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performed with Lipofectamine Plus reagent (Invitrogen) in accordance with the
manufacturer's instructions. For cell death analysis with HEK293T and Neuro-2a
cells, transfection efficiency was monitored with co-transfected 50 ng of pEGFP-C2
(Clontech), and confirmed that the efficiency was more than 75% before analysis.

Rat primary cortical neurons. Cortices were dissected from E-18 Sprague-
Dawley rats’ brains. Rat cortical neurons were plated into poly-D-lysine-coated 24-
well plates. Mixed cultures were maimtained in neurobasal medium. After 72 h of
culture, 10 mM of cytosine arabinoside (Ara-C) was added to stop the proliferation of
glial cells. After 72 h of Ara-C-freated, medium was replaced with fresh neurobasal
medium.

Cell death assays. Cell death was assessed by Trypan blue exclusion, P
exclusion, LDH relase, Hoechst dye nuclear staining, MTT assay and caspase
activity measurement.

For Trypan blue exdlusion test, cells were collected and centrifuged for 10 min at
1000 r.p.m. The cell peliet was resuspended in 50 ud of DMEM, to which 50 ul of
Trypan blue (0.4%) was added. Dead cells were counted by three independent
hemocytometer counts.

LDH release from the cells into the medium was analyzed by the Cytotox 96
nonradioactive cytotoxicity assay (Promega). Cell viabilty of primary cortical
neurons was determined by MTT assay (Chemicon) and LDH release into the
medium. Nuclear condensation and membrane integrity loss were monitored by
observing cells under a fluorescence microscope after application of 1 ug/m
Hoechst dye 33258 and 4 uug/ml Pl. Caspase 3 activities of cells were measured
with Caspase 3 Assay Kit (Sigma) in accordance with the manufacturer's
instructions. For each experiment, data were obtained from three wells.

Statistical analyses for cell death were performed using the student's ttest and
single-factor ANOVA, followed by Fisher's protected least-significant ditference post
hoctest. The results were confirned in more than three independent experiments of
all cell death analysis and Western blottings.

siRNA preparation. Sense and antisense strands of sSIRNA oligonucieotides
were synthesized, and were then annealed at 95°C for 1 min. The sense sequence
of siRNA-Bax is 5'-CCAAGAAGCUGAGCGAGUGTT-3 and the sequence of
control siRNA is 5'-GGUCUCGUAGACCGUGCACATAT-3'.

Immunoprecipitation. For detecting the active form of Bax (Figure 5a—),
transtected HEK293T cells in 10-cm dishes were lysed in 200 ul Chaps buffer
(150 mM NaCl, 10 mM HEPES at pH 7.4 and 1.0% Chaps) containing the protease
inhibftors (1: 100 dilution of protease inhibitor Cocktail; Sigma), according to the
previously reported methods.? After pre-clearing 200 l of the sample with 20
protein A-sepharose (CL-4B, 17-0780-01; Amersham Biosciences) at 4°C for 1h,
immunoprecipitation was performed by incubating 200 ul of the lysates with 2 ug of
anti-Bax monoclonal antibody (clone 6A7, BD-Pharmingen) at 4°C for 2h,
Immunocomplexes in 200 ul of the lysates were precipitated with 20 ul protein A-
sepharose. After extensive washing with buffer, beads were boiled in 40 ul Laemmli
buffer, and 20 ! of the eluted proteins were analyzed by Western blotting. Western
blotting analysis of pre-immunopreciptation (input) and immunoprecipitated
samples (IP) were performed with an anti-Bax polyclonal antibody (N-20, sc-493;
Santa Cruz).

For detecting Bax-Ku70 interactions (Figure 4a and b), transfected HEK293T
cells in 10-cm dishes were lysed in 200 ul Chaps butfer containing the protease
inhibitors. After pre-clearing 200 ul of the sample with 20 1 protein G-sepharose (4
Fast Flow, 17-0618-01; Amersham Biosciences) at 4°C for 1 h, immunoprecipitation
was performed by incubating 200 14 of the lysates with 2 g of monoclonal anti-Bax
antibody (B9, Santa Cruz) or 2 ug of monoclonal anti-Ku70 antibody (A9, Santa
Cruz) at 4°C for 2 h. Immunocomplexes in 200 ul of the lysates were precipitated
with 20 uL protein G-sepharose. After extensive washing with buffer, beads were
boiled in 40 yd Laemmli buffer, and 20 ul of the eluted proteins were analyzed by
Western blotting. Mouse IgG was used as negative control. Western blotting
analysis of pre-immunoprecipitation (input) and immunoprecipitated samples (x-Bax
or «-Ku70) were performed with an anti-Ku70 polyclonal antibody (H-308, sc-9033;
Santa Cruz) or an anti-Bax polyclonal antibody (N-20, sc-493; Santa Cruz).

For detecting the acetylated form of Ku70 (Figures 4c and 71), transfected
HEK293T cells in 10-cm dishes were lysed in 200 ul 1% triton in phosphate-buffered
saline containing the protease inhibitors and 5 1M TSA (Sigma).'? After pre-clearing
200l of the sample with 20y protein G-sepharose at 4°C for 1h,
immunopreciptation was performed by incubating 200 ul of the lysates with 4 g
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of anti-pan-acetyl-lysine monoclonal antibody (9681S; Cell Signaling) at4°C for 2 h.
Immunocomplexes in 200 il of the lysates were precipitated with 20 ul protein
G-sepharose. After extensive washing with buffer, beads were boiled in 40 ul
Laemmli buffer, and 20 ! of the eluted proteins were analyzed by Western blotting,
Mouse IgG was used as negative control. Western blotting analysis of pre-
immunopreciptation (input) and immunoprecipitated samples (x-Ac-K) were
performed with an anti-Ku70 polyclonal antibody (H-308, sc-9033; Santa Cn.z).

For detecting the interactions of HA-polyQ (Q79C) and CBP or Ku70, Ku70 and
CBP (Figure 6a—c), transfected HEK293T cells in 10-cm dishes were homogenized
with 350 l of ice-cold homogenization buffer (250 mM sucrose, 20mM HEPES at
pH 8.0, 10mM KCI, 1.5mM MgCl,, 1 mM EDTA, 1 mM EGTA, pH 7.5 and 0.1 mM
PMSF) containing the protease inhibitors. The cytosolic fraction was prepared by
collecting the supermatant of the centrifuged homogenate samples at 14000 r.p.m.
for 30 min at 4°C. Immunoprecipitation was performed by incubating 300 4 of the
lysates with 40 ul of anti-HA antibody-conjugated beads (HA-7, A2095; Sigma) or
with 2 g anti-Ku70 monoclonal antibody (A-9, sc-5309; Santa Cruz) at 4°C for 2 h.
Immunoccomplexes of anti-Ku70 manoclonal antibody in 200 il of the lysates were
precipitated with 20 ul protein G-sepharose beads (4 Fast Flow, 17-0618-01;
Amersham Biosciences). After extensive washing with buffer, beads were boiled in
40 pl Laemmli buffer, and 20 ul of the eluted proteins were analyzed by Western
blotting. Western blotting analysis of pre-immunoprecipitation (input) and
immunopreciptated samples (IP) were performed with an ant-HA polyclonal
antibody (HA-7, H9658; Sigma), anti-CBP polyclonal antibody (C-20, sc-583; Santa
Cruz) or anti-Ku70 polyclonal antibody (H-308, sc-9033; Santa Cruz).
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and genetically, varieties of clinical features seen in one given disorder could
be explained by a combination of some clinical hallmarks which may clinically
characterize the disorder. Here we describe spinocerebellar ataxia type 4
(SCA4) and chromosome 16q22.1 _linked ADCA, the two distinct disorders
linked to the same chromosomal region. Patients with spinocerebellar ataxia
type 4 always show prominent sensory axonal neuropathy as well as cerebellar
ataxia, while patients with 16q22.1-linked ADCA show isolated cerebellar
ataxia with much later age of onset than SCA4. The two disorders also appear
distinct neuropathologically: multiple system degenerations in SCA4 versus
cerebellar cortical degeneration in 16g22.1-linked ADCA. A single-nucleotide
change (-16C>T) in the puratrophin-1 gene, strongly associated with 16g22.1-
linked ADCA, has not been seen in SCA4. Interestingly, the two disorders are
limited so far in ethnically distinct populations: Scandinavians for SCA4 and
Japanese for 16q22.1-linked ADCA. Are these two disorders allelic?
Identification of causative gene(s) will ultimately settle this issue.

1. Introduction

Autosomal dominant cerebellar ataxia (ADCA) is a group of disorders
with clinically and genetically heterogeneous conditions. As covered in this
book, ADCA is divided in more than 30 disorders. Yet, the number of diseases
comprising ADCA is expected to increase by identification of new responsible

genes or gene locl.
In this chapter, we cover two ADCAs known to link to a small region in

chromosome 16q22.1. The two disorders are, spinocerebellar ataxia type 4
(SCA4), and chromosome 16q22.1-linked ADCA. We first describe SCA4,
and then 16q22.1-linked ADCA, as the order of disease identification. Finally,
we describe recent progress on the pathogenesis of these disorders.

2. Spinocerebellar ataxia type 4 (SCA4)

In 1994, K. Gardner, L.J. Ptacek and their colleagues reported a five-
generation family with ADCA, and showed a linkage to chromosome 16q13
(Gardner K. et al. 1994) [1]. Since this gene locus was the forth one
responsible for ADCA, this family was named “spinocerebellar ataxia type 4
(SCA4)”. Following their initial report, they examined a larger number of
members in the same family, and refined the gene locus to a 6-cM (centi
Morgan) region in the chromosome 16g22.1 [2]. These two reports are the
original reports of SCA4 based on a single family.

This family resided in Utah and Wyoming in USA. They originated from
Scandinavia. Clinically, the SCA4 family showed cerebellar ataxia of variable
onset (19-59 years), with a mean age of onset at 39.3 years. In addition to
cerebellar ataxia, the family was characterized by a distinct features compared
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Table 1. A comparison of clinical features in SCA4 and 16q22.1-linked ADCA
families.

SCA4 SCA4 16g22.1-ADCA
Reference #2 #3
Ethnicity American German Japanese
Number of patients 20 14 120
Age of onset (yrs)
Ataxia 39.3 383 61.2
Hearing impairment unknown unknown 66.4
Frequencies of clinical signs and symptoms
gait ataxia 95% 100% 100%
limb ataxia 95% 100% 92.6%
cerebellar speech 50.0% 100% 92.6%
nystagmus 57% 55%
muscle tonus
normal 42.9%
reduced 57.1%
increased 0%
tendon reflex
normal 71.4%
increased 0%
reduced 28.6%
absent 100% 0%
Babinski's sign 20% 7% 0%
tremor 14.3%
decreased vibratory sense 100% 100% 5.0%
loss of sensory nerve action potential 92.3% 100% 0%
dementia 0%
hearing impairment 42.7%
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to other ADCAs. Among 20 affected individuals clinically examined, not only
cerebellar ataxia, but also prominent sensory neuropathy was seen in nearly all
patients [2]. Vibratory and joint-position senses were lost in all patients
(100%), and pinprick sensation was also decreased in 95% of patients (Table 1).
Ankle tendon reflexes were always absent, and 85% of patients also lacked
reflexes in their knees. Complete areflexia was seen in 25% of patients. Sural
sensory-nerve action potentials were absent in 12 out of 13 patients examined.

In addition to sensory neuropathy, dysarthria was noted in 50% of patients,
and Babinski signs and distal weakness were both seen in 20% of patients. Eye
movement were normal in most patients, except that slightly saccadic visual
pursuit was noted in only two patients, and occasional spontaneous lateral
movements with visual fixation was noted in one patient. Since previously
known ADCAs commonly showed ophthalmoparesis as well as pyramidal &
extrapyramidal tract signs as additional neurological features, prominent
sensory disturbance with essentially normal eye movements in SCA4 appeared
a very distinct combination. From a clinical standpoint, authors speculated that
the main sites of degeneration should be the cerebellum and the dorsal root
ganglia.

One of us (KF) and his colleagues [2] also performed fine mapping of the
responsible gene by typing 5 microsatellite markers in chromosome 16q, and
found that the disease in this family is tightly linked to a microsatellite marker
D16S397. with a maximum two-point lod score of 5.93 at recombination
(0)=0. They also undertook detailed clinical investigation insights, and
observed some family members with decreased sural nerve action potential
without symptoms of sensory loss. This may indicate that subclinical
neuropathy may be the earliest sign of SCA4.

The original Utah-Wyoming kindred had been the only SCA4 family
known for a long time, until the second SCA4 family was identified from
northem Germany in 2003 [3]. This German family also originated from
Scandinavia (author’s personal communication). The mean age of onset was at
38.3 + 13.4 years, and the main clinical feature was cerebellar ataxia with
prominent sensory neuropathy as in the Utah/Wyoming SCA4 family (Table 1).
Of note is that, while sural nerve action potential was absent in all patients
examined, reduced compound muscle action potential (CMAP) amplitude was
seen in 3 out of 8 patients examined. This would indicate that motor axons are
also affected in SCA4.

Since no other SCA4 families are known to date, presence of two families
originated in the same area would indicate a founder effect.

Hellenbroich and others also mapped to their family around D165S397. By
haplotype analysis, they observed two obligate recombinations, setting the
centromeric border at D16S3019. Although telomeric recombination was not
documented in their family, it was seen at D16S512 in the Utah/Wyoming



16q-ADCA 61

family [2]. These observations would indicate that the SCA4 gene lie in a 3.69 cM
interval between D16S3019 and D16S512. This region is now considered 7.9
mega-base pair (Mb) in size by public database. Within this region,
Hellenbroich Y. and his colleague found 34 different genes, and screened for
mutation [4]. However, they did not find any mutation at least in the coding
region of these genes.

Neuropathology has been described in one case [5]. Although only the
brainstem and cerebellum was available for examination, they investigated in
detail by making serial thick sections. They found that the degeneration was
widespread and severe than what could be expected from ataxia and
neuropathy phenotype of this disease. In the brainstem, marked neuronal loss
was seen in the substantia nigra, red nucleus, ventral tegmental area, central
raphe, pontine nuclei, all auditory brainstem nuclei, trochlear and abducens,
principal trigeminal, spinal trigeminal, facial, superior vestibular, medial
vestibular, interstitial vestibular, lateral vestibular, dorsal motor vagal,
hypoglossal, and prepositus hypoglossal nuclei. Nucleus raphe interpositus,
lateral reticular nuclei, reticulotegmental nucleus of the pons, the nucleus of
Roller, all dorsal column nuclei, and the principal and medial subnuclei of the
inferior olive were also severely affected. In the cerebellum, severe neuronal
loss was seen i the Purkinje cell layer and in the fastigial nucleus.
Unfortunately, spinal cord including sensory and motor nerve roots and dorsal
root ganglia, and the cerebrum was not examined in this case. In addition to
this, authors consider it important to wait for examinations on several other
SCA4 brains to conclude the pattern of degeneration in SCA4, since clinical
signs of such widespread brainstem degenerations were not reported in other
patients [2]. Nevertheless, finding of widespread degeneration in this initial
SCA4 autopsy case suggests that SCA4 and the chromosome 16g22.1-linked
ADCA are different disease.

3. The chromosome 16g22.1-linked ADCA

The chromosome 16q22.1-linked ADCA was identified independently in
Japanese. Authors (KI and HM) had collected Japanese ADCA families
clinically characterized by purely cerebellar syndrome [6] (Table 1).
Consistent with the clinical presentation, the magnetic resonance imaging
disclosed cerebellar atrophy without obvious involvement of the brainstem
(Figure 1). According to Harding’s classification of ADCA, such pure
cerebellar phenotype is classified as ADCA type III [7]. Screening all
autosomes for 15 families with ADCA with pure cerebellar syndrome lead us
to identify the first locus for the eight families to a chromosome 19p13.1-p13.2
[8]. These eight families were later diagnosed as SCA®6, since they harbored
trinucleotide CAG repeat expansion in the al A voltage-dependent calcium
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Figure 1. Magnetic resonance imaging of a patient with chromosome 16q22.1-
linked ADCA. Tl-weighted sagittal (a.-c.) & axial (d.-f.) brain MR images of a 58-
year-old male patient 3 years after onset of ataxia. The cerebellar vermis, particularly at
its upper aspect, is predominantly affected, while the brainstem is fairly well preserved.

channel gene [8-9]. We next embarked a whole genome linkage analysis for
the remaining six families, and finally found that these families were linked to
the SCA4 locus in chromosome 16q13-21 [10]. This result was unexpected,
since none of our families had either peripheral neuropathy or pyramidal tract
signs, both of which were the clinical hallmark of SCA4. Since the clinical
pictures were too distinct to consider these two diseases are allelic, we decided
to coin the term “16q-linked ADCA type III” instead of a variant of SCA4.

To identify a causative gene of 16g22.1-linked ADCA, we next performed
fine mapping [11], and we found a region where every patient from different
families shared a same haplotype. This indicates a strong “‘founder effect” in
16g22.1-linked ADCA. Since this region with the same haplotype was
demarcated by a centromeric marker, D16S3043 and a telomeric marker,
D16S3095, we next constructed a physical map by independently constructing
a bacterial artificial chromosome (BAC) contig [12]. By this effort, we
identified several new polymorphic markers. We then applied these markers to
see haplotype/allele sharing with all families, and were able to further narrow
down the region with a common haplotype to a 3.8-Mb region limited by
GGAAOS and D16S3095 [12].

As we collect families with ADCA type III, we encountered a large 5
generation family with 13 affected members [13]. The founder haplotype
segregated with the disease in this family. Clinically, all affected individuals had
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progressive cerebellar ataxia with average age of onset at 52 years. In addition,
progressive hearing impairment with average age of onset at 59 years was noted
in all affected individuals. During our follow-up, one of these individuals died of
a natural reason at her age of 96. Detail of this patient has been described
elsewhere [13-14]. To summarize, this patient noted difficulties in walking from
age 70, and she gradually became ataxic. She was admitted to a nursing home at
her age of 90, due to severe gait disturbance. At the age of 96, she died of natural
cause. We were allowed to examine neuropathology of this patient.

Macroscopically, only the upper aspect of the vermis showed evidence of
degeneration (Figure 2). Otherwise, the brain and spinal cord appeared
unremarkable. Note that the degeneration appeared restricted to the upper
aspect of the cerebellum, despite that the patient had the degenerative disease
for 26 years. On microscopic examination, the most prominent feature was the
Purkinje cell degeneration with relative preservation of molecular and granular
layers. Importantly, Purkinje cells were not completely lost, but many
remained with atrophic cell bodies accompanied by an amorphous structure
surrounding the cell body (Figure 3). Since this amorphous material reminded
us of the halo of the Lewy body, we coined the term “halo-like” amorphous
structure as the peculiar Purkinje cell degeneration in 16922.1-linked ADCA.
In fact, this change was confirmed in all 16q22.1-linked ADCA patients
subsequently examined neuropathologically. Since this unique feature had not
been previously described, we considered that this is a neuropathological
hallmark of 16q22.1-linked ADCA reflecting slow and restricted degeneration
of the Purkinje cell.

Figure 2. Macroscopic view of the cerebellum of a patient with chromosome
16q22.1-linked ADCA. Consistent with MRI finding (Figure 1), degeneration is
evident only at the superior vermis. Note that this individual had the disease for more
than 20 years. (abopted from Ref. #15.)
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Figure 3. A peculiar Purkinje cell change in chromosome 16q22.1-linked ADCA.
Note atrophic Purkinje cell bodies surrounded by so called, “halo-like” amorphous
structures (arrows). (A horizontal bar measures 50 micro-meters.)

4. Identification of puratrophin-1 genetic change in

16g22.1-linked ADCA patients

To identify the causative gene of 16g22.1-linked ADCA, we were allowed
to collect 52 families from all major districts of Japan, except for Shikoku.
When we further analyzed haplotypes between GGAAOS5 and D16S3095 [12],
we prioritized the most critical interval of 16q22.1-linked ADCA to a 600 kb
region between GATAO1 and 17msm, because all families were found to
harbor a common haplotype delimited by these two markers [15]. Twenty-two
different genes were annotated in this region.

We screened all the genes annotated in this region by PCR and direct
sequencing method. We also performed southern blot analysis to check for a
chromosome rearrangement. From these efforts, we finally found only one
genetic change which was specific for patients with 16q22.1-linked ADCA.
The change was a single-nucleotide, C-to-T change seen at 16 nucleotides
upstream from the putative translation initiation codon (-16C>T) of the gene,
PLEKHG4, which we re-named as, “puratrophin-1"(Purkinje cell atrophy
associated protein-1)[15](Figure 4).

Clinical features of 16q22.1-linked ADCA on 52 families were compared
with those of SCA4 families (Table 1). As a definition, our families were purely
cerebellar syndrome, except that approximately 40% of patients also showed
hearing impairment. Notably, this symptom may be very subtle that it could only
be noticed by testing with audiogram. Other groups also examined clinical
features of 16q22.1-linked ADCA [16-17]. They also found that patients show
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Figure 4. A -16C>T single-nucleotide change in the puratrophin-1 gene highly
associated with chromosome 16q22.1-linked ADCA. A. A single-nucleotide cytosine
(C) to thymine (T) change is seen in the sense strand of patient’s DNA. B. Genomic
structure of the puwratrophin-1 gene. C. Full-length and short-form puratrophin-1
mRNA. The full-length puratrphin-1 mRNA has four major domains, CRAL-TRIO,
spectrin repeat, guanine nucleotide exchange factor for Rho/Rac/Cdc42-like GTPases
(Rho GEF), and pleckstrin homology (PH) domains. (A-C. all adopted from Ref. #13)

“purely” cerebellar syndrome. These studies also showed that the disease
frequency of 16q22.1-linked ADCA is about 10% of all ADCA in Japan. This
means that 16q22.1-linked ADCA is frequent subform of ADCA, next to
Machado-Joseph disease and SCA6.
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5. Recent advances of pathogenesis of SCA4 and
16q22.1-linked ADCA

After an identification of a -16C>T change in the puratrophin-1 gene as a
candidate of mutation of 16g22.1-linked ADCA, one affected-individual
without the -16C>T change in the puratrophin-1 gene was found in a family in
which many other affected individuals harbored the genetic change [18]. Since
this “exceptional” individual harbored the same haplotype for a region
centromeric to the puratrophin-1 gene, it became possible that a true mutation
may lie in a centromeric region. In addition, SCA4 subjects were not found to
harbor this genetic change (authors’ unpublished data).

Authors embarked re-screening for the common haplotype in 64 different
families originated all major regions of Japan [19]. We sequenced a genome
region by PCR and direct sequencing on DNA from homozygous patients
harboring two disease chromosomes. We found several single-nucleotide
polymorphisms (SNPs), and then examined on the rest of 64 families. When
data with microsatellite markers were combined, a centromeric border was set
at “SNP04”, since one family showed different alleles on this SNP [19].
Consistently, microsatellite markers centromeric to SNP04 also showed alleles
different from the ones common to other 16q22.1-linked ADCA families. On
the other hand, other SNPs telomeric to SNP04 were conserved in all 64
families, which would indicate that the new critical region should be set at a
900 kb region between SNP04 and the -16C>T change in the puratrophin-1
gene. Differences in alleles for microsatellite markers, such as GATAOI1, are
now considered to be due to microsatellite instability [20]. We redefined that a
true mutation must lie within the 900 kb region between SNP04 and the -
16C>T change in the puratrophin-1 gene [19]. However, another group set a
critical interval of 16q22.1-linked ADCA to a 1.25-Mb region between
markers 17msm and CTTTO1 [21]. Since the two proposed critical interval do
not overlap, further studies are needed to confirm the critical interval.

Once the mutation is identified, the issue whether or not SCA4 and
16q22.1-linked ADCA are allelic disorders will be solved. Conversely, if
SCA4 and 16q22.1-linked ADCA are truly allelic diseases, efforts to check
gene defects on both SCA4 and 16q22.1-linked ADCA disease chromosomes
may be invaluable to pin point mutations, since any genetic changes found in a
founder chromosome do not always indicate “causative”.
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