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ABSTRACT

Hallervorden-Spatz syndrome (HSS, OMIM #234200) is a rare, autosomal recessive
disorder with brain iron accumulation as a prominent finding. It is characterized by
rigidity, dystonia, pigmentary retinopathy, and basal ganglia densities on magnetic
resonance imaging. Onset is in childhood with a progressive course leading to death by
early adulthood. The objectives of this study were to determine the chromosomal location
of the HSS gene using linkage analysis and to characterize the genomic region containing
the HSS gene. Samples were initially obtained from 10 families, one each of Amish, New
Zealand and Australian descent, two of Spanish descent, and five of Italian descent.
Highly polymorphic microsatellite markers near candidate genes encoding proteins
related to iron homeostasis and retinitis pigmentosa were typed first, and these regions
were excluded. A primary genome search for linkage to the HSS gene was performed
using samples from the large, consanguineous, multi-generation Amish family. Two-
point linkage analysis was run using MLINK and haplotypes were constructed for all
markers. Linkage was demonstrated between the Amish family and genetic markers from
chromosome 20p13-p12.3. Analysis of the other nine families supported linkage of the
HSS gene to this region with a total maximum two-point lod score of 13.75 at 6 = 0 for
the marker AFMa049yd1. Homozygosity in the Amish family and obligate recombinants
in three of the other families narrowed the HSS gene to a 4 centimorgan interval between
markers D20S906 and D20S116. This locus was designated Neurodegeneration with
Brain Iron Accumulation, Type 1 (NBIA1). Correlation between the publicly available
genetic, radiation hybrid and yeast artificial chromosome (YAC) maps from this region

was very poor. Very few markers were on all of the maps and none of the maps was



sufficiently marker dense. A high-resolution radiation hybrid panel was first used to
integrate markers from these maps. A minimal set of YACs spanning the NBIA1 critical
region was available and was typed for all markers. Several of the YACs were found to
have internal deletions. To confidently map all of the markers in the NBIA1 critical
region, a human bacterial artificial chromosome (BAC) contig was developed. BAC
clones are much more stable and less chimeric than YAC clones. A preliminary
BAC/YAC contig across the HSS critical region was constructed, spanning more than 3
megabases. Several genes and uncharacterized expressed sequence tags previously
mapped to this region were excluded from the HSS candidate region. An additional 50
families with classical and non-classical HSS were identified and those with the classical
type were haplotyped. Newly identified obligate recombinants, regions of homozygosity,
and shared haplotypes suggestive of linkage disequilibrium, further delineated the HSS
interval to that between markers D20S473 and D20S867. This interval is spanned by two
overlapping BACs with a total size of 400 kilobases (kb), which suggests that the current

Hallervorden-Spatz syndrome critical region is less than 400 kb.
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CHAPTER 1

INTRODUCTION



OVERVIEW

Hallervorden-Spatz syndrome (HSS, OMiM #234200) is a rare, autosomal recessive
disorder with brain iron accumulation as a prominent finding. It was first described in
1922 by Julius Hallervorden and Hugo Spatz. HSS is characterized by rigidity, dystonia,
and pigmentary retinopathy. The onset in childhood with a progressive course leading to
death by early adulthood. Little is known about the biochemical or cellular defects in this
disease. Iron accumulates intra- and extracellulary in the basal ganglia, specifically in the
globus pallidus and substantia nigra pars reticulata. Peripheral iron homeostasis is
normal, as are cerebrospinal fluid (CSF) levels of iron, transferrin and ferritin. Axonal
spheroid formations are found on pathological examination of affected areas of brain.

Acanthocytes and lipofuscin-laden histiocytes are seen in a subset of patients with HSS.

To elucidate the defect in HSS, we took a genetic approach using homozygosity
mapping (Lander and Botstein, 1987). This method has been used to successfully map
genes for other rare disorders (Farrall, 1993) including Bardet-Biedl syndrome (Kwitek-
Black et al., 1993), familial Mediterranean fever (Aksentijevich et al., 1993), Friedreich's
ataxia phenotype with selective vitamin E deficiency (Ben Hamida et al., 1993), and
Hirschsprung disease (Puffenberger et al., 1994). To reduce the possibility of locus
heterogeneity, linkage analysis to the HSS gene was performed using samples from just
one family. This family, HS1 (Figure 1), is a large, inbred Amish family with multiple
consanguineous unions. The HS1 family alone, due to its size and degree of inbreeding,
provides sufficient statistical power to establish linkage to one chromosomal region.
Highly polymorphic microsatellite markers were typed near candidate genes encoding

proteins of iron homeostasis and pigmentary retinopathy, and subsequently across the
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whole autosomal genome. Two-point linkage analysis and haplotype analysis were used
to exclude or confirm linkage. Other methods, such as multipoint linkage analysis and
linkage disequilibrium analysis were also considered in the localization of the HSS gene.
Additional classical HSS families were also genotyped and incorporated into the

analyses.

Once linkage was established to chromosome 20, it was necessary to construct a
physical map across the HSS gene critical region. The correlation between numerous
available maps of chromosome 20 was poor; only a few markers were constantly ordered
and on all of the maps. By improving the mapping information across the HSS critical
region, we expected to rectify marker order and to consolidate all of the marker
information from the publicly available maps. A high-resolution radiation hybrid panel
was first used to integrate markers from these maps. YACs spanning the critical region
were also typed with the same markers. Since several of the YACs were found to be
internally deleted, we decided to screen a BAC DNA library in order to build a more
reliable contig. BACs are much more stable and less chimeric than YAC clones. A contig
spanning more than 3 megabases was constructed across the HSS critical region. We
were able to exclude most of the genes previously mapped to the region from the HSS
critical region with this contig. After genotyping several new classical HSS families and
improving the physical map, we were able to narrow the HSS critical region down to two

overlapping BACs with a total size of 400 kb.

Before World War 11, Julius Hallervorden was shamelessly and actively involved in
the euthanasia of 'mental defectives', whose brains he collected for study. For this reason,

we and others (Shevell, 1992; Gordon, 1993) proposed that any genes for this disorder



not carry his name. In compliance, this first locus for Hallervorden-Spatz syndrome has

been designated Neurodegeneration with Brain Iron Accumulation, Type 1 (NBIA1).



CLINICAL CLASSIFICATION

The clinical diagnosis of HSS is based on criteria published by Swaiman (1991). A
diagnosis of HSS was assigned only when a patient had all of the obligatory features, two
or more of the corroborative features and none of the exclusionary features. The
obligatory features include onset during the first two decades of life with progression of
signs and symptoms. Extrapyramidal dysfunction is also present, including one or more
of the following: dystonia, rigidity, choreoathetosis. Corroborative features include:
corticospinal tract involvement, retinitis pigmentosa and/or optic atrophy, seizures,
positive family history consistent with autosomal recessive inheritance, hypodense areas
involving the basal ganglia on magnetic resonance imaging (MRI), and abnormal
cytosomes in circulating lymphocytes and/or sea-blue histiocytes in bone marrow.
Exclusionary features include abnormalities of ceruloplasmin or copper metabolism,
overt neuronal ceroid-lipofuscinosis, severe retinal degeneration or visual impairment
preceding other symptoms, family history of Huntington chorea or other dominantly
inherited movement disorder, caudate atrophy, deficiency of B -hexosaminidase A or

Gwi-galactosidase, nonprogressive course, and absence of extrapyramidal signs.

The symptoms of HSS typically begin with dystonia, followed by dysphagia and
dysarthria (Hallervorden and Spatz, 1922; OMIM #124200). Patients often become rigid
within 2-3 years of onset. Dystonia is a neurological movement disorder that produces
turning or twisting movements, which may be repetitive or sustained, causing abnormal
postures. Dystonia may affect one or many parts of the body. Like Hallervorden-Spatz
syndrome, many neurodegenerative diseases, such as Parkinson's disease, Huntington’s

disease, and Wilson's disease, have features of dystonia (OMIM #556500, #143100, and



#277900, respectively). In HSS, as in these other disorders, dystonia is varied and seems
to be a symptom, not a cause. These dystonic symptoms are generally ascribed to
dysfunction in part of the brain called the basal ganglia. Idiopathic dystonia (or primary
torsion dystonia; OMIM #128100) is characterized by age and site of onset, factors which
play a role in the progression of the symptoms. The younger the age of onset, the more
likely the dystonia will begin in one of the limbs, spread to othef parts, and possibly
become generalized. The older the age of onset, the more likely the dystonia will begin in
the neck or cranial muscles and remain local. There is no alteration of consciousness,
intellect, or sensation in idiopathic dystonia. Idiopathic dystonia is found in all ethnic and
racial groups. It is distinguished by the lack of other neurological involvement, a strong

hereditary predisposition, and the absence of specific neuropathology.

Families in this study were ascertained through clinical genetics or neurological
centers. A neurologist or a medical geneticist evaluated all affected individuals. Detailed
medical history, physical and laboratory findings, and pedigree data were taken for each
family member. The diagnosis of HSS was assigned according to the outlined criteria.
Information regarding the families participating in this study is summarized in Table 1.

Pedigrees and haplotypes of all classical HSS families are shown in Figure 1.

Clinical classification of individuals was critical for this study. Misdiagnosis of
disease phenotype can lead to over estimation of the recombination fraction between the
disease and marker loci, and real linkage can be overlooked if the misclassification is
extensive. For this reason, it was critical that all the families in our study fit the criteria of
'classical' Hallervorden-Spatz syndrome. Only the families that fit Swaimans' criteria and

that demonstrated autosomal recessive inheritance were classified as classical HSS



phenotype. The average age of onset in our classical families was less than 10 years.
Individuals with most of the features of HSS, but with late-onset (after the second
decade) were classified as 'atypical' HSS phenotype. 'Probable' HSS phenotype meant
that a patient likely had classical HSS but not enough information about the patient was
available to make the distinction. A phenotype of 'unknown' meant that no information
was sent with the patients' blood or DNA sample. The distribution of the phenotypes of
the 59 families in this study is as follows: 48% classical HSS, 32% atypical HSS, 10%
probable HSS, and 10% unknown HSS. Only the 28 classical HSS phenotype families
were used in the linkage mapping part of this study. Of these 28 families, three were from
Canada, four were from the USA, three were from Spain, seven families were from Italy,
and 11 families were from several other countries. Families from the same countries were
from varied locations. Though all of the Italian families were identified through one

institute, their geographical distribution is unknown.



Family ] Phenotypel Country ILlnked to 20p13| # Affected | Consanguineous
JHS1 ¢ Classmal LusA L Xes ; AN 1) _Yes
JHS2 of: Canagla Insufﬁcxent data i | No
HSS Classical New Zealand Yes L 1 i No
_HS7 | Classical Germany | Yes | 1 1 ""No _
..HS8 | Classical  Spain ’ .Xes .1 No
_HS9  Classical  Japan | No | 1 T vyes |
_HS10  Classical Italy . Yes 2 " Yes —
_HS11 : Classical _Italy | Yes _ —2 i No
HS12 | Classical Italy ! Yes o1 No =
HS13 | Classical _ Ttaly : Yes o 3 No
HS14 | Classical __Australia Yes 1 No
HS15 | Classical _ Spain | Yes _ S S . 7 7
HS16 Classical Italy i Yes 2 No
HS19 | Classical Italy | Yes 1 - No
_HS20 ¢ Classical == Ttaly . =~ = Yes 2 | __No
HS23  Classical UsA | Insufﬁcxent data me._. 1 Unknown
_HS26 : Classical | = USA : Yes Cie TR St No
HS27 | Classical Germany  Insufficient data R 1 | No
HS35 : Classical France i Yes i1 ___Yes .
_HS36 i Clasggg:al UsA Insufﬁment data 1 _Unknown
HS37  Classical _ Poland Y L _WYes o= R TR enn. No_
HS48 “““““ Classxcal Spa;gm . . Yes el A Unknown
HS49 __Classical _ baudl Arabla .., No L. 8 . Likely
_HS50 _ Classical _Saudi Arabia Insufficientdata 1 Likely
HS54  Classical | Canada | Yes | i No |
_HSS55  Classical | Canada | No | 2 ... Unknown
_HS56 . Classical Canada__ ! __Insufficient data 1 i Likely
HS60 mClassmal l Turkey Yes 2 I Yes =
_HS21  Probable @ USA T Insuffic1ent - data 1 | ____No
I—WI_SWZWQ Prg_bab}e _usA w‘ Insufﬁc1ent data 1 | Unknown
HS43 = Probable Spain o Yes e Unknown
HS44 = Probable Spain | = Yes Lo L i Unknown
_HS45  Probable  Denmark _ Yes L — No
HSS58  Probable Holland e Yes_ 1 1 B Unknown
HSS Unknown Unknown . Insufﬁment data L __Unknown
HS34 Unknown USA 7 Insufficwnt data 5 ST Unknown
_HS41 Unknown  USA B . | Rt o Unknown
HS42  Unknown USA o Y:gg o1 Unknown
HS57 Unknown USA - Insufﬁc1ent data 1 = = Unknown
HSSQ Unknown“ Mlddle Ea_st_ﬁ Yes — = 2 Unknown
HS4 Atypical USAM — Yes a2 _Yes »

] HS6 Atypical usa Insufﬁcu—:nt data ozl oo Unknown
HS17  Atypical USA Insuffic1ent data R . No
_HS18  Atypical USA  Insufficientdata 1 | No

HS22  Atypical usa - S = No
_HS25  Atypical usa No S 2o o N
 HS28  Atypical USA Insufﬁment _data 1 g Unknown

HS30 _Atypical Unknown _Insufficient data . S Unknown

HS31  Atypical ] UK - No. 4 . XYes
_HS32 _ Atypical usa _No 3 _No

HS33  Atypical USA - ~_No 2. Unknown

J—}SSS Atypical USA } Yes o . No =
_HS39  Atypical usa _.Yes 2 N . - S

HS40 = Atypical JUusa 0 Yes 2 Unknown

HS46  Atypical  Ttaly =~~~ No s 53 o No

HS47  Atypical  Germany = Yes e Unknown

_HS51  Atypical _ _USA il Insuffic1ent data S .| Unknown

_HS52  Atypical USA__ Insufficientdata 1 Unknown

“HS53 Atypical Scotland Insufficient data 1 No

Table 1. HSS Family Summary.
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PATHOGENESIS

HSS is characterized pathologically by iron accumulation and axonal spheroid
formation in the basal ganglia, particularly in the globus pallidus and pars reticulata of
the substantia nigra. The fundamental defect responsible for (or leading to) the brain iron

accumulation remains to be elucidated.

Julius Hallervorden and Hugo Spatz first described the clinical and pathologic
features of this disorder in 1922 (Hallervorden and Spatz, 1922). They reported five
sisters with gait abnormalities, dysarthria, dementia, and the striking gross pathologic
finding of rust-brown pigmentation of the globus pallidus (GP) and the reticular zone of
the substantia nigra (SNR). Iron is the major component of this pigment (Hallervorden,
1924). Ceroid-lipofuscin and neuromelanin also accumulate both intra- and
extraneuronally in the brains of people with HSS. Other neuropathologic findings include
demyelination, neuronal loss, and gliosis. This damage occurs predominantly within the
GP and SNR, where focal, symmetric destruction is grossly evident. Magnetic resonance
imaging (MRI) of brain in patients with HSS shows pallidal iron accumulation (Drayer,
1987; Tanfani et al., 1987; Mutoh et al., 1988; Sethi et al., 1988). Serial MRI studies

indicate an accumulation of iron over time (Gallucci et al., 1989).

Additional, cytologic abnormalities, not specific to this disorder, are occasionally
reported in patients with HSS. These findings include sea-blue histiocytes, bone marrow
macrophages (which contain clumped storage material), circulation lymphocytes (with
vacuoles and cytosomic bodies; Swaiman et al., 1983), and acanthocytes (Roth et al.,

1971; Swisher et al., 1972; Luckenbach et al., 1983). The storage material in histiocytes
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is probably ceroid-lipofuscin, and the lymphocytic cytosomes are similar to those seen in
ceroid-lipofuscin storage disorders. Acanthocytosis has been reported in a subset of
patients with HSS (Tripathi et al., 1992; Higgins et al., 1992). Lipofuscin accumulation
and acanthocyte formation are secondary to lipid peroxidation, a process stimulated by

iron (Defendini et al., 1973; Park et al., 1975).

In normal human brain iron distribution is highly regionalized, with iron
accumulation being greatest in globus pallidus and substantia nigra pars reticulata (Spétz,
1922; Spatz, 1922). The pattern of excessive iron accumulation in HSS parallels the
pattern of normal iron accumulation in unaffected individuals. In HSS, the globus
pallidus and substantia nigra contain two to three times the normal amount of iron
(Kornyey, 1964; Volkl and Ule, 1972; Vakili et al., 1977), yet iron content is normal in
other regions of the brain (Kornyey, 1964). Peripheral iron homeostasis is normal, as are
CSF levels of iron, transferrin and ferritin (Szanto and Gallyas, 1966; Swaiman et al.,
1983). In patients with HSS, in vivo **Fe-uptake studies indicate that accumulation of
iron in the basal ganglia is secondary to increased iron uptake with normal turnover

(Szanto and Gallyas, 1966; Vakili et al., 1977; Swaiman et al., 1983).

Normal brain iron accumulation is related to the metabolism of gamma-aminobutyric
acid (GABA), the major inhibitory neurotransmitter in the vertebral central nervous
system (CNS). Glutamate is a precursor for GABA metabolism, and glutamate-binding
proteins contain iron (Michaelis et al., 1982). Iron is also required for succinate
dehydrogenase, the enzyme through which the product of the GABA shunt re-enters the
tricarboxylic acid cycle. In normal mammalian brain, high iron content in the basal

ganglia coincides with GABAergic neuronal pathways (Hill and Switzer, 1984), and iron
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1s released from these neurons under normal physiologic conditions. Inhibition of GABA
catabolism in the GP results in reduced histochemical iron in the ipsilateral substantia
nigra (Hill, 1985). Conversely, unilateral microinjection of excitatory amino acids into
the ventral striatum leads to increase in histochemical iron concentration in the ipsilateral
ventral pallidum, globus pallidus, and substantia nigra pars reticulata (Shoham et al.,

1992).

The balance between excitatory and inhibitory amino acids may be critical in
maintaining normal brain iron. Perry and colleagues (1985) demonstrated that GABA
content was significantly decreased in the globus pallidus and substantia nigra. Gamma-
vinyl GABA (GVGQ) is an enzyme-activated irreversible inhibitor of GABA transaminase
(the enzyme responsible for the degradation of GABA) which when injected into iron-
rich regions of rat brain results in a significant reduction in iron concentration (Hill,
1985). In mammalian brain, glutamic acid decarboxylase (GAD) catalyzes the conversion
of glutamic acid to GABA. These findings suggest iron accumulation in the basal ganglia

may be related to altered GABA metabolism or transport.

Two major active proteins involved in iron homeostasis are transferrin and ferritin.
Transferrin is an iron transport protein that binds to a specific plasma membrane receptor.
It enters the cell and deposits iron in the endosomes. In brain, the transferrin receptor
gene is negatively regulated by iron and may have a function in myelination (Connor,
1986). Transferrin is ubiquitously distributed on the surface of actively growing human
cells, but is concentrated in oligodendrocytes in normal brain (Hill, 1984; Connor, 1986;
Connor, 1987). Ferritin is the major intracellular iron storage protein in all organisms. Its

binding in brain, as in other tissues, is the most efficient mechanism of iron storage that
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permits mobilization of intracellular iron on demand. Ferritin converts ferrous iron to its
ferric form and retains it in an inactive state until it is needed in intracellular metabolism,

thus circumventing the peroxidation potential of iron.

Iron initiates a variety of free radical reactions in mammals and is able to induce
damage to membranes by peroxidation (Halliwell and Gutteridge, 1984 and 1985), the
chain reaction in which polyunsaturated fatty acids undergo oxidative destruction. Iron
accumulation is well documented in HSS, and many of the pathologic features of this
disease can be explained based on lipid peroxidation. Lipofuscin and melanolipofuscin,
degradation products of lipid peroxidation (Defendini et al., 1973; Park et al., 1975), are
abundant in a variety of cell types in HSS. Ferrous iron leads to production of lipid
peroxides, disappearance of long chain polyunsaturated fatty acids, and progressive
photoreceptor degeneration (Rapp et al., 1977). There is much experimental and
pathological evidence that iron initiates lipid peroxidation, which, in turn, causes many of
the pathologic features of HSS. The question remains whether iron accumulation in HSS
is primary, or whether it represents an intermediate step in a complex, neuropathologic

cascade in which the primary defect remains to be identified.

Identification of the gene for HSS may clarify the mechanism by which iron
accumulates normally and in some common neurodegenerative disorders. Increased brain
iron is recognized in Parkinson disease (Sofic et al., 1988; Dexter et al., 1989; Riederer et
al., 1989; Sofic et al., 1991; Hirsch et al., 1991), Alzheimer disease (Goodman, 1953),
and Huntington disease (Jackson et al., 1972) and tardive dyskinesia (Ben-Schachar et al.,
1994). Iron accumulation in these disorders is likely a secondary phenomenon, with

neuronal damage following, in part, from iron-catalyzed oxidation. Iron functions in the
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formation and maintenance of myelin sheet, and may play a role in the pathology of

myelin diseases (LeVine and Macklin, 1990).

Retinitis pigmentosa (RP) is not an obligatory feature of Hallervorden-Spatz
syndrome; however, Newell et al. (1979) suggested that HSS may comprise two distinct
disorders, one of which is combined with pigmentary degeneration of the retina. Their
review of the more than 40 patients with HSS reported by Dooling et al. (1974) revealed
that individuals with retinitis pigmentosa have an earlier onset and more rapid course
with earlier death compared to individuals without this feature. GABA is the predominant
neurotransmitter in mammalian retina, yet no association is recognized between iron
metabolism and GABA in retina, and no iron accumulates in HSS retina. Studies in a
feline model of RP showed gradual selective loss of GABA immunoreactivity in both the

inner and outer parts of the retina (Ehinger et al., 1991).

There is currently no mouse or rat model for Hallervorden-Spatz syndrome. The
mouse and rat genome databases were searched for all of the phenotypic traits associated
with HSS. No strains were detected with iron accumulation in the basal ganglia or any
other of the striking features of HSS. The only strains found with any interesting
similarities to HSS were the WAG rat (Origin: AL Bacharach, Glaxo Ltd. 1924 from
Wistar stock) and mice homozygous for the rod photoreceptor cGMP-phosphodiesterase
rd mutation (OMIM #180072). The WAG rat has low brain GABA (Rick et al., 1971)
and bilateral retinal degeneration with early onset and a slowly progressive course, which
resembles human retinitis pigmentosa (Lai et al 1980). Mice homozygous for the rd
mutation display hereditary retinal degeneration, which has been considered a model for

human retinitis pigmentosa. In affected animals, the retinal rod photoreceptor cells begin
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degenerating at about postnatal day 8, and by 4 weeks no photoreceptors are left. Farber
and Lolley (1974, 1976) showed that this degeneration is preceded by accumulation of
cyclic GMP in the retina and is correlated with deficient activity of the rod photoreceptor

c¢GMP-phosphodiesterase.

Despite detailed pathologic and physiologic investigations, the pathogenesis of
Hallervorden-Spatz syndrome remains unclear. Tenable theories of pathogenesis have
been proposed (Park et al., 1975; Perry et al., 1985; Swaiman, 1991; Tripathi et al., 1992)
based on obstructive sequelae of iron accumulation and lipid peroxidation. Though it is
not established that either of these processes is primary, they form a basis for identifying
candidate genes for this disorder. Genes encoding proteins for GABA and iron
metabolism, and the proteins they interact with, as well as loci associated with isolated

RP and other forms of syndromic RP can be considered candidate genes for HSS.
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MATERIALS AND METHODS

DNA preparation. Informed consent was 6btained from all participants. Fifteen
milliliters of whole blood was obtained, and DNA was isolated by standard procedures
(Miller et al., 1988). Additional samples were drawn for some individuals for Epstein-
Barr virus lymphoblastoid transformation. Lymphocytes were either immediately
transformed or frozen for subsequent transformation (Louie and King, 1991). Cultured
fibroblasts were obtained from a deceased individual with HSS. Paraffin-embedded brain,
including globus pallidus and substantia nigra pars reticulata, was obtained from a man

with atypical HSS.

One affected member of the HS1 family has been karyotyped at the 650-band level
with normal results by the Cytogenetics Laboratory at the Children's Hospital of Buffalo.
Chromosome rearrangements and deletions, while useful in the localization of many
autosomal dominant and X-linked genes, are exceedingly rare in autosomal recessive

disorders and have not been reported in HSS.

Marker selection. A genetic marker can be defined as an observable polymorphism
within the study population. Since Botstein and colleagues (1980) first described
restriction fragment length polymorphisms as a new class of genetic marker, many other
types of markers have been identified, namely VNTRs (variable number of tandem
repeats) and SSLPs (simple sequence length polymorphisms, also known as simple
sequence repeats, SSRs). The most useful class of polymorphisms for genomic screening
and fine genetic mapping is the SSLPs. Unlike standard RFLPs and VNTRs, SSLPs

require only minute amounts of DNA, are generally easy to genotype by polymerase

23



chain reaction (PCR, Mullis and Faloona, 1987), are spread ubiquitously throughout the
genome, and are highly polymorphic. The first and most widely used simple sequence
repeats to be developed for genotyping by PCR assay were the simple (CA), repeats (Litt
and Luty, 1989; Weber and May, 1989; Weber, 1990). On average, variable (CA),
repeats occur every 40 to 50 kb (Weber and May, 1989) and highly variable repeats occur
every 300 to 500 kb. Thousands of SSLP markers have now been described by Généthon
(Weissenbach et al., 1992; Gyapay et al., 1994; Dib et al., 1996); the Cooperative Human
Linkage Center (CHL.C; Murray et al., 1994); and the Utah Marker Development Group
(1995). Genotyping using SSLPs requires the careful selection of standards and controls.
Standard DNA should be included in every gel to so that consistent allele sizes are given
for all genotyped samples (usually CEPH individuals 1347-02, 1331-01, and 1331-02 are
used as sources for standards; Dausset, 1990). Consistency is essential in linkage and
linkage disequilibrium studies, since they are usually dependent on allele frequency

estimates.

For the linkage analysis portion of this study, we used tandem repeat, microsatellite
markers (Litt and Luty, 1989; Weber and May, 1989; Weber, 1990; Edwards et al.,
1991). Most of the markers were obtained from Research Genetics, Inc. (Huntsville AL,
USA). Initially, highly polymorphic markers were selected in autosomal regions known
to contain candidate genes related to iron transport and metabolism, and loci associated
with isolated or syndromic retinitis pigmentosa (Table 2). Dystonia is not present in all
patients with HSS so loci associated with idiopathic dystonia were not considered as

candidate genes for HSS.
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Name Abbreviation Location OMIM #

Ferritin heavy chain 1 FTH1 11q12-q13 134770
Ferritin light chain FTL 19q13.3-q13.4 134790
Gamma aminobutyric acid transporter =~ GABATR 3p25-24 137165
Gamma aminobutyric acid-alpha 1 GABRAI1 5q34-q35 137160
Gamma aminobutyric acid-alpha 2 GABRA2 4pl13-pl2 137140
Gamma aminobutyric acid-alpha 6 GABRAS6 5q31.1-q35 137143
Gamma aminobutyric acid-beta 1 GABRBI1 4p13-pl2 137190
Gamma aminobutyric acid-beta 3 GABRB3 15q11.2-q12 137192
Gamma aminobutyric acid-gamma 2 GABRG2 5931.1-g33.1 137164
Glutamic acid decarboxylase 1 GADI1 2q31 266100
Glutamic acid decarboxylase 2 GAD2 10p11.23 138275
Glutamic acid decarboxylase 3 GAD3 22q13 138276
Beta subunit of cGMP phosphodiesterase PDEB 4pl16.3 180072
Peripherin PRPH 12q12-q13 170710
Rhodopsin RHO 3921-q24 180380
Retinitis pigmentosa 9 RPY 7pl15.1-p13 180104
Retinitis pigmentosa 10 RP10 7q31-q35 180105
Transferrin TF 3g21 190000
Transferrin receptor (p90) TFRC 3929 190010

Table 2. Candidate gene regions first screened for linkage to HSS.
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PCR analysis. The microsatellite markers were used to amplify genomic DNA from
the HSS families. PCR for most markers was done in a total volume of 7 ul, with 14 ng
genomic DNA, 3.5 pmol of each primer, 1.5 mM MgCly, 200 uM dNTPs, 50 mM KCl,
10 mM Tris-Cl, pH 8.5, and 0.175 U of AmpliTag DNA Polymerase (Perkin-Elmer Cetus
Corp., Norwalk CT, USA). In a typical experiment, three-temperature "touchdown" PCR
amplification (Don et al., 1991) was performed in a Gene Amp PCR System 9600
thermocycler (Perkin-Elmer Cetus Corp.), using an initial annealing temperature of 65°C
which was decreased by one degree in each of the first fifteen cycles, then maintained at
50°C for 20 more cycles. Each cycle consisted of a 15 second 94°C denaturing step, a 30-
second annealing step and a 30-second 72°C extension step. This was followed by a final
5-minute extension step at 72°C, after which the temperature was reduced to 15°C until
the reaction tubes were removed from the thermocycler. An initial hold step at 94°C for

4-5 minutes was often used in order to maximize denaturation of genomic DNA.

Genotyping. After PCR amplification, an equal volume of 95% formamide loading
buffer was added to each reaction mixture. The DNA products were resolved on
denaturing 8% polyacrylamide gels containing 32% formamide and 5.6 M urea (Litt et
al., 1993). The gels were pre-run for 30-45 minutes at 80W constant power, bringing the
surface temperature of the front glass plate to approximately 50°C. Prior to loading, the
samples were denatured at 95°C for 5 min. and allowed to cool to room temperature.
Shark-tooth combs placed at the top of the gel were used for wells, allowing for up to 65
samples to be run per load. About 3 pul of each sample was loaded onto the gel and run
for a predetermined length of time to insure proper separation. The sample run-time was

based on the rate at which the DNA fragments migrate versus the rate at which the xylene
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in the buffer migrates. When planning a gel run, the range of fragment sizes for each
marker, the space between loads (1-2 cm), and the number of loads on the gel must be
taken into consideration. Several markers of known fragment size were run and the
distances they migrated were measured. This information was utilized to construct a chart
for estimating the rates of migration for DNA fragments ranging from 70 to 500 bp

(Protocols). The following equation was extrapolated from the data:
y = 5100x8807

where y equals the migration rafe (versus xylene; percent) and x equals the marker
fragment size (nt). Once the gel has finished running, the DNA fragments were
transferred by capillary blotting overnight onto positively charged nylon membrane
(Hybond-N+ version 2.0, Amersham Life Science, Uppsala, Sweden). Large membranes
were cut into smaller, more manageable sizes and labeled for reassembly. The blots were
fixed and hybridized to (CA);s5 end-labeled with ¥ **P-dATP (Current Protocols in Human
Genetics, 1994) using polynuclecﬁide kinase (New England BioLabs, Beverly MA,
USA). The blots were then placed in saran wrap (to prevent them from drying out) and
were exposed to X-ray film (X-OMAT AR, Kodak; Hyperfilm MP, Amersham Life
Science). Time of exposure varied from 2 hours to several days depending on the
intensity of the signal produced from the hybridized probe. A screen can be used to
intensify the amount of exposure, but is not recommended unless time is a concern. When
an intensifying screen was used, the bands were fuzzy and sometimes difficult to read,
especially when space between alleles was minimal. An example of an autoradiograph is

shown in Figure2.
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D20s4 13

Figure 2. An autoradiograph of PCR products generated from the HS1 family using
trinucleotide repeat marker D20S473. All the affected individuals (501, 502, 503, 505,
516, 507 and 510) are homozygous for allele 4. Sample 1347-02, on both ends, is a
CEPH (Centre d'Etude du Polymorphisme Humain) reference individual (the size of

allele 3 is 181 base pairs).
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After the autoradiograph had been developed, the film was labeled with the current
date, type of probe, exposure time, and marker names. The samples were labeled
(individuals were given aliases that do not disclose their relation to one another) and the
CEPH standard individuals genotypes were marked. Genotypes for each lane were read
in accordance with the CEPH standards and the information was transferred to a
computer database. We first used the relational database program Paradox (Borland,
Scotts Valley CA, USA) to store genotype data, but eventually moved the information
into an Access database (Microsoft, Redmond WA, USA). Storing information in a
relational database made it easy to export the data for linkage and other analyses. When
any errors were detected in the genotypic data, such as non-Mendelian inheritance,
suspect data was re-read, re-genotyped, and when necessary, the individuals were re-

sampled or eliminated from the analysis.

Although primer multiplexing using multiple primer pairs simultaneously can be an
efficient method for genotyping large numbers of samples very rapidly using minimal
amounts of DNA (Church and Kieffer-Higgins, 1988; Weissenbach et al., 1992; Vignal et
al., 1993), we chose instead to run the primers separately. Markers with larger fragments
were loaded onto the gel first allowing us to run up to 9 loads (with 9 different markers)
per 37-cm polyacrylamide gel with uniform separation of alleles across the gel. The only
drawbacks with t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>