorum
Broad nasal root

Deafness
Heterochromia
Pre-mature graying
White forelock

Hypopigmentation

Synophrys
Hirschprung's disease
Cleft palate/lip
Ocular albinism
Vititigo
Blindness

GH deficlency
Telecanthus
Hypertelorism
Hypoplastic blue eye
Missing nasal bone
Syndactyly

Craniofacial anomalies
Ptosis

Heart defects
Neuropathies
Septo-Optic Dysplasia
Endocrine dysfunction
Hypoplasia of optic nerve
absent septum peliucidu
Hypoplasia of nasal bone
Developmental delay
Anencephaly

18q Syndrome
Brachycephaly

‘Kidney disfunction
Nystagmus

Strabismus

Vestibular disturbances
Ataxia

Mental Retardation
Otosclerosis

Tarsal coalition

Tear duct aplasia
Cranilofacial surgery

\
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Table 15: Phenotypes for MSU8-MSU14

PHENOTYPE
MSU8S8 MSU9 MSU10 MSU11 MSU12 MSU13 MSU14

Dystopla canthorum
Broad nasal root
Deafness
Heterochromia
Pre-mature graying
White forelock
Hypopigmentation _

Synophrys
Hirschprung's disease
Cleft palateflip
Ocular albinism
Vitiligo
Blindness

GH deficlency
Telecanthus
Hypertelorism
Hypoplastic blue eye
Missing nasal bone
Syndactyly

Craniofacial anomalies
Ptosis

Heart defects
Neuropathies
Septo-Optic Dysplasia
Endocrine dysfunction
Hypoplasia of optic nerve
absent septum peliucidu
Hypoplasia of nagal bone

TIR Y SN
PR R R K B J
+ 4+ 4+ 4+,
e
+ + 4+, +,

gt

)

Vestibular disturbances
Ataxia

Mental Retardation
Otosclerosis

Tarsal coalition

Tear duct aplasia
Craniofacial surgery
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Table 16: Phenotypes for MSU15-MSU21

PHENOTYPE
MSU1MS MSU16 MSU17 MSU18 MSU19 MSU20 MSU 21
Dystopia canthorum ? ? - - - - -
Broad nasal root - ? - - - - -
Deafness + ? + + + + +
Heterochromia - ? - + + - -
Pre-mature graying - ? - - + + -
White forelock + ? - + - - +
Hypopigmentation + ? - - + - +
Synophrys - - - - - - -
Hirschprung's disease - - - - - - -
Cleft palateflip - - - - - - -
Ocular albinism - - - - - - -
Vitiligo - - - - - - -
Blindness . - - - - - - -
GH deficiency - - - - - - -
Telecanthus - - - - - - -
Hypertelorism - - - - - - -
Hypoplastic bue eye - - - - - + -
Missing nasal bone - - + - - - -
Syndactyly - - + - - - -
Craniofacial anomalies - - - - - . -
Ptosis - - - - - - -
Heart defects - - - - - - -.
Neuropathies - - - - - - -
Septo-Optic Dysplasia - - - - - - -
Endocrine dysfunction - - - - - - -
Hypoplasia of optic nerve - - - - - - -
absent septum pellucidu - - - - - - -
Hypoplasia of nasal bone - - - - - - -
Developmental delay - - - - - - -
Anencephaly - - - - - - -
18q Syndrome - - - - - - -
Brachycephaly - - - - - - -
Kidney disfunction - - - - - - -
Nystagmus - - - - - - -
Strabismus - - - - - - -
Vestibular disturbances - - - - - - -
Ataxia - - - - - - -
Mental Retardation - - - - - - -
Otosclerosis - - - - - + -
Tarsal coalition - - - - - - -
Tear duct aplasia - - - - - - -
Craniofacial surgery - - - - - - -
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Table 17: Phenotypes for MSU22-MSU28

PHENOTYPE :
MSU22 MSU23 MSU24 MSU25 MSU26 MSU27 MSU2s

Dystopia canthorum ? - - - - - -
Broad nasal root - - - + - - -
Deafness + + + - + + +
Heterochromia + + + - + - +
Pre-mature graying - + - NA - + +
White forelock + + - + - + +
Hypopigmentation - + + - - + N
Synophrys - + - + - + -
Hirschprung's disease - - - - - - +
Cleft palateflip - - - + - - -
Ocular albinism - -- - - - - -
Vitiligo - - - - - - -
Blindness - - - - - - -
GH deficlency - - - - - - -
Telecanthus - - - - - - -
Hypertelorism + - - - - - -
Hypoplastic blue eye - - - - - + +
Missing nasal bone - - - - - - .
Syndactyly + - - + - - -
Craniofacial anomalies + - - - . - -
Ptosis + - - - + - -
Heart defects + - - - - - -
Neuropathies + - - - - - -
Septo-Optic Dysplasia - - . . . - -
Endocrine dysfunction - - - - - . -
Hypoplasia of optic nerv - - - - - - -
absent septum pellucidu - - - - - - -
Hypoplasia of nasal bon - - - + - - -
Developmental delay - - - + - - -
Anencephaly - - - - + - -
18q Syndrome - - - + - - -
Brachycephaly - - - + - - -
Kidney disfunction - - - - - - +
Nystagmus - - - - - - +
Strabismus - + - - - - -
Vestibular disturbances - - - NA - - -
Ataxia - - - NA - .

Mental Retardation - - - + - - -
Otosclerosis - - - - - . .
Tarsal coalition + - - - - - R
Tear duct aplasia + - - - - . .
Craniofacial surgery + - - - - . -
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Table 18: Phenotypes for MSU29-MSU32; UoM1, UoM3, UoM4

PHENOTYPE FAMILIES
MSU29 MSU30 MSU31 MSU32 UoMli UoM3  UoM4

- ?

Dystopia canthorum + + + - +
Broad nasal root - - + - - +
Deafness + + + - + + +,
Heterochromia + - - - - - -
Pre-mature graying - - + - + - -
White forelock - + - - - - -
Synophrys + - - - - - -
Hirschprung's disease - - - - - - -
Cleft palate/lip - - - + - - -
Ocular aibinism - - - - - -
Vitiigo - - - - - - -
Blindness - - - - - - -
GH deficiency \ - - - - - -
Telecanthus - - - - - - -
Hypertelorism - - + - -
Hypoplastic blue eye - + - - - -
Missing nasal bone - - - - - -
Syndactyty - - - - -
Craniofacial anomalies - - - - -
Ptosis - - - - - -
Heart defects - - - - -
Neumpamie§ - - - - - -
Septo-Optic Dysplasia - - - - + - -
Endocrine dysfunction - - - - - - -
Hypoplasia of optic nerve - - - - + - -
absent septum pellucidum - - - - + - -
Hypoplasia of nasal bone + - - - - - -
Developmental delay - + - + - - -
Anencephaly - - - - - -
18q Syndrome - - - - - .
Kidney disfunction - - - - - + -
Nystagmus - - - - - -
Strabismus - - - - - -
Vestibutar disturbances - - - - -
Ataxia - - - - - -
Mental Retardation - + - - - - -
Otosclerosis - - - - .
Tarsal coalition - - - - - -
Tear duct aplasia - - - - - - -
Craniofacial surgery - - - - - . -
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Table 19: Phenotypes for UGM Families

PHENOTYPE.
UGM 11 UGM21 UGM2-2 UGM1-2 UGM13 UGM 14

Dystopia canthorum
Broad nasal root

Deafness
Heterochromia
Pre-mature graying
White forelock

Hypopigmentation

* 4+ 4+ e+, ¢+
[T S
T e 2R )
+* 0 0t e, ¢
R B S IR
RO PRSP g

Synophrys
Hirschprung's disease
Cleft palate/lip

Ocular aibinism

Vitiligo

Blindness

GH deficiency '
Telecanthus
Hypertelorism
Hypoplastic blue eye
Missing nasal bone
Syndactyly

Craniofacial anomalies
Ptosis

Heart defects
Neuropathies
Septo-Optic Dysplasia
Endocrine dysfunction
Hypoplasia of optic nerve
absent septum pellucidu
Hypoplasia of nasal bone
Developmental delay
Anencephaly

18q Syndrome
Brachycephaly

Kidney disfunction
Nystagmus

Strabismus

Vestibular disturbances
Ataxia

Mental Retardation
Otosclerosis

Tarsal coalition

Tear duct aplasia
Craniofacial surgery
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Table 20: Phenotypes for SOD Individuals

PHENOTYPE

Dystopla canthorum
Broad nasal root

Deafness
Heterochromia
Pre-mature graying
White forelock
Hypopigmentation

Synophrys
Hirschprung's disease
Cleft palate/lip

Ocular albinism

Vitifigo

Blindness

GH deficlency
Telecanthus
Hypertelorism
Hypoplastic biue eye
Missing nasal bone
Syndactyly

Craniofacial anomalies
Ptosis

Heart defects
Neuropathies
Septo-Optic Dyspiasia
Endocrine dysfunction
Hypoplasia of optic nerve
absent septum pellucidu
Hypoplasia of nasal bone
Developmental delay
Anencephaly

18q Syndrome
Brachycephaly

Kidney disfunction
Nystagmus

Strabismus

Vestibular disturbances
Ataxia

Mental Retardation
Otosclerosis

Tarsal coalition

Tear duct aplasia
Craniofaclal surgery
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Table 21: Phenotype Description for Members of MSU22

PHENOTYPE MSU 22

102 202 204 208 302 303 305 307 315 319 320 323 401 405 410 411 416 417

canthorum

et R e e e e ? - e e e e e el
Broad nasal root LA A A L A
D“m - + - - + - + + - - + + + + + - - -
Heterochromia . I . L T I S T N R
Pre-mature graying L R S T R T S
White forelock L T N S T T T SR PR S
Hypopigmentation - e e = e e . - = - - - = e e - . .

Hirschprung's disease
Cleft palateflip

Ocular albinism
Viteligo

Blindness

GH deficlency
Telecanthus
Hypertelorism
Hypoplastic blue eye
Missing nasal bone
Syndactyly
Craniofacial anomalie
Heart defects -
Neuropathies
Septo-Optic Dysplasia
Hypoplasic nasal bone
Developmental délay
Anencephaly

Kidney disfunction
Nystagmus

Vestibular disturbance
Mental Retardation
Otosclerosis

Tarsal coalition

Tear duct aplasia
Craniofacial surgery
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Tables 14-21 A description of the phenotypes for all of the families represented by the proband
screening set. The clinical traits for each table are identical, with the except of table 22 (MSU22)
and includes traits that are not typically associated with the WS phenotype. The minus sign may
mean the trait was not present in the family or that the data was unavailable. The plus sign
means that at least one individual in the family demonstrated the trait.
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Department of Zoology, S-320 Plant Biology Building 1196
Michigan State University
East Lansing, Michigan 48824
INFORMED CONSENT FORM
1. I, , freely and voluntarily consent to serve as a

subject in a scientific study of a Waardenburg-like Syndrome with craniofacial-skeletal abnormalities
conducted by Dr. Thomas B. Friedman and Dr. James H. Asher, Jr.

2. I understand that the purpose of the study is to map and clone the genes causing the Waardenburg-
like Syndrome. To perform a mapping analysis, I understand that I may be given a physical examination, a
complete analysis of my hearing and an ophthalmologic examination which may require that my eyes be
dilated to enable photography of my retina. I understand that all of these examinations will be performed
by licensed physicians at no cost to me. I may need to either give up to three 10 ml blood samples or, as an
alternative to drawing blood for certain individuals, 10 ml of sterile 0.9% saline (salt solution) will be
gargled and expelled into a test tube. Cheek cells normally shed into the mouth can be collected from
which my genomic DNA can be isolated. My blood samples may be used in performing a banding analysis
of the chromosomes and a genetic mapping analysis. [ will be given the results of hearing and
opthalmological tests if I so desire.

3. . 1 understand that I will not be exposed to any conditions which constitute a threat to my physical
or psychological well-being. I understand that bacteremia and hematoma (bruising and swelling) are very
unlikely risks from having blood samples drawn provided sterile procedures are followed. [ do not have
any known blood disorders and I am not taking medications that would prevent or slow blood clotting. |
also understand that iridial dilation (dilation of the pupil) may precipitate acute angle-closure glaucoma. I
will be given a test to determine whether I am at risk for this condition prior to any eye examination. If |
am at risk, | will not have my eyes dilated during the eye examination. I understand that in the unlikely
event of injury from having blood drawn or having an eye examination at Michigan State University
(MSU), MSU will provide emergency medical care if necessary. I further understand that if the injury is
not caused by negligence of MSU, | am personally responsible for expenses of this emergency care and
any other medical expenses incurred as a result of this injury. I understand that in the unlikely event of
injury resulting from drawing of my blood sample or dilation of my eyes at a location other than at MSU,
this other clinic, hospital or care facility will provide emergency medical care if necessary. If injury is not
caused by negligence of individuals at facilities other than MSU, I understand that I am personally
responsible for expenses of this emergency care and any other medical expenses incurred as a result of this
injury. If I have any questions, | am to contact Dr. Thomas B. Friedman or Dr. James H. Asher, Jr. at 517
355-5059 (phone) or 517 432-1025 (FAX).

4. I understand that data gathered from me for this experiment are confidential, that no information
uniquely identified with me will be made available to other persons or agencies, and that any publication of
the results of this study will maintain confidentiality.

S. I engage in this study of my own free will, without payment to me for my personal time and
without implication of perscnai benefit from the study. I understand that I may cease participation in the
study at any time without prejudice to me. _

6. I have had the opportunity to ask questions about the nature and purpose of the study, and I have
been provided with a copy of this written informed consent form. I understand that upon completion of the
study, and at my request, [ can obtain an additional explanation about the study.

Date: Signed:

Participant

Signed:

Witness

inform consent MSU22.doc 1/9/96
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Waardenburg Syndrome Consortium
Clinical Data Intake Form

Pedigree ID #
Individual ID #
Date
Birth Date
Age at Assesment
1) Facial Morphology
inner canthal distance mm
outer canthal distance : mm
inter-pupillary distance mm
Does subject exhibit: ptosis? Y N
confluent eyebrows? Y N
white forelock? Y N
broad nasal root? Y N
hypoplasia of nasal bone? Y N
cleft lip/palate? Y N
2) Eyes
Does subject exhibit: coloboma? Y N
transillumination defect? Y N
hypopigmentation of
fundus and/or maculae? Y N
heterochromia irides? Y N

Indicate in a drawing regions of unusual coloration of
the irides and location of segments in cases of segmental iris
bicolor, and/or unusual pupil shape and location.



11

3) Audio-vestibular assessment

Hearing test results (provide threshold in decibels):

Ear 250 Hz | 500 Hz 1 KHz 2 KHz 4 KHz 8 KHz
right dB dB dB dB dB dB
left dB dB dB dB dB dB
Use "NR" for no
Left Right | response;
Pure tone avg.: dB dB | Use AC/BC when
Speech reception/Awareness mixed hearing
threshold: dB dB | loss.
Discrimination score: % %
Standard Romberg test: __stable ___ unstable
(If available)
Any indication of vestibular dysfunction? Y N

(Please describe on back of sheet if “Y*").

If hearing loss/vestibular dysfunction detected, indicate whether congenital or
age of onset, and whether hearing loss is progressive, conductive, sensorineural,
etc.

4) Other

Does subject exhibit: Severe and/or chronic
constipation? Y
Skin hypopigmentation? Y
Early greying? (Age?) Y __yrs.
Spina bifida? Y
Skeletal abnormalities? Y
(Please describe on
next page)
Congenital heart defects? Y N

Z2Z22Z22Z22Z

Please use back of this sheet to elaborate or clarify or to draw pedigrees.

Evaluator's name:

Signature:
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Reporting center:
Subject identification #

WAARDENBURG SYNDROME CONSORTIUM GROUP

Clinical Data Intake Form

Is this individual a proband? ___ Yes —No Family ldentification #
Subject’s birthdate: S If deccased, date of death /. /.
Dauaocbuinedby:  __ interview in person Photograph of individual:
__phoncinterview __fromarclative __other: ___obtained/available ____ unavailable
HISTORY
1. Has this individual been diagnosed with Waardenburg syndrome? Yes No Age at time of diagnosis: _____

If yes,which type was the diagnosis? Typel Type 11 Not sure

By whom was the diagnosis made? (check the individual primarily responsible for making the diagnsosis)

geneticist otolaryngologist ophthalmologist audiologist
__ family or other physician _____ relative other:

2. Doces the individual have relatives known to be affected with Waardenburg syndrome? Yes No
If yes, list below the affected relatives using the terms mother, father, sibling and the letter M or P (to
indicate maternal or paternal) in front of the terms grandfather, grandmother, half-sibling, first cousin, second
cousin, aunt, uncle, etc.

Total number of affected relatives:

3. Was there at birth a patch of white hair? Yes No
If yes, has the patch remained? Yes No
. If the hair is now predominantly white, then at what age did the hair begin to tum gray? years
4. Is there any hearing impairment? (circle correct answers) Yes No
If yes, then place check mark next to correct answers below:
Which ears are involved? —_right —left —__both
When did it start? —at birth ___mid-life —old age
How bad is the hearing loss? (check correct answer) :
Rightear: __none (normal) ___mild- ___moderate ___severe
Leftear  __none (normal) —_mild —_moderate —__severe
When is the last time that hearing was tested? Date: ! /
What is believed to be the cause of the hearing impairment?
— inherited (genetic) __ moise induced __ from an infection
— from old age —_ other cause: (specify)

Is the hearing continuing to get worse? Yes No
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PHYSICAL EXAMINATION
Face
Nose
high nasal root (profile view) Yes No
broad nasal bridge (full face view) Yes No
hypoplasia alac Yes No
Hair
confluent eyebrow (synophrys) Yes No
Eyes
distance measured between: medial canthi: mm.
outer canthi: mm.
pupils: mm.
Check and circle below method by which measurements were obtained:
__ in person physical examination: calipers ruler
__ from photograph
__ other method; described here:
Color:
__ two unusually brilliant blue eyes (sapphire blue)
__ two different color eyes
__one eye with two different colors in it right left
Eyelids:
—__no ptosis —__ptosis right left
Skin
Areas of hypopigmentation: Yes No
Scalp hair
White forelock Yes No
Other (circle those that apply)
Neural tube defect: Hirschsprung Dis. spina bifida other:
Additional findings

((fominm to page 3)
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s udiovestibul -
Assessment made by information from (check one oaly):
relative —— physician objective test
If objective test, then provide information below (check appropriate answer):
. Testor: ___audiologist — physician ___nurse ___other:
Hearing test results (provide thresholds in decibels):
Ear 250Hz 500 Hz 1KHz 2KHz 4 KHz 8 KHz
Right ear: dB : dB dB dB dB dB
Leftear: dB dB dB dB dB dB
Pure tone average: Lefi____dB Right ____dB
Spéech reception threshold: Lefti_____dB’ Right __dB
Discrimination séores: Lefi____ %  Right %
Standard Romberg test: — stable —_unstable
Tandem Romberg test —_stable —___unstable
Caloric tests —__normal —_ abnormal
Electronystagmography: —nommal —_abnormal
Other vestibular function test:

This reporting center has determined for the purposes of linkage analysis that this
individual is:

—_ AFFECTED — NOT AFFECTED

Confidence level that affectation status is accurate:
— Absolutely positive — Almost positive
Not entirely sure because:

This data form submitted by:

Date prepared: Phone number:
(Provide additional comments and clarifications on reverse side of this page)




115

CENOMICS 34, 285-298 (1996)
ARTICLE NO. 0289

Effects of Pax3 Modifier Genes on Craniofacial Morphology,
Pigmentation, and Viability: A Murine Model
of Waardenburg Syndrome Variation

JAaMEes H. ASHER, JR.,* 13 RONALD W. HARRISON,* ROBERT MORELL,*

Meusa L. CAReY,*

AND THOMAS B. FrRiEOMAN®*-$-

*Department of Zoology and tGraduate Program in Genetics, Michigan State University, East Lansing, Michigan 48824
Receved April 26, 1995; accepted March 26, 1996

Waardenburg syndrome type 1 is caused by mutations
in PAX3. Over 50 human PAX3 mutations that lead to
hearing, craniofacial, limb, and pigmentation anomalies
have been identified. A PAX3 mutant allele, segregating
in a family, can show reduced penetrance and varisble
expressivity that cannot be explained by the nature of
the mutation alone. The Mus musculus Pax3 mutation
Sp* (Splotch-delayed, Pax3%), coisogenic on the CS7BL/
6J (B,) genetic background, produces in heterozygotes
a white belly spot with 100% penetrance and very few
other anomalies. By contrast, many Sp*/+ BC, progeny
{F, @ Sp¥+ (9 Sp/+ Bg X 8 +/+ Mus spretus) X & +/+
Bg] exhibit highly variable craniofacial and pigmentary
anomalies. Of the BC, Sp/+ progeny, 23.9% are esti-
mated to be nonviable, and 32.1% are nonpenetrant for
the white belly spot. The penetrance and expressivity of
the Sp*/+ genotype are controlled in part by the genetic
background and the sex of the individual. A minimum of
two genes interact with Sp* to influence the craniofacial
features of these mice. One of these genes may be either
X-linked or sex-influenced, while the other is autosomal.
The A-locus (Agouti) or a gene closely linked to A also
plays a role in determining eraniofacial features. At least
one additional gene, possibly the A-docus or a gene linked
oA, inmﬁthSp‘andw&emund
size of the white belly spot. The viability of BC, mice is
influenced by at least three factors: Sp?, A-locus alleles
or a gene closely linked to the A-ocus, and the sex of
the mouse. These BC, mice provide an opportunity to
identify genes that interact with and modify the expres-
sion of Pax3 and serve as a model to identify the genes
that modify the expression of human PAXS mutations.
© 1906 Academic Press, fac.

INTRODUCTION

Mouse mutations have long been used as models for
the study of human clinical conditions. Described here is

1 Deceased.

' To whom correspondence should be addressed at S-320 Plant
Biology, Department of Zoology, Michigan State University, East
Lansing, Michigan 48824. Teleph (517) 355-5059. Fax: (517) 432-
1025.

a mouse model that serves to identify the basis of some
of the dinical variability associated with W

syndrome mutations. Waardenburg syndrome (WS) seg-
regates as an autosomal dominant mutation with vari-
able penetrance and expressivity. WS is a major cause of
human deafness, being responsible for over 2% of congen-
itally and profoundly deaf individuals (Waardenburg,
1851; Partington, 1964). In addition to affecting hearing,
WS mutations influence the development of over 18 dif-
ferent characteristics, including pigmentation of the hair,
skin, and eyes; skeletal features of the limbs, face, and
head; heart development; and neurological features such
as the absence of intestinal ganglia observed in associ-
ated Hirschsprung disease (Divekar; 1957; DiGeorge et
al,, 1960; Ray, 1961; Aasved, 1962; Stoller 1962; Cali-
nikos, 1963; Meijer and Walker, 1964; Rugel and Keats,
1965; Goldberg, 1966; Reed et al, 1967; Arias, 1971;
Pantke and Cohen, 1971; Nance and McConnell, 1973;
Nance and Sweeney, 1975; Delleman and Hageman,
1978; Wang ef al., 1981).

This phenotypic variability is reflected in the current
classification of WS clinical types. With the exception
of limb abnormalities, Waardenburg syndrome type 1
(WS1, MIM No. 193500) mutations may alter all of the
phenotypic features described above. Dystopia canth-
orum, an increased inner canthal distance relative to
the inter pupillary and outer canthal distances, is a
craniofacial anomaly and is the most consistent diag-
nostic feature of WS1 with 98% penetrance (Waarden-
burg, 1951). Individuals with WS2 (MIM No. 193510)
do not exhibit dystopia canthorum but may exhibit all
other WS1 features (Arias, 1971, 1980; Hageman and
Delleman, 1977; Liu et al., 1995). Individuals with WS3
(MIM No. 148820) exhibit typical WS1 features with
the addition of skeletal anomalies of the upper limbs
(Klein, 1983; Goodman et al., 1982). Finally, individu-
als with WS4 (MIM No. 277580) do not exhibit dystopia
canthorum but exhibit aganglionic megacolon (Hirsch-
sprung disease) along with a variety of other WS fea-
tures (Omenn and McKusick, 1979; Shah et al., 1981;
Ambani, 1983; Meire e¢ al., 1987).
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On the basis of phenotypic similaritier between
mouse and human mutants, Asher and Friedman
(1990) predicted that there were at least four mouse
mutations that were potentially homologous with hu-
man mutations causing Waardenburg syndrome (s):
Mi™, Sp, Ph, and s. The chromosomal locations of these
four mouse mutations were then used to predict the
chromosomal locations of Waardenburg syndrome mu-
tations. The validity of three of the four predictions has
been demonstrated. PAX3 mutations, homologous to
mouse Splotch, Sp, are the cause of WS1 (Foy et al.,
1990; Asher et al., 1991; Baldwin ef al., 1992; Tassa-
behji et al., 1992; Morell et al., 1992, 1993; Farrer et
al., 1992) and WS3 (Hoth et al., 1993; Pasteris ef al.,
1993). MITF mutations, homologous to mouse Microph-
thalmia-Oak Ridge, Mi™, are one cause of some WS2
cases (Tassabehji et al,, 1994). Finally, EDNRB muta-
tions, homologous to mouse piebald, =, are one cause
of WS2 cases with and without Hirschsprung di
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the molecular defect caused by Sp? (Vogan of el., 1993), there was
some initial uncertainty of the Pox3 genatypes of the F, females
chosen o he backcrossed o ¢/« M. musculus Be males. The most
consistent feature of l". l‘emle mice suspected of being Sp¥/+ was
foot soles with dimini tation. F, Sp/+:Ala fcmales |9
Bc SpY/+pla x & oloA/A ‘l spretus) with diminished foot sole
pigmentation were backcrossed o +/+a/a B: male mice who were
dumultdambetweentwblu&mwemmn‘:llundz
prageny. The resulting pmceny are called BC, mice (Fig. 1). Each
BC, has a uni tion of Mus musculus and Mus
spredus alleles at all toci. Many of the resulting BC, progeny exhibited
extensive phenolypic variation, including large white belly spots and
dysmorphic facies. The above crosscs were expected o produce an
equal number of +/+ and Sp¥/+ BC, progeny and, segregating inde-
pendently, an cqual number of a/a and A/a BC, progeny. This aull
hypothesis was tested with & convenuonal X test.

‘The BC, mice uscd in the iolacial morp ic study were sib-
lings. Most litters contained +/+ and Sp¥/+ a‘blw The mean age of
+/+ BC, mice was 1552 = 67.0 days (a = 180), whilc the mean age of
the BC, Sp¥/+ mice was 155.2 = 68.5 days (x = 137). The 7 youngest
mice (2.2%) were 40 days old, while the 4 oldest mice (1.3%) were
300 days old. The 40-day-old mice did not have skulls with unusual
In addition, at 30 days of agc, the skulls of +/+ random-

(Puffenberger et al., 1994).

Mice heterozygous for the mutation Sp* (Splotch-de-
layed), a Pax3 missense mutation Gly42Arg (Vogan et
al., 1993) segregating on the highly inbred C57BL/6J (Bq)
genetic background on which it arose (Dickie, 1964), have
a white belly spot but do not have craniofacial anomalies.
However, as described in this paper, when Sp* segregates
among interspecific BC, mice, there are significant alter-
ations in skull morphology. A morphometric analysis of
306 BC, mice demonstrates the existence of at least two
genes that interact with Sp* to alter adult mouse cranio-
facial morphology. At least one other gene interacts with
Sp* W determine the presence and size of the white belly
spot. The vinbility of BC, mice is influenced by the inter-
action among Sp*, the a (non-agouti) allele, and the sex
ofﬂnemousc.'l‘hus.BC. mmwungSp‘exhnbnt
many of the features found in human families segregat-
ing WS1 mutations.

MATERIALS AND METHODS

Mice. Spf+nla mice (Sploich-dclayed, aon-agmuti black, at N,
of back crossing storod as a freezer stacki and +/+x/a

mioe (C57BLASJ Hn at Fe @ of full sibli
mating, By) were obx d from the Jack thoularvtﬂarﬂarbor
MBLSp‘mrnduasr-‘ station en ch

bred mice had reached 93.8% of their adult length, while 150-day-old
random-bred «/+ mice were fully grown (Leamy, 1924).

DNA isvlation. Mice were ancsthetized with Metofane, euthan-
ized by cervical dislacation, inspected for dysmorphic features and
pigmentation variation, and photographed, and their livers were re-
maved for DNA cxtraction. Liver nuclei were isolated and DNA ex-
tracted (Davis of al., 1986). The mouse carcasses were labeled and
stored at ~-80°C.

Ideutification of the Sp[ + gemotype. To identify the presence or .
ahaence of the Sp* alicle, s PCR mrmm%: terminal
G o C substitution specific to the Sp* mutation was vsed (Table 1).
The genotypes of all BC, mice were determined o be +/+ or Sp¥/e
by the amplification of exon 2 fragments using the primers and condi-
tions listed in Table 1. The wildtype + alicle was detected by the
synthesis of a xingle 236-bp PCR fragment (products of primers JA-
30 and JA-31). The Sp allele was detocled by the syathesis of a
217-bp fragment (the product of the allele-specific primer JA40 and
primer JA-311 unique W the Sp? allcle. These two fragments were
nnlnd-n(‘l NuSmllmmageh(ﬂ(Cle!udby
ethi ¢ followod by exposure Lo ultraviolet light.

mDNAmJﬂuMWfM (¢ M. muscu-
lus and +/+ M. spretus arc identical (data not shown). To distinguish
the origin of the + allele (musculus or spretus), cxons 1 and § of Pax3
were alza 'CR amplificd (Table 1). PCR fragments from exons ] and §
exhibit xpecics-specific single-strand conformational polymorphisms
(SSCPx) (data not shown).

Thus, three Fax3 alleles were identified: (1) a wildtype B, allele
that containg M. muaculus SSCP variants for exon 1 and § fragments
and a 236-bp P'CR fragment for exon 2; (2) a wildiype allcle that

taing M. sprefus SSCP variants for exon 1 and § fragments and

cda atai

(Dickie, 1964} in the highly inbred strain Bg and i uscom(emc vnth
the wildtype ( +)allcle. The nor-agoudi allcle a is a narmal component
of the genetic background of B, mice and is en cliromonome 2 (Lyon
and Scarle, 1989). The inbred strain Mus spretus SPAIN (+/4,A7A,
SPR) was also obtained from the Jackson Laboratory at Fy: gencra-
tions of full sibling mt.mgs. Mus spretus mice do not exhibit white

belly patches or (acial lies and are h vgous for the
A Mgouu)lllde.

Crosnex.  On the inbred B, genetic beckground. Sg* is a (ully penc-
trant, dominant mutation causing the production of & variable sized,

a 236-bp PCR (ragment for exon 2; and (3) the Sp* B, allele that
containg M. munculus SSCP variants for cxon 1 and 5 fragments, s
236-bp I'CR fragment for exon 2, and a 217-bp allele-epecific PCR
fragment for exon 2.

Preparation of skulls. Mouse carcasses stored at -S0°C were de-
capitated, the skin and tongue were removed from the head. an iden-
tification tag was tied to the lower jaw, and the heads were
individually in the wells of an egg carton attached by the identifica-
tion tag. The cgr; cartons were then placed in a very large stainless
stoel container of dermestid beetles which were processing many

white belly spot. Sp*/+a/a mice appear to have normal viability.

other animal r Because of bectle activity, a few mouse skulls

Sp¥+:nia Mus musculus females from B, with white belly spots
were crassed (0 +/4;A/A Mus sprotus males. All the F, prageny
exhibited increased vigor and decreased penetrance of Sp* with only
about 1720 of Sp*/+ F, progeny having whitc belly spats. Because of
the apparcat lack of penctrance of Sp* with respect to a white belly
spet and because these crosses were mide prior to the discavery of

were dislodged (rom the carton and were thus lost. After the majority
of the tissuc was removed by the beetles, the remaining tissue was
macerated in o freshly prepared 1:1 dilution of aqueous ammonia.
The skulls and ideaufication tags were thea desiccated and individu-
ally xtwred in specimen vials.

The analysis of skull characteristics was performed an 6 B, mice
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(4 +/+ and 2 Sp¥/+), 30 SPR mice (all +/4), 25 F, mice (17 ¢/+ and
8 Sp¥/+), and 327 BC, mice (190 +/+ and 137 Sp¥/+). The 327 BC,
mice were evaluated for all characteristics and genotyped by PCR
analysis. Only 306 of the 327 BC, mause skulls (180 +/+ and 126
Sp¥/+) were used in the final morphometric analysis. Twenty-one
BC, skulls were not included in this analysis because they were lost
or damaged during dermistid beete preparation (4 Sp¥+), grossly
deformed on visusl inspection with profoundly altered craniofacial
measurements (4 Sp¥/+), exhibited measurements four or more stan-
dard deviations from the means of two skull landmark measure-
menals (3 Sp“/+), or were prageny of an F, parent that was +/+ and
not Sp¥/+ (10 +/+).

The seven Sp¥/+ skulls (5.3% of the Sp/+ mice) described above
had landmarks that were larger than four standard deviations from
the means of both +/+ and SpY/+ mice. These seven skulls were
stypical of all mice examined regardiess of genotype, and because of
their extreme oulier status they were omilted from the analysis
using the protocol of Snedecor and Cochran (1967). These Sp*/+ mice
may have unique genotypes that will be analyzed at a future date.

Digitization of skull landmarks. Prioc Lo the collection of morpho-
metric data from individual skulls, all skulls were examined Lo deter-
mine qualitative differences. Eight landmarks were chosen (X,, Y,
i = 1,2 ... 8; Fig. 2B) that eullincd the interfrontal bone, best
defined the facial abnormalities abserved, and were unambiguousty
identificd in cvery skull. The xkulls were examined using a Wild
Heerburgg MS sterco microscope with a Javelin Electronic CCTV
video eamera. Skull images were acquired by a PCVISION PLUS
.. frame grabber (Image Processing Solutions) installed in an IBM-
compatible PC. Digitizing the landmarks was accomplished using
the Bioscan saltware package OPTIMASA (Bioscan, Inc.).

Ta minimize parallax, distortion of U apparent shape of the skull

d by the nonperpendicular placement of the camera and micro-
scope relative Lo the skull, the micruscope and camera were leveled
with 8 bubble level before cach dats colloction scssion. A bubble level

was then atlached 10 onc cnd of a 1 X 6 X 0.2 cm glass strip (half a

microscope slide) with dauble-sided xticky tape. The bubble level,
alop onc end of the glass strip, wax xuppuried by a small block of
clay. Skulls were fastencd laterally ta the free end of the glass strip
by the upper molar Looth raws using double-sided sticky tape. Sp*
did not appear to alter the placement of the toath rows. In thix
way, the skull cauld he leveled, parallax imized, and i
maintained during image captluring.

Analysis of shape cvordinate datu.  Student ! tests were performed
o determine if the conrdinates of each landmark differed and if the
slopes of the regrension lines through cach landmark were signiG-
cantly different from zero or differed | groups (Sned and
Cachran, 1967). Each landmark (X, ¥,) was analyzed indepondently.
Landmarks i = 2, 3, and 4 represcat the right side of the skull from
anterior Lo posterior, and landmarks i = 6, 7, and 8 represent the
loft side of the skull from pasterior Lo anterior. The symmetric land-
marks arc 2 and 8, 3 and 7, and 4 and 6 (Fig. 2!. If no systematic
technical crrors were made in capturing and digitizing the images
and if Sp* docs not causc facial asymmctries, the pairs of landmarks
should be symmetrically plsced. As an ple. for the landmark
pair 4 and 6, the null hypathesis is X, = X, and {Y,| = Y, This
equality should be true for the other landmark pairs i = 2/8 and
377. When the samc data sct was used multiple times in onc group
comparison, the Banferroni incquality was used to determine individ-
ual @ levels W ensure an overall @ = 0.05 (Nater and Wasserman,
1974). When multiple une of a data sot eccurs, the number of compari-
sons and the individual a levels arc indicated.

=

RESULTS AND DISCUSSION

Pax3 Genotypes

Sp? is caused by a G to C substitution leading to a
Gly42Arg mutation in the paired domain of the Pax3
transcription factor (Vogan et al.. 1993). Following an
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evaluation of the published sequences for exons 1, 2,
and 5, PCR primer pairs were synthesized, which al-
lowed, by SSCP and fragment length analysis, the un-
ambiguous identification of the genotype and the origin
of each Pax3 allele in an Sp¥+ or +/+ mouse (Table
1). The + (wildtype) exons 1 and § from B¢ M. musculus
and M. spretus differ by clearly recognizable SSCPs
(data not shown). These SSCPs were identified by sil-
ver staining 50% MDE gels (AT Biochemicals) after
electrophoresis at 300 V for 24 h (exon 1) or 9 h (exon
5) of heat-denatured PCR products as previously de-
scribed (Morell et al., 1993). Camparisons of wildtype
exon 2 from B¢ M. musculus and M. spretus mice failed
to reveal SSCP or heteroduplex formations (data not
shown). Pax3 exon 2 PCR (ragments from +/+ M. mus-
culus and M. spretus were then cloned and sequenced
in both directions. The wildtype Pax3 exon 2 sequences
from the two species are identical (data not shown).
Thus, to identify the presence of a wildtype M. xpretus
versus a wildtype B¢ M. musculus Pax3 allele, exon 1,
exon 5, or both were PCR amplificd and examined for
SSCPs.

Analysis of Cross

A total of 327 BC, mice [F, ? SpY/+:Ala (B, 9
Sp'l+ala x 8 +/4AlA Mus spretus) x Bs & +/+:a/
a] were produced. The genotypes and phenotypes of
these mice are summarized in Table 2. There is a sig-
nificant deficiency of Sp¥/+ mice or an excess of +/+
mice among the total progeny (x* = 8.59.df = 1. =
0.0034). Two possible explanations for these differences
are: (1) some F, females with light foat soles used in
the backcross were actually +/+ for exon 2 and thus
their progeny distort the expected L:1 (+/+:SpY/+) ra-
tio, and (2) SpY/+ BC, progeny have lowered viability.
Examination of the 327 BC, mice for exons 1, 2, and 5
indicated that a single F, female, thought to be Sp*/+
based on foot sole pigmentation and used in a back-
cross, was most probably +/+ and not Sp/+. Half of
her progeny were homozygous for the + Mus musculus
allele. Thus, all her progeny were removed from the
analysis, leaving 317 BC, mice in the segregating data
set (Table 2). A x* analysis of the 317 progeny pre-
sented in Table 2 demonstrates a significant deviation
from the expected 1:1 ratio of +/+:Sp¥+ with a defi-
ciency of Sp*/+ progeny (x* = 5.83.df = 1. P = 0.0158).
There appears to be a 23.9% reduction of viability of
Sp/+ mice on the diverse genetic background segregat-
ing among the BC, progeny. Frequently, BC, mice were
observed with severe growth retardation and white
spots that covered as much as § of their bodies. They
also had craniéfacial and posterior neural tube anoma-
lies. These mice died prior to or just following weaning,
were cannibalized, and were thus not part of the mea-
surement data set. )

Crosses between Sp¥/+ (with white belly spots) and
+/+ (without white belly spots) mice on the highly in-
bred B strain produced equal numbers of progeny with
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TABLE 1

PCR Primer Pairs, Fragment Sizes (bp), PCR Conditions, and the Presence or Absence of SSCPs
Used to Identify the Pax3 Genotype of BC, Mice Segregating M. musculus and M. spretus Alleles

Exon Pax3 allele

PCR primers

Product size (bp)

Exon 1 (+r

TF-52 F §°CTTCGCGGTGCAGTGAY

33 Yes

TF-53 R 5°GGAAGCOGCTGCGTGGSY
95°C, § min (hot start); 85°C, add Taq DNA polymerase;
94°C, 1 min, §2°C, 1 min; 72°C, 1 min; 30 cycles,

72°C, 10 min
+)

JA-Y0 F 5 TGTCCACCCCTCTTGGCOCAGS’

JA31 R §°CTTGGGTTTGCTGCOGCCGAY

Sp*)

JA-40 F 5°GGGCCGAGTCAACCAGCTCCY

217

JA-31 R 5'CTTGGGTTTGCTGCOGCCGAY
95°C § min (hot start); 85°C, add Tag DNA polymerase;
94°C, 1 min; 72°C, 1 min; 30 cycles, 72°C, 10 min

Exon § (+1

JA-12 F §°CAGCGCAGGAGCAGAACCACCTTCS'

126 Yes

JA-13 R 5"CCTCGGTAAGCTTCGCOCTCTGS!
95°C. § min (hot start); 85°C, sdd Taq DNA polymerase;
94°C, 1 min; 60°C, 1 min; 72°C, 1 min; 30 cycles,

72°C, 10 min

“(+) The wildtype fragments of exon 1 are 373 bp and exhibit SSCPs for M. musculus and M. spretus.
* Primers JA-13 and JA-12 arc equivalent (o primers B and C of Epstein ef al. (1991).

and without white belly spots (Table 3). An indepen-
dent sct of 83 B¢ mice evaluated by DNA analysis indi-
cales that every mouse with even a trace of a white
belly spot has the Sp¥/+ genotype(37) and every mouse
without a white belly spot has the +/+ genotype (46).
Thus, on the B genetic background, the Sp* mutation
appears (o be fully penetrant with respect to the pres-

TABLE 2

The Number of BC, Mice (F, ¢ Sp¥+ (? Sp*¥+B¢ x
& +/+ Mus spretus) x & +/+ B,) Generated and Their
Phenotypes and Genotypes as Determined by PCR
Analysis of the Alleles of Pax3, Exons 1, 2, and §

Genotype

Phenotype N +l+ Spt+
White belly spot present* 104 11 <]
White belly spot absent 223 179 “
Tolal (unsclected) 27 190 137
Expocted* 163.5 1635
Total (selectedr n? 180 137
Expected’ 158.5 1585

“ The belly spots of BC, progeny varied from a large white spot to
a cloar W of white or gray hairs. Of the 11 +/+ mice with belly
spola, 3 had definite spots, 8 had small tufts of white hair, 10 were
males (x* = 7.36,df = 1, P = 0.007), and all were a/a nor-agouti
black (x* = 11.00, df = 1, P = 0.0009). Two Sp¥+ mice did not have
belly spots but had large cranial or dorsal white spots and were
defined as penetrant for 2 spot.

Sy' = 859,df = 1, P = 0.0034.

 The progeny from (emale 15 were removed from the analysis as
she was probably +/+ rather than Sp¥/+. She produced no Sp¥+
progeny and § of her progeny were homozygous for normal Pax3
exons | and S, allcles of AMfus musculus.

‘x* = 5.83.df = 1. P = 0.0158.

ence of a white belly spot and does not cause.reduced
viability. By contrast, on the diverse genetic back-
ground segregating among the BC, progeny, Sp¥/+
mice were only 67.9% penetrant for a white belly spot
(Table 2, 93/137), exhibited considerable variability in
the size of the white spot, had variable expressivity
with respect to craniofacial measurements (Figs. 1 and
3 and Table 4), and had reduced viability, with only
76.1% of the Sp*/+ mice surviving (Table 2).

Further analysis of the 317 BC, mice indicated that
there was an equal number of male and female progeny
regardless of the Pax3 genotype (Table 2, = 171 to
? = 146; x* = 1.97,df = 1, P = 0.16). There was also
an equal number of male and female Sp¥/+ progeny
from this cross (Table 2, & = 71 o ¢ = 66; x* = 0.18,
df = 1, P = 0.67). The expected segregation ratios of
sex and Sp* genotype, regardless of penetrance, is
1 +/4S to 1 +/+ @ to 1 Sp¥+d to 1 Sp¥+ Q. The
observed numbers of progeny were, respectively, 100
to 80 to 71 to 66. x* analysis indicated a significant
deviation from the expected values (x?! = 8.51, df = 3,

TABLE 3
The Phenotypes Segregating among Highly Inbred

CS7TBLAJ Mice from Crosses between Mice with White
Spots (Sp“/+) and Mice without White Spots (+/+)

Phenotype o E
Males with white belly spots - 61 8
Ferales with white belly spots 53 S8
Males without white belly spots 60 58
Females without white belly spots 58 58
Totals 232 232

*0, Observed; E, Expected: x* = 0.57. df = 3. P = 0.90.
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FIG. 1. Two BC, mice [F, ? Sp¥+ (? Sp¥/+ B Mus musculus
X & +/+ Mus spretus) %X & +/+ Bg Mus musculus|. (A) A +/+:Ala
mouse illustrating normal craniolacial featurcs. (B) An Sp¥/+:A/a

2o f,

lies and hypopigmentation.

mouse illust g

P =0.037, @ = 0.05). Two of the four classes of progeny
contributed to this x*: there are too many +/+J and
too few Sp*/+9Q progeny.

There is also a nonrandom association between the
sex of these progeny and the presence or absence of a
white belly spot in Sp¥/+ mice (8 with spots = 55 to
? with spots = 38 to & without spots = 16 to ¢ without
spots = 28; contingency x* = 6.21,df = 1, P = 0.013,
a = 0.05/2 = 0.025). There are too few Sp“/+ nonpene-
trant males and too many Sp*/+ nonpenetrant females.
There are also. more nonpenetrant Agouti mice than
non-agouti mice (31 NP A/a: 13 NP a/a; x* = 71.36, df
=1,P = 0.007, a = 0.05/3 = 0.017), with roughly an
equal number of penetrant Agouti and non-agouti mice
(50 PA/a:43 Pala; x* = 0.53,df = 1, P = 0.47). In
addition, of the 11 +/+ mice exhibiting white belly
spots (Table 2), 10 are males (x* = 7.36,df = 1, P =
0.007, @ = 0.05) and all are a/a, non-agouti black (x*
=11.00,df = 1, P = 0.0009, « = 0.05/2 = 0.025). Be-
cause of this nonrandom association between the pres-
ence of a white belly spot, the sex of the mouse, and
the Agouti locus, we examined segregation data for the
A-locus among BC, mice.

BC, mice were expected to be §A/a and ja/a regard-
less of the Sp* genotype. With 185 A/a and 132 a/a
progeny, there is a 16.5% deficiency of a/a progeny (x*
= 886,df = 1, P = 0.003, « = 0.05). BC, mice were
also expected to be § +/+;A/a, § +/+ala, § SpY+:Al
a, and { Sp*/+.a/a. The observed numbers were, re-
spectively, 106, 74, 79, and 58. A x* analysis indicates
a significant deviation from the expected values (x* =
15.07,df = 3, P = 0.002, a = 0.05). There is a significant
deficiency of Sp*/+:a/a mice and a significant excess
of all +/+;A/a mice. Thus, with respect to the viability
of BC, progeny, Sp? and the a allele or a gene closely
linked to the A-locus play a role in the reduction of
viability.

Analysis of Skull Shape

Measurement error. The extent of measurement er-
rors following mounting and digitization of a skull im-
age was evaluated. The images of three representative
skulls were captured, stored, and evaluated for the
eight landmarks (Fig. 2B). The X;, Y, coordinates for
each of the eight landmarks found on each of three
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skulls were digitized 10 separate times from the same
skull video image. A FORTRAN program (SKULL,
available on request) converts absolute X;, Y, coordi-
nates into relative shape coordinates using the algo-
rithm described by Bookstein (1991). As defined in this
analysis, the program normalizes the shape coordinate
measurements relative to the distance between land-
marks 1 and §, which defines the length of the mid-
sagittal suture of the interfrontal bone. In this case,
landmarks 1 and § (Fig. 2B) were selected as the base-
line and, by division of the absolute value of the dis-
tance between landmarks 1 and 5, gave the relative
shape coordinate designations of X,, Y, = (1,0) and X;,
Ys = (0,0), respectively. All shape coordinates were
thus normalized to this baseline measurement, which
eliminates differences in absolute sizes of the skulls.
Absolute landmark coordinates were captured, trans-
ferred Lo a Microsoft Excel file, and then converted to
relative shape coordinates by SKULL. For three differ-
ent skull images digitized 10 times each, the average
cocfficient of variation with its standard deviation for
the six landmarks (2, 3, 4, 6, 7, and 8) each with two
coordinates is 0.012 = 0.006 for ? 245, 0.008 + 0.003
for ? 248, and 0.010 = 0.004 for 9 251. The same
three skulls were mounted, the images captured, and
landmark coordinates digitized 10 separate times. The
average coefficient of variation with its standard devia-
tion for the 6 landmarks cach with two coordinates was
0.020 = 0.005 for ? 245, 0.013 = 0.006 for ? 248, and

. 0.009 = 0.004 for @ 251. A comparison of these two

sets of cocflicients of variation indicated that the error
associated with mounting each skull was less than the
error associated with digitizing cach landmark. The
combined errors were between 0.9 and 2.0% of the
value of the relative shape coordinate and did not mask
the variation observed between skulls.

Evaluation of symmetry. Skulls from seven groups
of mice were examined: +/+ B¢ (4), SpY+ B¢ (2), +/+
SPR(30), +/+ F,(17), Sp¥/+ F,(8), +/+ BC, (180), and
Sp*/+ BC, (126). Using Student  tests, the coordinates
of the left and right sides of the skulls were compared to
determine if there were any skull asymmetries within a
given group (data not shown). For each group, the null
hypothesis was X, = X,, Yal = Y, X5 = Xy, |Y3] =
Y3, X, = X, and |Y,| = Y,. These initial analyses re-
quired 42 different ¢ tests (seven groups X three pairs
of landmarks X two coordinate values X; and Y;). To
maintain an overall probability of @ = 0.05 for 42 re-
lated comparisons, an individual comparison needed to
be significant at P = 0.001 (Nater and Wasserman,
1974; Anderson and Sclove, 1986). No lefU/right ¢ tests
involving X; or ¥; were found to be significant at P «
0.001. No comparisons of symmetry were made be-
tween any of the seven groups. There were only six
individual comparisons made within each group that
could be argued as possibly dependent. Thus, a = 0.05/
6 = 0.008 was chosen as the significance level for these
evaluations of symmetry. At this level of significance,
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TABLE 4

Mean Coordinates (X;, Y)) for Landmarks (i = 6, 7, and 8) for the Left Side of Mouse Skulls Comparing Mus
musculus CSTBLGJ (Bo), Mus spretus (SPR), F,, and BC, with the Slope.(b,) of the Regression Line Passing
through the Landmark (X, Y)), the Standard Deviations (8), and the ¢ Tests Comparing Individual Means and

« Comparison S Xe Ye be X L4 b Xa Y be
4 B ¢/¢ z 04713 034 0.403 0.740 0.238 -1.138 0.949 0.335 -0.614
% 0.011 0.007 0331 0.008 0.010 0338 0.011 0.019 0.947
2 B¢ Sp¥+ 4 0.447 0368 0.522 0.748 0.256 -1.066 0.974 0.364 -1.800
i 0.071 0.025 NS 0.011 0.011 NS 0.014 0.028 NS
30 SPR +/+ 0.437 0.299 -0.046 0.691 0.231 -0.011 1.000 0.380 0.188
3 0.029 0.020 0.128 0.036 0.01S 0.080 0.032 0.017 0.035
17 F, 4/+ b 0.417 0.285 -0.836° 0.673 0.212 -0.095 0.940 0316 0.079
[ 0.028 0.036 0.246 0.038 0.015 0.097 0.026 0.013 0.123
8 F, Sp¥+ 0409 0.298 -0.734 0.671 0.218 -0.145 0.955 0327 0.085
i 0.030 0.040 0451 - 0.036 0.015 0.152 0.017 0.012 0.292
180 BC, ¢/« 2 - 0.426 0.327 -0.205 0.695 0.237 -0.199* 0.937 0332 041y
£ 0.049 0.054 0.080 0.061 0.031 0.034 0.058 0.041 0.043
126 BC, Sp¥/+ 2 0.426 0336 -0.657 0.697 0.243 -0.041 0.967 0340 0274
H 0.045 0.049 0.077 0.036 0.029 0.073 0.033 0.036 0.095
Be (¢/+ vs Sp¥+) A 0817 2078 1.044 2.026 2442 1.621
P, 0.460 0.106 0.355 0.113 0.071 0.180
Fy (4/+ vs Spl+) [3 0.110 0.089 0.024 0.114 0.229 0.227
Pss 0.913 0.930 0.9681 0810 0.821 0.822
Bg vs SPR [ - -2.065 6.135 3.460 2034 3.188 4587
Py, 0.047 S8E-7 0.001 0.050 0.003 S9E-S
B.vsF, [ 3.795 4.161 4621 4.763 1.283 4.046
Pun 0.0007 0.0003 13ES 49E-S 0.210 0.0004
F, vs SPR ¢ 2917 0.793 1.897 4245 7.195 14.78S
Pu 0.005 0.432 0.063 8.8E-S 22E9 1.9€-20
BC, (#/+ vs Sp¥/+) (R 0.000 1.490 0330 Lm $.241 1.765
P, 1.000 0.137 0.742 0.088 J.0E7 0.079
(R 4.071 1.962 1391
P, 6.0E-S . 0081 0.165
Note. n, ple size. S, statistics, including the mean (%) and the standard devistion (3). ¢, calculated ¢ value ing the of

themdlaladgmp P, probabchtye(obtcrmngthel value that large or larger by chance alone with X, dqmsdfm;dm For X, or Y, of

ison o be id

a given group

d significant, P < 0.008 (0.05/6). For b, n&ununnnmp«bﬁm(wmuukm

significant, P <0.6!1 (0.0573). b Values and ( values mecting this criterion arr in boldface. NS, standard deviation of the slope does not

exist.

* The slope of the regression line through landmark 6 is significantly different from zero with ¢ = 3.390, df = 15, # = 0.004.

* The slope of the regression line through landmark 7 is significantly different from zero with ¢, = 5686, df = 178, P = S.24 x 10°".
*The slope of the regression line through landmark 8 is significantly different from zero with {, = 9744, df = 124, P = $28 x 10°".
“ The slope of the regression line through landmark 6 is significantly different (rom zero with (, = 8.532,df = 124, P = 425 x 10° %,
* The slope of the regression line through landmark 8 is significantly different from zero with ¢ = 2.884, df = 124, P = 0.0046.

there was a single difference noted. For +/+ Mus
spretus, |Y| > Y. This was a §.4% increase in the
skull half width. Because 41 of the 42 comparisons indi-
cated that skull landmarks were symmetric, further
analyses were restricted to the left side of the skull
(Table 4).

Displacements of skull landmarks. The null
hypoﬂauufordmeoompanoomm#-&)(.-
SpY+ X¢ and +/+ Y¢ = Sp¥+ Y and were similar
for landmarks 7 and 8. As six comparisons were made
between pairs of groups, a = 0.008 was chosen as the
level of significance. In B¢ mice, there are no differences
in the locations of skull landmarks caused by Sp* (Ta-
ble 4). This is also true on the F, genetic background
(Table 4). Among BC, skulls, Sp* causes landmark 8
to be displaced 3.2% anteriorly (Table 4).

Some mouse skull landmarks for B¢, SPR, F,, and

BC, differ significantly in their location (Table 4). As
a consequence of the displacements of these landmarks,
the relative size and shapes of the interfrontal bones
differ significantly. From these measurement differ-
ences, the size and shape of the interfrontal bone is
controlled by genes with a number of different modes of
inheritance. The relative lengths of the left interfrontal
bones (Xy-X¢) were compared with @ = 0.05/10 = 0.005.
The order of the group means with equivalent means
underscored is

Bg BC, +/+ F, BC, Sp%+ SPR.

The ranking of the above means indicates that genes
that cause the interfrontal bone to be short are domi-
nant (P < 0.005). For the F,~SPR comparison, P =
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Morphometric variability. The above analysis indi-
cates that craniofacial morphology of mouse skulls is
influenced by genes that control the location of given

isal
by genes u.u may independently control the variability
of the location of a given landmark without ing
the average louuon oﬁ.hg llndmlrk To evlllnu this
aspect of the ) of the
linear regression line through a given mean landmark
location (X, Y,) was determined (Table 4). The null
hypothesis was b; = 0 for a given landmark. For each
group (Be, SPR, F,, BC, +/+, and BC, Sp+), there
were three slopes_tested and as a consequence, & =
0.05/3 = 0.017. With the exception of e landmark
(F, +/+ X, Ye), all slopes for B, SPR, and F, Sp¥/+
were not significantly different from zero (Table 4). As
Be and SPR are highly inbred strains and as the Sp*
mutation occurred spontaneously on the Be strain, By
mice with a given Pax3 genotype (Sp¥/+ or +/+) should
lack genetic variability. Since Sp‘/+-mnumm¢ litters
were stored as frozen embryos following nine genera-
tions of backcrossing to B to minimize the accumula-
tion of newly arising mutations linked or unlinked to
Sp*, Sp*l+ and +/+ mice should differ at very few other
loci. The significant slope of the regression line through
landmark 6 of +/+ F, mice cannot be explained by
segregating genes.

F\ mice should have identical genotypes at all autoso-
. F\ males should be identical genetically and
physiologically with a SPR Y chromosome and a B¢ X
F, females should be identical genetically

ning wing of 3
ol 4141 g indicaiog the cight landmarks ueed (o charac-
Lerize the shape of the interfrontal bone. Landmarks 1, 2, 4, 5, 6,
and 8 ar defined by the intersections of sutures. Landmarks 3 and
7 are defined us the points of the narrowest distance botween the
arbital ridges. (C) A scanning photomacrogtaph of a mutant (Sp¥/+)
mouse.

0.00051. The relative posteior halfwidths ofth inter-
frontal bones (Ye) were compared with @ = 0.05/6 =

0.008. The rank order of the means is srn =F, <BC,
= Be. For the F,—BC, comparison, P = 0.00045. This
result indicates that genes that produce posteriorly
narrowed interfrontal bones appear to be dominant.
The relative el distances between the postrior aspect

with a SPR X chromosome and a B¢ X chromosome.
However, it may be possible that the significant regres-
sion slope at landmark 6 of Fy mice could be related to

chromosome inactivation. If F, mice are pooled into
males and females regardless of genotype (Table 4), we
note that the regression line through landmark 6
2 slope significantly different from zero in females (be
= 0773 = 0.199, ¢, = 3.884,d/ = 15, P = 0.0014, a
= 0.05/6 = 0.008) and a slope not significantly different
from zero in males (bs = 0.217 = 0.461, ¢, = 0.470, df
= 6, P = 0.655).

BC, mice sre segregating M. musculus and M.
spretus alleles at all loci including Pax3. The slopes
for all three in BC, mice show significant

bone a:
d-mm- (X;-X¢) were compared with @ = 0.05/6 =
0.008. A single comparison was found to be signifi-
cantly different: BC, < B¢ (P = 0.00021). The relative
interorbital half widths (Y;) were compared with a =
0.05/6 = 0.008. The rank order of means is F; < SPR
= BC, = Be. For the F,~SPR comparison, P = 8.84 X
10™*. These results indicate that the interorbital half
width exhibits negative heterosis. Finally, the relative
anterior half widths of the interfrontal bones (Ys) were
compared with a = 0.05/6 = 0.008. The rank order
of means is F, = BC, = B¢ < SPR. For the B¢-SPR
comparison, P = 5.86 X 10", This result indicates that
narrow anterior half width i bones are in-

differences from zero (Table 4). Paired comparisons be-
tween slopes using ¢ tests indicated that for two of these
landmarks (6 and 7) the slopes are significantly dnﬂ'ers
ent between +/+ and Sp¥/+ (Table 4), again using «
0.017. The slopes at landmark 6 indicate that BC.
Sp*/+ mice have both broader and narrower
interfrontal bone width compared to their +/+ -ibhn;-
The slopes at landmark 7 indicate that BC, +/+ mice
have both broader and narrower interorbital widths
compared to their Sp%+ siblings. Finally, the slopes at
landmark 8 are roughly equivalent for BC, +/+ and
Sp¥/+ siblings, md.caung that the anterior interfrontal
by the genetic back-

herited as a dominant trait.

ground in the BC. mice but are not influenced by Sp*.
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Thus, Sp* increases the range of variability observed
in craniofacial measurements in a systematic manner.
Sp*/+ mice can have very narrow as well as very broad
interfrontal bones. The shape of the interfrontal bone
depends upon the interaction between Sp* and the ge-
netic

To illustrate, Figs. 3A and 3B present plots of the
relative shape coordinates for all +/+ and Sp%/+ BC,
mouse skulls, respectively. The shape coordinates are
normalized using the distance between landmarks 1
and 5. Notice that the shape coordinates for landmarks
2, 4, 6, and 8 (Fig. 2) diverge from the skull midline
represented by the line from landmark 1 (1,0) to land-
mark § (0,0). The ¢ tests in Table 4 indicate that this
divergence is significant for each genotype (P < 0.017
= a) and that SpY/+ mice have s greater divergence .
than do +/+ mice for landmark 6 (P = 5.57 x 107%).
The Pax3 mutation Sp* causes the posterior aspect of
the interfrontal bones of Sp¥/+ mice to be significantly
wider and narrower than that of +/+ mice (Table 4 and
Fig. 2C).

Selection of Animals with Skull Shape Extremes

To determine if the genes controlling the average
location and variability of a given landmark are the
same for all landmarks, a subset of selected skulls were
plotted. Using the coordinates of landmark 6 (Fig. 3 _
sand Table 4), 10 animals of each genotype with either
the widest or the narrowest skulls were selected (6th
and 8th percentiles, respectively, Figs. 3A and 3B). The
coordinates of these animals appear in Figs. 3C and
3D. Note that animals selected in this manner produce,
as expected, two separate nonoverlapping clusters of
points for landmarks 4 and 6 but produce a single clus-
ter of overlapping points for landmarks 2 and 8. On
the other hand, when 10 animals are chosen from the
extremes of the distributions for landmark 8, two sepa-
rate nonoverlapping clusters are obeerved for land-
marks 2 and 8 and a single cluster is observed for land-
marks 4 and 6 (Figs. 3E and 3F). The animals that
exhibited the extreme values for landmarks 4 and 6
were not the same animals that exhibited the extreme
values for landmarks 2 and 8. These observations sug-
gest that the location, and variability of the location of
these two pairs of landmarks, 2/8 and 4/, and thus the
anterior and posterior width of the head, are under
independent genetic controls.

If the sexes of the animals chosen because of their
extreme position within the distribution are pooled
across genotypes, there is a significant excess of males
among mice with the narrowest faces with respect to
landmark 6 (the lower 6th and 8th percentiles for +/+
and SpY/+, respectively). There are 17 males and 3 fe-
males (x* = 9.80, df = 1, P = 0.002). There are equal
numbers of males and females among mice with the
widest faces with respect to landmark 6 (the upper 6th
and 8th percentiles for +/+ and Sp%/+, respectively).
There are 12 males and 8 females (x* = 0.80, df = 1,

ASHER ET AL

P = 0.371). On the other hand, if the sexes of animals
chosen from the extremes of the distributions for land-
mark 8 are pooled, the numbers of males and females
are not significantly different, with 13 males and 7
females with the narrowest faces and 7 males and 13
females with the widest faces. These observations sug-
gest that one of the genes controlling the posterior
shape of the skull is X-linked or sex-influenced, while
the genes controlling the anterior shape of the skull
are autosomal.

To see if the distortion in sex ratio would persist
with an increase in the number of selected skulls, 10
additional skulls were chosen from the extremes of the
distributions of each genotype. A summary of the phe-
notypic characteristics of the selected animals appears
in Table 5. With respect to +/+ mice, there are more
males than females with narrow skulls regardless of
the selected landmark (Table 5). With respect to Sp¥/
+ mice, there are many more males than females with
narrow skulls at landmark 6. Following independent
selection at landmarks 7 and 8, there are an equal
number of males and females with narrow skulls. Thus,
mice with narrow skulls have different sex ratios de-
pending on the landmark selected and the Pax3 geno-
type.

Unselected mice have a significant distortion in the
transmission ratio with respect to the A-locus. A contin-
gency x* analysis indicates that mice with narrow
skulls have the same segregation ratios regardless of
the landmark selected (Table 5). In addition, the pooled
ratio is not significantly different from the distorted
transmission ratio seen in unselected mice. Thus, the
A-locus or a gene closely linked to it does not appear
to influence the shape of the skull for the narrowest of
these skulls. .

Mice with the most narrow skulls do not exhibit the
same degree of penetrance of the white belly spot de-
pending upon the landmark selected. Penetrance is
high in mice selected for narrow skulls at landmark 6
and lower in mice selected for narrow skulls at land-
marks 7 and 8 (Table §).

Comparisons of the skull landmarks, sex ratio, A-
locus segregation ratios, and penetrance yields quite
different results when considering mice selected for
very wide skulls. First, the sex ratios among mice with
the widest skulls are not different from each other and
are not different from 1:1, contrary to what is observed
for mice with very narrow skulls (Table §). Second,
transmission ratio distortions for the A-locus among .
mioce with the widest skulls do not differ with respect
to the selected landmarks but these distorted ratios are
different from the transmission ratio distortion seen in
the unselected datd set (Table S). Finally, penetrance
of the white belly spot is not different in mice with wide
skulls regardless of the landmark selected, contrary to
what is observed in mice with very narrow skulls (Table
5). Penetrance among the selected mice is not different
from the penetrance in the unselected data set.

In addition to the segregation analysis performed on
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FIG.3. The distribution of shape coordinates for landmarks 2, 3, 4. 6, 7, and 8 (rom BC, mouse skulls as illustrated in Fig. 2 (A) The
distribution of chape coordinate landmarks for 180 +/+ mice. (B) The distribution of shape coordinate landmarks for 126 Sp¥/+ mice. (C)
‘The distribution of shape coordinate landmarks for 20 +/+ mice selected because they are from the two extremes of the distribution in A
(upper and lower 6th percentile). Selectioa was based ea landmark 6. (D) The distribution of shape coordinate landmarks for 20 SpY/ + mice
selected because they are from the twe extremes of the distribution in B (upper and lower 8th percentile). Selection was based on landmark
G(E)ﬁndd.n’buu«ufdupemdluuhndmuhkr”don‘adeddbeamdny.nﬁmﬂnmmdmedm
in A (upper and lower 6th percentile). Selection was besed on landmark 8. (F) The distribution of shape landmarks for 20
Sp/+ mice selected because they are from the two extremes of the distribution in B (upper and lower 8th percentile). Sclection was based
on landmark 8.

these selected mice (Table 5), the analvsis of the loca- skulls (Table 6). On the other hand, mice selected for
tion and variation of the location for landmarks for the widest skulls do not differ in landmark location
each selected group is presented in Table 6. Sp¥/+ mice regardless of genotype or landmark of selection (Table
with narrow skulls, with regards to landmarks 6 and 8, 6). Thus, the structure of the mouse face is controlled in
have broader skulls than +/+ mice selected for narrow part by the interaction of Sp* with a number of different
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FIG.3. The distribution ef shape coordinates for landmarks 2, 3, 4, 6, 7, and 8 (rom BC, mouse skulls as illustrated in Fig. 2. (A) The
distribution of shape coordinate landmarks for 180 +/+ mice. (B) The distributioa of shape coordinate landmarks for 126 Sp¥/+ mice. (C)
The distribation of shape csordinate landmarks for 20 +/+ mice selected because they are from the two extremes of the distribution ia A
(upper and lower 6th percentile). Seloction was based ea landmark 6. (D) The distribution of shape coordinate landmarks for 20 Sp¥/+ mice
selected because they are from the Lwe extremes of the distribution in B (upper and lower 8th percentile). Seloction was bescd on landmark
6. (E) The distribution of shape coordinate landmarks for 20 +/+ mice selected because they are from the two extremes of the distributien
in A (upper and lower 6th percentile). Selection was besed on landmark 8. (F) The distribution of shape coordinate landmarks for 20
8p*l+ mice selected because they are from the two extremes of the distribution in B (upper and lower 8th percentile). Sclection was based

on landmark 8.

these selected mice (Table 5), the analvsis of the loca-
tion and variation of the location for landmarks for
each selected group is presented in Table 6. Sp¥/+ mice
with narrow skulls, with regards to landmarks 6 and 8,
have broader skulls than +/4 mice selected for narrow

skulls (Table 6). On the other hand, mice selected for
the widest skulls do not differ in landmark location
regardless of genotype or landmark of selection (Table
6). Thus, the structure of the mouse face is controlled in
part by the interaction of Sp* with a number of different
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TABLE §
The Sex, Genotype, and Penetrance of White Belly Spot for 20 Animals Selected
from the Extremes (Narrowest or Widest) of the Skull Measurements
Narrowest Widest

L (] é ? As aa P NP é ° As ea P NP
6 +/+ 15 S 1 13 -—_ -— 8 12 13 7 - -—

Se'l+ 17 3 15 s 16 ‘ 9 un 16 ] 1« 6
7 +/+ 14 6 10 10 —_ - 11 9 15 S -— -

Spl+ 13 7 10 10 10 10 9 11 15 S 13 1
8 /e T3 ) ) 6 - - n 9 15 s - -

Spl+ 9 11 9 11 8 12 12 8 17 3 15 S

* +/+ 0.48* 2.04 —_— 1.20 0.66 -

x* Spl+ 2.0 421 7.06* 1.20 0.63 048
s Pooled 9.4Y 0.00 241

* L, landmark; G, Paxd genolype; Ale, Agouli; /e, non-agouti; P, penetrant for a white belly spot; NP, not penetrant for a white belly
spoL; x* for +/+ or Sp*/+ is 8 contingency x* with df = 2; x* for the pooled samples is a conlingency x* with five degrees of frecdom.

* The sex ratios among the +/+ mice with narrow skulls and landmarks 6, 7, and 8 are nat different but are significantly different from
the expected 1:1 ratio (/9 = 4218, x* = 9.60,df = 1, P = 0.002, « = 0.05/2). There are significantly more +/+ males with aarrow skulls
than there are females with narrow skulls.

“The scx ratios among the selected Sp¥/+ mice with narrow skulls are not equivalent (P = 0.03, & = 0.05). With respect (o landmark 6,
there are more Sp*/+ males with narrow skulls (679 = 173, x* = 9.8,df = 1, P = 0.0018, @ = 0.05/3 = 0.017). With respect to Sp”+ mice
with narrow skulls at landmarks 7 and 8, the sex ratios do not differ.

“The penclrance of the white belly spot differs between the landmarks of narrow skulls (P = 0.03, « = 0.05). Sp/+ mice with narrow
wkulls at landmark 6 have greater penetrance than animals with narrow skulls at landmarks 7 and 8.

“ The penctrance of the white belly spol among mice with wide skulls does not differ with respect Lo landmarks. This penctrance (/NP
= 42/18) is not different from the penct in the lected data set (P/NP = 93/44, contingency x* = 0.09.d/ = 1, P = 0.77).

/The Lransmixsion ratios of Aa/aa among sclected samples do not differ (df = §, P = 0.09) and the paoled ratia (Aa/aa = 65/5S) is not
significantly different from the distorted transmission ratio seen in the unsclected sample (Aa/aa = 192/125; contingency x* = 1.47, df =
1,P = 0.22).

“The A/a Lransmission ratios are not different ia mice with wide skulls (df = §, P = 0.79) bul the distortion in the pooled Lransmission
ratios of the aclecled samples (Aa/aa = 91/29) is different from the A/a transmission distortion in the unsclocled sample (x* = 8.89, df «

1, P = 0003, @« = 0.054 = 0.0125). There is & higher number of Aa

genetic elements. By performing genome-wide disequi-
librium mapping using animals from the extremes of
these distributions, the chromosomal regions oon-
taining the genes that interact with Sp? controlling the
shape of the face should be identified.

Genetic Models for Waardenburg Syndromes

Currently, PAX3, MITF, and EDNRB, when mu-
tated, are capable of causing Waardenburg syndrome
(Foy et al.,, 1990; Asheret al,, 1991; Hugheset al., 1994;
Tassabehji et al., 1994; Puffenberger et al., 1994). There
are over §0 PAX3 mutations that cause Waardenburg
syndrome type 1 (Farrer ef al, 1994; Read, 1995) and
all cause dystopia canthorum, a craniofacial anomaly.
Only three of these mutations segregating in WS fami-
lies have penetrance for deafness between 75 and 100%
(Baldwin et al., 1992; Morell e¢ al., 1992, 1993). Cranio-
facial deafness hand Syndrome, CDHS, is also caused
by a PAX3 mutation (Asher et al., 1996). In an admit-
tedly small family, this mutation is fully penetrant for
both deafness and craniofacial abnormalities. CDHS
shares many characteristics with WS3, including pro-
found deafness and skeletal anomalies, yet they are
clinically distinct (Asher et al, 1996; Goodman et al.,

among mice with wide skulls.

1982; Sommer et al, 1983; Klein, 1983; Shefler and
Zlotogora, 1992). The phenotypic similarities and high
levels of penetrance of WS3 and CDHS might be ex-
plained by the molecular nature of their PAX3 muta-
tions.

Mutant alleles of MITF cosegregate with some in-
stances of Waardenburg syndrome type 2 (WS2). Three
MITF mutations have been characterized (Tassabehji
et al., 1994; Morell et al., unpublished results). As with
PAX3 mutations, the molecular defects caused by
MITF mutations alone are not sufficient to account for
the phenotypic variability observed in WS2 families.
The phenotypic variability observed both within and
between families with Waardenburg syndromes can be
explained by at least three different but not mutually
exclusive genetic models: (1) different mutant alleles
at a single locus, (2) mutant alleles at more than one
locus affecting the same developmental processes, and
(3) a single mutan€ allele at one locus interacting with
modifying genes at other loci (Asher and Friedman,
1990).

Identifying Genes Interacting with Pax3

Mouse mutants have been used to help identify the
causes of WS variability. Evidence presented here dem-
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TABLE 6

Mean Coordinates (X,, Y)) for Landmarks (i = 6, 7, and 8) for the Left Side of Mouse Skulls Comparing BC,
Mice with the 20 Most Extreme Measurements with the Slope (b)) of the Regression Line Passing through the
Landmark (X,, Y,), the Standard Deviations (2), and the ¢-Tests (¢,) Comparing Individual Munc_ and Slopes

a Comparison S Xe Ye be Xy Y, &, Xa Y, be
20 N/« 2 0462 0.256 0.060 0.670 0.195 0.073 0.909 [ %24 -0.029
L 0.039 0.010 0.061 0.049 0.019 0.088 0.042 0.008 0.044
20 N Sp¥/+ x 0.472 0.281 -0.118 0.704 0.207 -0.060 0.955 0295 0.007
H 0.023 0.020 0.205 0.035 0.010 0.067 0.028 0.011 0.096
20 W +/+ z 0.398 0414 -0.183 0.732 0.292 0.181° 0.990 0412 0.344*
& 0.061 0.035 0.128 0.125 0.033 0.045 0.129 0.053 0.054
20 W Sp¥+ 2 0.373 0419 -0855Y 0.692 0.294 -0.004 0.983 0.401 -=-0.127
S 0.044 0.042 0177 0.047 0.027 0.133 0.042 0.030 0.166
N (4/+ vs Sp¥/+) ¢ 0.988 $.000 2525 2.500 4.075 8918
P 0330 13E-S 0.016 0017 23E4 T4E7
W (4/+ vs Sp/+) (% 1.486 0.409 1340 0.210 0231 0.808
Pa 0.145 0.685 0.188 0.835 0819 0.424
% 1.721 0.342 2.698
. 0033 0.734 0010

Note. a, sample size. S, statistics, including the mean (2), the standard deviation (i), and calculated ¢ (1,). Py, the probability of cbserving

a valuc of ¢, that large or larger by chance alonc with df = 38. Fer X, or Y, of a given group

s0n o be idk

d significant, P <

0.008 (0.05/G). For b, within a given group or between twa groups e be congidercd significant, P < 0.017 (0.0573). b Values and ¢ values
mecting this criterion are in boldface. N, the narrowest 20 BC, skulls of a particular genolype. W, the widest 20 BC, skulls of a particular

genotype. )
“ The slope of the regression line p ¢ through L
* The slopc of the reg line passing thraugh land

10
ing through land

“ The slope of the regression line 7

onstrates that when Sp* (a Pax3 mutation) is segregat--

ing on the highly inbred and coisogenic mouse strain
Be, heterozygotes have white belly spots but rarely ex-
hibit dysmorphic features. On the other hand, when
Sp? is segregating in a very diverse genetic back-
ground, i.e., in an interspecific BC, with Mus musculus
and Mus spretus alleles, it is associated with pheno-
typic variability similar to that observed within large
WS families.

Mice with craniofacial abnormalities and very broad
interfrontal bones are heterozygous for Sp¢ and likely
carry alleles for at least two other loci that interact
with Pax3 to influence skull shape. Wildtype +/+ BC,
mice do not exhibit craniofacial abnormalities but can
have broad interfrontal bones and are likely to carry
the same alleles at other loci that interact with a Pax3
mutant allele producing a very broad interfrontal bone.
Because of the sex distribution (Table §) among mice
with extreme skull shapes and because of the sex-asso-
ciated differences in regression slopes of the F,, one of
these loci is either sex-linked or sex-influenced. This
locus appears to help control the posterior shape of the
mouse interfrontal bone. A second locus appears to be
autosomal and control the anterior shape of the inter-
frontal bone.

Extensive variability was observed with respect to
white belly spots in these BC, mice. Approximately
32.1% of the BC, Sp¥/+ mice were nonpenetrant for a
white belly spot. Sp¥/+ on the inbred C57BL/6J strain
are 100% penetrant for a white belly spot. In addition,

rk 8 is significanUy different (rom zero with ¢, = 4.022, df = 18, P « 0.0008.
rk 8 is significantly diffcrent from 2cro with ¢, = 6.370,df = 18, P = §.33 x

rk 6 is significantly different from zero with ¢, = 3.159, df = 18, P = 0.0054.

there is a significant nonrandom association between
the scx of the mouse and the presence of a white spot.
Male Sp*%/+ mice more frequently have white belly
spots than do female Sp¥/+ mice. Thus, both skull
shape and the presence of a whiie belly spot are in
some way influenced by the sex of the mouse. Sp¥/+
mice with the narrowest heads and white belly spots
are gencrally males. One simple explanation is the ex-
istence of an X-linked allele fixed in the CS7TBLASJ
strain that modifies the effects of Sp¥/+ with respect
to the production of a white belly spot and the shape
of the mouse skull. Alternatively, these two effects may
be controlled by two different X-linked loci. In addition
to the influence of sex on the presence of white belly.
spots, mice with the a/a genotype are more frequently
penetrant with respect to the white belly spot. The
shape of the face of mice is also related to the A-locus.
This effect may be directly influenced by the a allele
or a gene closely linked to the a allele.

In addition to the phenotypic variability associated
with craniofacial morphology and pigmentation, Sp*
segregating in the BC, mice also reduces viability. This
effect appears to be enhanced by the A-locus genotype
as well as the sex of the BC, progeny. It has been dem-
onstrated that there is distortion of the 1:1 transmis-
sion ratio when B¢ and M. spretus mice are used to
make an interspecific backcross (Siracusa et al., 1989,
1991). This distortion in transmission ratio involves
genes on chromosomes 2 (containing the A-locus), 4,
and 10 but does not involve chromosome 1 (containing
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Pax3). The distortion of transmission ratios reported
by Siracusa et al. (1989; Aa/aa = 77/40) is not different
from the distortion reported here (Aa/aa = 185/132,
contingency x* = 1.98,df = 1, P = 0.16). In both cases,
the distortion of A/a transmission ratios is not differ-
ent when considering males and females separately.
Among BC, progeny, however, there is a significant
deficiency of Sp¥/+.a/a progeny. As chromosome 1
transmission ratio distortion has not been noted pre-
viously (Siracusa ef al., 1989, 1991), this suggests a
unique interaction between Sp* and the a allele or a
gene closely linked to the A-locus. This interaction
might take place during embryonic development or fol-
lowing birth (Siracusa et al., 1991). An analysis of our
breeding data suggests that both are passible. Eighteen
+/+ B¢ females produced 35 litters with an average
litter size of 6.9 = 2.3 pupsflitter. Fifteen Sp%+ B,
females produced 30 litlers with an average litter size
of 6.7 = 2.5 pupsflitter. These litter sizes do not differ
(t; = 0.34, sy = 2.41, P = 0.05). For 15 Sp¥+ BC,
females producing 92 litters, the average litter size was
4.1 * 23 pupsflitter. BC, litters are significantly
smaller than Bq litters by nearly 3 pupsflitter (¢, =
6.13, £, = 3.60, P = 0.001). Although BC, mice are
exceptionally vigorous and mature rapidly and females
are very active breeders, their litters are smaller than
B¢ litters. In addition, of the 381 pups born to BC,
females, 28 died between birth and weaning. Thus,
both in utero and neonatal losses could dccount for the
decreased viability of Sp¥/+ progeny. Because allelic
variation at the A-locus can cause widely disparate
phenotypic effects including embryonic lethality, obe-
sity, diabetes, and tumor formation (Bultman et al,
1992), it is possible that the M. musculus a allele and
Sp* might interact directly to lower the viability of
Sp%Y+ embryos and/or neonates. This could happen
through the action of these genes on the neural crest
cells.

Genetic modifiers play a major role in the final deter-
mination of a phenotype. Coleman (1978) observed that
two mouse mulants, ob and db, on the C57BL/6J ge-
netic background caused abesity but not diabetes. On
the C57BL/SK genetic background, these mutations
caused both obesity and type II insulin-dependent dia-
betes. A murine Apc (adenomatous polyposis coli) mu-
tant allele is virtually benign on the AKR genetic back-
ground but causes intestinal neoplasias on the C§7BL/
6J genetic background (Dietrich et al., 1993). In a re-
cent finding relevant to the determination of craniofa-
cial and hand phenotypes of humans, Rutland et al.
(1995) identified two sporadic mutations of fibroblast
growth factor receptor 2 (FGFR2) in exon 7, T to C at
nucleotide 1036 and G to A at nucleotide 1037,
Cys342Arg and Cys342Tyr, respectively, that cause
Pfeiffer syndrome (craniosynostosis with hand anoma-
lies). In different families, these same two mutations
cause Crouzon syndrome (craniosynostosis without
hand anomalies). A possible explanation for this pheno-
typic heterogeneity is the segregation of modifier genes
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that interact with the ob, db, Apc, and FGFR2 muta-
tions (Reardon et al., 1994; Rutland et al, 1995).
Lander and Schork (1994) reviewed the nature of com-
plex phenotypes and outlined a number of strategies
to identify these modifier genes. Pavan et al. (1995),
using such a strategy, identified six loci that appeared
to modify the expression of the s/s genotype with re-
spect to white spotting.

We suggest that the phenotypic variability associ-
ated with Waardenburg syndrome requires a mutant
allele at PAX3, MITF, or EDNRB interacting with
other genes. Therefore, to understand the phenotypic
variation associated with PAX3 mutations, the genes
interacting with PAX3 must be identified and cloned
and their functions determined. The Sp* interspecific
backcross mouse model described here offers one oppor-
tunity for mapping and eventually cloning these mod-
ifier genes.
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Waardenburg syndrome (WS) is an autoso-
mal dominant condition characterized by
deafness and various defects of neural-crest-
derived tissues (1). It accounts for over 2% of
the congenitally deaf population [2). At least
four types are recognized (types 1,2,32and 9)
on the basis of clinical attributes (3). Muta-
tions in the PAX3 gene have been demon-
strated in individuals with type 1 and type 3
(47, 9, 10} and with craniofacial deafness
hand syndrome (CDHS) [8)- PAX3 encodes a
transcription factor containing two DNA-
binding motifs, a paired domain (exons 2,3
and 4) and a paired-type homeodomain (ex-
ons 5and 6)[11). It is expressed in developing
neural crest-cells and in the brain {12}. Until
the availability of sequence information on
exons 5-8, mutation screening was confined
to exons 1-4; thus, almost all of the WS muta-
tions reported so far have been in the paired
donnain. WS-associated mutations have been
demonstrated recently within the paired-type
homeodomain {10). Here we report three ad-
ditional mutations in the paired homeod
main of PAX3. )

Methods for isolation of DNA from blood,
PCR primers and cycling parameters for am-
plifying and sequencing exon 6 of PAX3,
labelling PCR products by incorporation of
3P a-CTP, and detection of single-strand con-
formation variants (SSCVs) are described
elsewhere (7, 10, 13, 14). We screened for
SSCVs of PCR products for all eight exons of
the PAX3 gene from 34 different individuals
(68 chromosomes). These individuals were
cither probands or obligate mutation carriers
from different WS families. SSCVs were de-
tected in exon 6 PCR products amplified
from the DNA of probands for 3 WS type 1
families designated: MSUS, MSU7 and
MSUS9. PCR products from these individuals
were gel-purified by electrophoresis through
2% GTG low-melt agarose (FMC), cluted us-
ing Wizard PCR prep columns (Promega),
and sequenced using the ATag cycle sequenc-
ing kit (USB).

3

Two nucleotide substitutions (in MSUS
and MSU7), and one nucleotide insertion re-
sulting in a frameshift (in MSU9) were de-
tected on sequencing gels. For the two substi-
tutions, the sequence change was confirmed
by PCR amplification of genomic DNA using
allele-specific primers, referred to as amplifi-
cation refractory mutation system (ARMS)
[8). In MSUS a substitution 810 C— T would
create an Arg271Cys mutation, and is con-
firmed by substituting TF149 (5-TCTG-
GTTTAGCAACCGCT-3") for E6-5° (10] as
the forward primer for PCR amplification of
DNA from members of the family (fig. 1A).
Allele-specific products (290 bp) were ampli-
fied only from DNA of affected members and
not from unaffected members. Mutant allele
specific PCR products were not detected
when genomic DNA from 50 random individ-
uals (100 chromosomes) was amplified using
the ARMS primers. In MSU7 an 820 G~ A
substitution would create a Trp274Trm non-
sense mutation, and is confirmed by substi-
tuting TF113 (5“AGCAACCGCCGTGCAA-
GATA-3") as the forward primer for PCR am-
plification. Again, allele-specific products
(250 bp) were amplified from DNA of af-
fected members only (fig. 1B). Allele-specific
products and control products were resolved
on 2% NuSeive 3:1 gels and visualized by
ethidium bromide staining.

The 874ins'G' in MSU9 was detected on
sequencing gels of PCR fragments as a consis-
tent duplication of bands resulting from the
overlap of cycle-sequence products generated
from the normal allele and the mutant allele
(fig. 1C). The duplicate sequencing bands oc-
curred downstream of the insertion site, while
sequencing band pattems upstream of the site
were normal. A similar patter was generated
in reactions using a sequencing primer in the
reverse direction as well, and was scen only in
reactions generated from the DNA of affected
individuals. We confirmed that this pattern
was due (o the insetion of a ‘G’ in one of the
alleles by cloning PCR fragments into the
PGEM-T vector (Promega) and sequencing
representative clones. Two varieties of clones
could be distinguished by both sequencing
and by subjecting PCR products generated
from cloned DNA as template to SSCV analy-
sis: those comprising the normal exon 6 se-

.......... Athmmn mmaimsiaT L
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These three mutations are important addi-
tions to the literature of PAX3. The
Arg271Cys mutation in family MSUS is iden-
tical to the one occurring in an apparently
unrelated British family (WS.10; A. Read,
pers. commun.). This is the first reported
occurrence of a shared mutation among the
more than 25 WS mutatioas described (9, 10).
Haplotype analyses should reveal whether the
mutant alleles segregating in families MSUS
and WS.10 have the same origin, or if the
nucleotide substitution occurred at least twice
in history. This mutation also occurs at the
same position as the one described in family
NIH8 (Arg271Gly) [10]. The differences in
penetrance of deafness between family NIH8
(5/6) and WS.10 plus MSUS (2/7 and 3/11
respectively) are potentially informative as to
the etiology of deafness in WS. MSU7 is segre-
gating for a nonsense (Trp274Trm) mutation.
Yet like WS.10, MSUS, and NIHS, all of
which have missense mutations in exon 6, the
affected individuals in "'MSU7 have typical
WS type 1 features. Three of the four affected
individuals in MSU7 display profound seaso-
rineural hearing loss. Another family with
typical WS1 features, MSU9, has a frameshift
mutation (§74ins'G") in exon 6. In MSU9, the
frameshift mutation is detected only among
the 3 children, each with typical WS type 1
features, but not detected in either parent,
who are clinically normal. An earlier study
using RFLP markers demonstrated that indi-
vidual MSU9-1 is the biological father of the
three affected children {15). This confirms the
hypothesis that WS1 in this family is the
result of a germline mosaicism [15).
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