Table 2 Laboratory and neuroimaging findings of eight patients with MM2-type sCJD

Reduction of CBF or

EEG CSF Abnormal signals on MRI* hypometabolism

Patient no. Slowing PSWCs DD, mo 14-3-3 DD, mo CO BG TH DD, mo CO BG TH DD, mo
1 13 + 9 + = - 7 - = 9

2 + + 27 + 16 + - - 16 - = 16

3 + 11 = 4 + - - 4 + - + 4

4 + 25 NA NA - - + 16

5 + - 42 'NA NA - - + 12

6 - - 36 NA - - - 58 -+ 37

7 + 9 + 9 - == 13 NA

8 + = - - - 7 + - + 7

sCJID = sporadic Creutzfeldt—Jakob disease; CBF = cerebral blood flow; PSWCs = periodic sharp-wave complexes; DD = disease dura-
tion at time point when each examination showed the following results: PSWCs on EEG, positive 14-3-3 protein in CSF, abnormal sig-
nals on MRI, and reduction of CBF on SPECT or hypometabolism on [*8F}2-fluoro-2-deoxy-D-glucose PET or at the time when the last
examination was performed if the examinations revealed negative results throughout the clinical course; CO = cortex; BG = basal gan-

glia; TH = thalamus.

* We judge that abnormal signals are positive on MRI when they are’shown on any sequence, such as T1-weighted, T2-weighted,

diffusion-weighted, and fluid-attenuated inversion recovery images.

duction of the CBF in the bilateral parietal and temporal
cortices (figure 2A). CSF examination revealed an in-
creased level of 14-3-3 protein (28 ng/mL [normal <20
ng/mL]). Although the clinical criteria of sCJD* were not
fulfilled because of the scarcity of neurologic and EEG
abnormalities, CJD was suspected on the basis of MRI and
CSF findings.

Twenty-seven months after the onset, the EEG showed
PSWCs. Cortical hyperintensity signals on DWI were
found to extend to the bilateral frontal regions. ***Tc-ECD
SPECT showed diffuse severe reduction of CBF except in
the cerebellum, basal ganglia, and thalamus. To confirm
the diagnosis of CJD for participation in a clinical trial of
pentosan polysulfate, brain biopsy of the right frontal lobe
was performed with her family's consent 28 months after
the onset. The patient developed myoclonic movement in-
volving the bilateral hands and was alive 30 months after
the onset.

Patient 3. A 65-year-old man developed unsteadiness
with a tendency to fall to the left side. Three months after
the onset, he showed gait disturbance and dysarthria.

Neurologic examination 4 months after the onset re-
vealed slurred dysarthria, clumsiness of the left upper and
lower extremities, and dementia. The EEG was normal.
The CSF level of 14-3-3 protein was equivocal. MRI
showed gyriform hyperintensity in the bilateral frontal,
temporal, parietal, and occipital cortices on DWIL. FDG-
PET of the brain showed diffuse hypometabolism in the
bilateral thalamus and cortices. CJD was suspected as an
initial diagnosis.

Thereafter, the patient’s symptoms rapidly progressed,;
he became bedridden and could not communicate 5 months
after the onset. Myoclonus of the extremities developed 9
months after the onset. Eleven months after the onset,
cortical lesions with hyperintense signals on DWI ex-
tended more widely than in the previous study and re-
vealed diffuse, mild atrophy. EEG revealed diffuse slowing
without PSWCs. The CSF level of 14-3-3 protein was still
equivocal. The patient fell into akinetic mutism 13 months

after the onset. He died 14 months after the onset and was
autopsied.

Patient 8 A 58-year-old man developed progressive
dementia. He showed unsteady gait 5 months after the
onset and myoclonic movement in all limbs 6 months after
the onset.

Neurologic examination 7 months after the onset re-
vealed dementia, cerebellar ataxia, myoclonic jerking, and
exaggerated deep tendon reflexes in all the extremities.
Brain MRI, including DWI, and EEG were normal (see
figure 1, C and D). CBF-SPECT using °*Tc-ECD revealed
reduction of the CBF in the bilateral thalamus and cortices
of the temporal and parietal lobes (see figure 2B). A CSF
study disclosed a mild increase of protein concentration (44
mg/dL) and equivocal levels of 14-3-3 protein. The diagno-
sis was suspicion of Alzheimer disease (AD).

His symptoms gradually deteriorated. He also devel-
oped visual hallucinations and confusion 12 months after
the onset. Thirteen months after the onset, he died and
was autopsied.

PrP gene analysis. Analysis of the PrP gene revealed
no mutation in any of the eight patients. The polymorphic
codons showed methionine homozygosity at codon 129 and
glutamic acid homozygosity at codon 219 in all the
patients.

Neuropathology. Neuropathologically, the biopsy sam-
ples from the right frontal cortex of Patients 1 and 2
showed similar pathologic findings: prominent spongiform
changes, including large vacuoles, with gliosis, and diffuse
granular PrP immunostaining of synaptic type with a peri-
vacuolar pattern.

Autopsies were performed in Patients 3 to 8. The neuro-
pathologic findings of Patients 4 to 8 were similar. Severe
neuronal loss and gliosis, but no spongiform changes, were
observed in the nuclei of the medial thalamus as well as in
the inferior olive. In the thalamus, PrP immunoreactivity
was absent in all the patients. In the cerebral cortex, spon-
giform degeneration was absent in Patient 8 and limited to
isolated foci in Patients 4 to 7 mainly in the frontal, pari-

February (2 of 2) 2008 NEUROLOGY 64 645

-133-



Figure 1. Brain MRI in Patient 2 at 16 months after the
onset (A, B) and Patient 8 at 7 months after the onset (C,
D). A and C are diffusion-weighted imaging (DWI), and B
and D are fluid-attenuated inversion recovery (FLAIR) im-
aging. In Patient 2, DWI shows hyperintense signals in

the bilateral frontal, parietal, and occipital cortices (A),
and FLAIR imaging also shows slight hyperintensity sig-
nals within the cortical DWI lesions (B). In Patient 8 DWI
and FLAIR tmaging reveal no distinct abnormal signals
in the brain (C, D).

etal, and temporal lobes, and PrP immunoreactivity was
absent in Patients 5 and 8, whereas it was present with a
sparse, coarse pattern in Patients 4, 6, and 7. In the subic-
ulum, the neurons were well preserved, and spongiform
changes were not evident in any of the patients. In the
neostriatum, mild neuronal loss and gliosis were observed
in all the patients. In the cerebellum, mild to moderate
loss of Purkinje cells was observed, and PrP immunoreac-
tivity was absent in Patients 4, 5, 7, and 8. In Patient 6,
Purkinje cells were well preserved, but a small number of
plaque-like PrP deposits were observed. In the cerebral
white matter, mild or moderate myelin pallor was ob-
served in Patients 4, 5, and 6.

Patient 3 showed the same severe lesions of the medial
thalamus and the inferior olive as found in Patients 4 to 8,
and PrP immunoreactivity was absent in the thalamus.
Furthermore, the cerebral cortex in Patient 3 showed
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Figure 2. SPECT of cerebral blood flow (CBF) using
99mTe-ethyl cysteinate dimer in Patient 2 at 16 months
after the onset (A), Patient 8 at 7 months after the onset
(B), and a normal control subject who was a 67-year-old
man without neurologic abnormality or cognitive decline
(C). SPECT shows reduction of CBF in the bilateral tem-
poral cortex in Patient 2 (A) and in the bilateral thalamus
as well as the temporal cortex in Patient 8 (B) compared
with the normal control subject (C).

marked spongiform changes in all the layers with diffuse
granular PrP staining. The other brain regions showed
similar changes to those in Patients 4 to 8.

Western blot analysis. Western blot analysis of the
brain samples from all the patients revealed PrP%¢ type 2A
according to the classification of Parchi et al.*2 Compared
with the amounts in Patients 1 to 3, only a small amount
of PrP¥ type 2A could be detected in Patients 4 to 8.

Discussion. PrP gene sequence and western blot
analyses revealed that all eight of the patients stud-
ied here had MM2-type sCJD. As we analyzed PrP%
using brain tissue only from the frontal lobe, the
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possibility of the coexistence of type 1 and type 2 of
PrP¢ in a single brain®?! cannot be ruled out. How-
ever, we consider it reasonable to classify our pa-
tients as having MM2-type sCJD, because the
clinical and pathologic phenotypes of our patients
were consistent with those of previously reported
cases.*#10 Neuropathologically, Patients 1 and 2 were
classified as having the cortical form® and Patients 4
to 8 the thalamic form.? As Patient 3 presented with
features of both the cortical and the thalamic forms,
this case could be designated as the combined (corti-
cothalamic) form. Because complete neuropathologic
examination was not performed in Patients 1 and 2,
the possibility that they had the combined form can-
not be ruled out.

Patients 1 and 2 with the MM2 cortical form pre-
sented with late-onset, slowly progressive dementia
(table 1). PSWCs on EEG were absent in the early
stage (table 2). These features resembled those of
previously reported MM2 cortical cases.? Our pa-
tients did not fulfill the clinical criteria for sCJD
because of the scarcity of clinical symptoms.2° Impor-
tantly, cortical hyperintensity signals on DWI (see
table 2), which have been reported to be useful for
diagnosis of sCJD,¥?2% easily led us to a possible
diagnosis of CJD. The basal ganglia and thalamus in
these cases showed no hyperintensity signals on
MRI. Increased CSF levels of 14-3-3 protein sup-
ported the diagnosis (see table 2). As the MM2 corti-
cal form frequently shows slowly progressive
dementia without other neurologic abnormalities,
AD and dementia with Levy bodies are important for
differential diagnosis. Cortical hyperintensity sig-
nals on DWI are found in acute ischemic stroke,2?
herpes simplex meningoencephalitis,?223 posttrau-
matic contusion,??* postictal change,”? and MELAS
(mitochondrial myopathy, encephalopathy, lactic aci-
dosis, and stroke-like episodes)*; however, they are
not observed in AD? or dementia with Lewy bodies.®
We propose the following diagnostic criteria for MM2
cortical sCJD: 1) progressive dementia, 2) cortical
hyperintensity signals on DWI, and 3) increased CSF
14-3-3 protein level, with exclusion of the other de-
mentias, including other types of prion diseases.
Other neuropsychiatric abnormalities than dementia
or PSWCs on EEG are not necessarily required.

In the cases of MM2 thalamic form, the age at
onset ranged from 30 to 71 years and the duration of
the clinical course from 13 to 73 months (see table 1).
Clinical manifestations included psychiatric symp-
toms, dementia, cerebellar ataxia, insomnia, and au-
tonomic failure (see table 1). As for the outstanding
features of FFI and SFI, insomnia was found in only
one patient (Patient 4), and autonomic symptoms
were found in three patients (Patients 4, 5, and 7).
EEG showed no PSWCs except in one patient (Pa-
tient 6) who showed PSWCs in the very late stage
(see table 2). These features resemble those of previ-
ously reported patients with MM2 thalamic? or
SFI1.#% Brain MRI, including DWI, was almost nor-
mal in the MM2 thalamic patients except for brain

atrophy or white matter changes in the late stage
(see table 2). These features are consistent with pre-
viously those of reported patients with SFI.21° In our
study, of two patients tested for CSF 14-3-3 protein,
one was positive and the other was equivocal (see
table 2). In the literature, to our knowledge, there
are reports of four patients with MM2 thalamic
sCJD who have been examined for CSF 14-3-3 pro-
tein: The examination was positive in one® and nega-
tive in three."® Considering those reports together
with our results, we cannot conclude that the CSF
14-3-3 protein is sensitive enough to diagnose MM2
thalamic sCJD. As the initial clinical diagnosis, pro-
gressive supranuclear palsy (PSP), spinocerebellar
degeneration (SCD), or AD had been suspected (see
table 1), indicating considerable difficulty in the clin-
ical diagnosis of the MM2 thalamic form. However,
our review of CBF-SPECT studies revealed charac-
teristic findings of reduction of the CBF in the bilat-
eral thalamus as well as the cerebral cortex from
relatively early stages (see table 2). In previous re-
ports of CBF-SPECT studies in CJD patients, reduc-
tion of CBF on visual inspection was found in
various regions of the cerebral cortex but not in the
thalamus.?®?” There have been no reports about
CBF-SPECT in MM2 thalamic sCJD. In FDG-PET
studies, hypometabolism of the thalamus and cortex
has been reported in a patient with SFI* or in some
patients with FFI1.252¢ CBF and glucose metabolism
in the thalamus are relatively preserved in AD.® In
PSP, significant reduction of glucose metabolism is
not detected in the thalamus but is detected in the
frontal cortex by using region/occipital metabolic ra-
tios.* In multiple system atrophy, a phenotype of
sporadic SCD, reduction of the CBF in the thalamus
was reported; however, significant reduction of the
CBF was also detected in the dorsal putamen.? Qur
patients with MM2 thalamic sCJD showed no reduc-
tion of the CBF in the putamen (see figure 2B). Our
results clearly indicate that reduction of CBF as well
as hypometabolism in the bilateral thalamus, with
their preservation in the putamen, would be a partic-
ularly useful diagnostic marker for the MM2 tha-
lamic sCJD.

Interestingly, in the patient with the MM2 com-
bined (corticothalamic) form (Patient 3), the neuro-
imaging studies showed features of both MM2
cortical and thalamic forms, that is, hyperintense
signals in the cortex on DWI and thalamic hypome-
tabolism on FDG-PET (see table 2), consistent with
the pathologic findings in this patient.

Hyperintensity of the bilateral thalamus (the
pulvinar sign) on MRI has been established to be a
useful diagnostic marker for vCJD.34 However, no
abnormal signals in the pulvinar MRI can be de-
tected in MM2-type sCJD, as shown in the current
study and in previous reports.®¢ A CBF-SPECT
study in two patients with vCJD demonstrated wide-
spread reduction of the CBF in the cerebral cortices
but no obvious involvement of the thalami.?¢ These
CBF-SPECT features are different from those in
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MM2 thalamic sCJD. Our results indicate the use-
fulness of neuroimaging studies in discrimination be-
tween vCJD and MM2-type sCJD.
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Independent accumulations of tau and
amyloid B-protein in the human
entorhinal cortex

T. Katsuno, BSC; M. Morishima-Kawashima, PhD; Y. Saito, MD; H. Yamanouchi, MD; S. Ishiura, PhD;
S. Murayama, MD; and Y. Thara, MD

Abstract—Background: Previous studies have repeatedly described that neurofibrillary tangles arise earlier than senile
plaques (SPs) in the entorhinal cortex, but one study suggested that SPs, if present, enhance the former lesions. All of
these studies were performed at the histologic or immunocytochemical level, which may not accurately reflect the actual
levels of amyloid B-protein (AB) and tau. Objective: To determine whether there is significant interaction between AB and
tau in the human entorhinal cortex with regard to the Braak stage. Methods: Biochemical studies were conducted on 50
brains from elderly people, who were mainly at Braak stages I to III. All the cases were examined neuropathologically and
staged according to Braak and Braak. A small piece of brain tissue for each case was dissected from the anterior portion of
the right entorhinal cortex. The amounts of tau and AB in the insoluble fraction of the tissue were quantified using
western blotting. Results: The levels of tau and possibly AB42 in the entorhinal cortex appeared to rise steeply at
approximately age 75. The levels of insoluble tau increased as the Braak stage increased from I to II; however, it had a
tendency to remain between stages II and III. The levels of AB42 showed a small increase, whereas those of AB40
increased continuously as the Braak stage advanced. In contrast, the extent of AB42 accumulation increased with
increasing Braak stage for SPs. There was no significant correlation between the levels of insoluble tau and Ap42 in the
entorhinal cortex. Even if AB did not accumulate to significant extents, substantial accumulation of insoluble tau occurred.

Conclusion: Accumulations of tau and amyloid §-protein occur independently in the human entorhinal cortex.

NEUROLOGY 2005:64:687-692

The entorhinal cortex is located on the ventromedial
surface of the temporal lobe and is associated with
the amygdaloid complex anteriorly and up to the
midlevel of the hippocampus posteriorly.’ There are
widespread reciprocal connections between the ento-
rhinal cortex and many cortical, subcortical, and hip-
pocampal areas.? Information from many cortical
and subcortical areas converges on the entorhinal
cortex, which serves as the gateway for sensory in-
formation to the hippocampus. The entorhinal cortex
sends a robust projection from layer II neurons, the
perforant path, to the hippocampus. It has, in turn,
connections to layer V neurons, which project to the
neocortex.

During aging, neurofibrillary tangles (NFTs)
spread throughout the human brain following a dis-
tinct pattern, which was firmly established by study-
ing a great number of unselected human brains at
various ages.® In Braak stages I and II, NFTs are
confined in the transentorhinal and entorhinal cor-
tex (transentorhinal stages). Further involvement of
adjacent limbic areas leads to stages III and IV (lim-
bie stages), and finally, involvement of the isocortex

leads to stages V and VI (cortical stages). It has been
reported that stages I and II are barely associated
with any clinical symptoms, whereas stages V and
V1 invariably meet the neuropathologic diagnostic
criteria for Alzheimer disease (AD) and are usually
associated with clinical dementia.? Some individuals
with stage III may or may not show signs and symp-
toms of mild AD or mild cognitive impairment
(MCD.45 It seems that the progression from stages I
and II to stage III takes decades and is presumably
critical for developing AD.¢ MCI, characterized by easy
forgetfulness, may be a prodromal syndrome prior to
AD. Even in this initial clinical stage, it has been re-
ported that the entorhinal cortex is already heavily
affected; up to one-half of the layer II neurons are
lost, according to unbiased stereologic studies.”
Thus, the entorhinal cortex is the most vulnerable
to NFTs and neuronal loss and can also be affected,
somewhat later, by senile plaques (SPs),® a situation
similar to what occurs with the hippocampus.®
Therefore, the amyloid cascade hypothesis, at least
in its original form, cannot be applied to the hip-
pocampus and entorhinal cortex in the general aged
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population. However, one may claim that histologic
or immunocytochemical quantification for NFTs and
SPs may leave some ambiguities. For example, SPs
appear only when amyloid B-protein 42 (AR42) accu-
mulates to certain critical levels,® which may differ
from region to region. In addition, extracellular
NFTs, which characterize the entorhinal cortex, may
not be accurately recorded owing to decreased silver
uptake or loss of immunoreactivity with commonly
used tau antibodies. In this study, we addressed this
issue by biochemically quantifying the amounts of
tau composing NFTs and A composing SPs in the
insoluble fraction of entorhinal cortex.

Methods. Subjects and sampling. The current study is based
on autopsy cases (n = 50; 26 men, 24 women) from the Brain
Bank at the Tokyo Metropolitan Institute of Gerontology (Ita-
bashi, Tokyo, Japan). This research project was approved by the
local ethical committees at the Faculty of Medicine, University of
Tokyo, and the Tokyo Metropolitan Institute of Gerontology and
Tokyo Metropolitan Geriatric Hospital. Most of the subjects were
evaluated according to the Clinical Dementia Rating Scale. The
ages at death ranged from 53 to 93 years (table). The majority of
the brains came from an affiliated, community-based geriatric
hospital (Tokyo Metropolitan Geriatric Hospital). They were neu-
ropathologically examined and classified according to Braak stag-
ing: six stages for NFTs and four stages for SPs® (stage O is
defined as no SPs). The whole brain, after removal of the brain-
stem and cerebellum, was cut into halves, and the left hemisphere
was fixed in 20% buffered formalin. The right hemisphere was cut
into 7-mm-thick slices and quickly frozen with powdered dry ice,
after sampling the anterior hippocampus as recommended by
Braak and Braak® and the neocortex and midbrain as reported by
the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD)." The sampled tissues were fixed in 4% paraformalde-
hyde for 48 hours, embedded in paraffin, and served for staging.
With the left hemisphere, a number of samples were taken from
representative areas after fixation, according to CERAD™ and the
recommendations of Braak and Braak.® Sampled blocks were em-
bedded in paraffin, serially sectioned at 6 pm thick, and processed
for hematoxylin/eosin and Kliiver—Barrera stains. Selected sec-
tions were subjected to Congo red and silver stains, including
Gallyas-Braak, modified methenamine silver, and modified
Bielschowsky stains. For immunocytochemistry, the sections were
incubated with each appropriately diluted antibody, anti-Ap11-28
(mouse IgG monoclonal antibody raised against AB11-28; IBL,
Maebashi, Japan), or ATS8, which recognizes phosphorylated
Ser202/Thr205 of tau (Innogenetics, Temse, Belgium). The rest of

the procedure was performed on an automated Ventana immuno-

stainer (Ventana NX20; Ventana, Tucson, AZ).

Specimens (about 0.2 g) of the anterior portion of entorhinal
cortex were dissected according to a standard textbook’ on a cryo-
stat at —30 °C from an appropriate, 7-mm-thick slice, which had
been stored at —80 °C. Braak stages for NFTs and SPs and immu-
nocytochemical data of the specimens are presented in the table.
As we were concerned about how the entorhinal cortex begins to
be affected during aging, the specimens were randomly collected
mainly from stage I to III brains. Subjects affected with multiple
infarcts or a large infarct and those with progressive supranuclear
palsy or corticobasal degeneration were excluded. In addition, sub-
Jeets showing innumerable grains, numerous tau-positive astro-
cytes, and severe degrees of cerebral amyloid angiopathy were
excluded.

Antibodies and recombinant tau. The monoclonal antibodies
against A used for this study were BA27 (highly specific for
AB40) and BCO5 (specific for AB42)."" Pool-2 was raised against
residues 299 to 385 of tau, which contained the microtubule-
binding domains. HT7 (Innogenetics. Gent, Belgium) and iD387
were described previously. Paired helical filament-1 (PHF1),
AT100 (Innogenetics, Gent, Belgium), AP422,%" and anti-tau,
phospho-specific (Ser262) ( Calbiochem, San Diego, CA), were used
for phosphorylation-dependent antibodies. A mixture of six iso-
forms of recombinant tau was used as the authentic tau for the
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quantification of NFTs. Escherichia coli expression and purifica-
tion of recombinant tau were conducted as described.™

Sample preparation and western blotting. Frozen tissue sam-
ples were homogenized in 9 volumes of Tris—saline (TS) buffer
containing a cocktail of protease inhibitors as described previous-
ly.*14 The homogenates were centrifuged at 265,000 g for 20 min-
utes, and the pellets were again homogenized in 9 volumes of TS
buffer. One milliliter of the homogenates was used for quantifica-
tion of tau and 0.5 mL for quantification of AB. For the prepara-
tion of Sarkosyl-insoluble tau (hereafter insoluble tau), 1 mL of
homogenate was centrifuged at 265,000 g for 20 minutes. The
pellet was homogenized in 0.9 mL of 1% Sarkosyl in TS buffer;
after being kept on ice for 30 minutes, the suspension was centri-
fuged at 265,000 g for 20 minutes. The pellets (Sarkosyl-insoluble
fraction) were washed twice with 1% Sarkosyl in TS buffer and
solubilized by sonication in 250 pL of 2% sodium dodecyl sulfate
(SDS) in 50 mM Tris-HCl (pH 7.6). Each fraction was mixed with
equal volumes of 2X SDS sample buffer and subjected to western
blotting,"* with a defined amount of recombinant tau as an au-
thentic control. Bound antibodies were detected by enhanced
chemiluminescence (Amersham, Buckingham, UK). The amount
of insoluble tau was quantified as follows. With use of the blot
with pool-2, the signal intensities of the lane’s total area, from the
top to the bottom of gel, and an authentic recombinant tau were
measured using a LAS-1000 Plus luminescent image analyzer
(Fuji Film, Tokyo, Japan). The ratio of the signal intensities was
calculated assuming the intensity of authentic recombinant tau as
100. This takes into account both the PHF-tau at about 68 kd and
the tau-immunoreactive smear on the blot, the latter of which
becomes dominant with increasing numbers of aged, especially
ghost (extracellular) NFTs" (figure 1A). The microtubule-binding
domains making up the fibrils are known to be highly resistant to
proteases and were left as a smear after processing.”® Thus, the
relative score of Sarkosyl-insoluble tau can be regarded as a bio-
chemical measure of NFTs (see figure 1A). For the quantification
of AB, 0.5 mL of homogenate was centrifuged as described earlier.
The pellet was delipidated with chloroform/methanol (2:1) and
chloroform/methanol/water (1:2:0.8),"% and the residue was ex-
tracted with 70% formic acid. An aliquot of the extract was then
dried using a Speed Vac (Savant Instruments, Farmingdale, NY),
solubilized with SDS sample buffer containing 4 M urea, and
subjected to western blotting. Proteins separated on a 16.5% Tris-
tricine gel were electrotransferred onto a nitrocellulose mem-
brane. The membrane was then immersed in boiling phosphate-
buffered saline to enhance the sensitivity!® and probed with BA27
or BCO5. Monomers of AB40/42 migrating at about 4 kd on the
blots were quantified with an LAS-1000 Plus luminescent image
analyzer using defined amounts of authentic AR40 or AP42
(Bachem, Bubendorf, Switzerland) as a standard (see figure 1B).

Statistical analysis. Statistical analyses were performed us-
ing Microsoft Excel 2001 (Microsoft, Redmond, WA) for linear
regression analysis, StatView 5.0 for Kruskal-Wallis test, and
JMP (SAS Institute, Cary, NC) for linear contrast. Trends for
continuous variables were evaluated using analysis of variance
with a linear contrast.

Results, Sarkosyl-insoluble tau was quantified as a rela-
tive score of Sarkosyl-insoluble tau (see Methods). The cur-
rent protocol used here takes into account both PHF-tau at
68 kd and the tau-immunoreactive smear (see figure 1A).
Thus, even smear-predominant samples, which were fre-
quently encountered, can be quantified and compared. Re-
garding AP, only monomers were quantified as no
authentic AR dimers are now available (see figure 1B). In
cases with stage O for SPs, AB40 ranged from 0.3 to 3.6
pmol/g of wet wt and AB42 from 0.29 to 8.3 pmol/g of wet
wt (see table). Among them, the levels of AB40 were mostly
<<1.5 pmol/g of wet wt, and those of AB42 were mostly <3
pmol/g of wet wt. These may be regarded as normal (mono-
mer) levels for AB40/42. The maximum levels for AB42 in
the entorhinal cortex were about 10* pmol/g of wet wt.
These values are consistent with data by ELISA %16
Figure 2 shows the levels of insoluble tau and AB42 as a
function of age. A possible longitudinal temporal profile
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Table Subjects used in this study

Insoluble
No. Age, y Sex PMI, himin Braak SP AR40 Ap42 tau CDR AB11-28 ATS8
1 70 M 10:33 1 O 11 1.8 12.5 1 -
2 81 M 5:34 1 0 14 8.3 38.8 NA - -
3 86 M 2:00 1 (6] 0.96 1.6 150 0 +
4 78 M 6:45 1 A 0.66 2.3 22.9 NA - +
5 72 F 4:34 1 A 1.1 0.91 315 0 - +—t+
6 73 M 1:56 1 A 0.96 1.3 28.8 0 - +
7 66 M 1:32 1 (0] 0.93 2 17.0 NA - -
8 69 M 2:00 1 (¢] 1.1 0.48 97.1 0 - ha
9 68 M 7:33 1 (6] 0.96 0.29 31.4 0 - —
10 68 M 4:15 1 O 25 1 309 0 - +
11 74 F 15:15 1 (0] 1.6 2.2 97.9 1 - +
12 81 M 2:14 1 (0] 1.3 0.52 111 0 - +
13 78 F 7:15 1 A 0.79 67 385 0.5 + ok 4
14 71 F 9:27 1 A 2.8 1,600 74.3 0 + +
15 77 M 9:32 1 A 1.3 49 756 0.5 * -
16 78 F 18:14 1 A 1.5 248 58.9 0 s -
17 63 F 6:00 1 A 11 1,300 341 1 + -
18 53 M 9:01 1 B 1.85 1,830 224 NA = *
19 75 F 10:43 1 B 6.88 2,540 79.8 0 +—t+ ++
20 93 M 20:49 1 C 176 6,360 193 0.5 ++ +
21 78 M 10:03 2 (6] 1.1 0.82 144 0 - +—t+
22 82 M 14:05 2 (o] 11 24 41.7 0.5 - -
23 75 M 17:13 2 A 5.7 2,100 229 0 + ++
24 88 M 19:33 2 ] 0.3 2.6 321 0 - -
25 88 F 26:15 2 O/A 44 4.1 195 3 _ - +
26 76 F 3:55 2 A 4.8 350 348 0.5 -~
27 88 F 8:52 2 A 0.88 39 591 1 - +++
28 77 M 2:47 2 A 0.73 16 28.9 0 - +
29 73 F 3:32 2 B 3 2,900 207 0.5 + +
30 81 M 6:15 2 B 16.2 3,580 273 0 + +
31 78 F 10:24 2 B 1.19 3.2 475 0.5 - + At
32 86 M 13:18 2 C 50.1 4,970 300 0 +4+ + 4+
33 74 F 29:08 2 (0] 3.610 7.43 283 0 - +
34 62 M 12:50 2 B 697 5,280 386 3 NE ++
35 76 M 6:30 2 C 157 4,050 178 0 + +
36 87 F 24:28 3 B 9.4 4,000 47.1 NA + ++
37 82 M 2:20 3 B 3.000 4,500 153 0 + + 4
38 84 F 1:23 3 (0] 1.35 3.3 474 3 - +
39 77 M 31:30 3 [¢] 3.67 69 564 0 - +—t+
40 79 F 21:52 3 A 1.87 311 321 0 - +4+
41 91 F 1:27 3 A 7.9 981 570 0 + o
42 87 F 4:21 3 C 57.7 3,720 530 0 4 4
43 91 F 16:49 3 (6] 1.43 6.13 516 1 - 4+
44 81 F 8:02 3 A 15.1 125 211 0 NE et
45 86 M 9:16 3 B 344 2,850 97.7 NA ++ e
46 82 F 10:32 3 C 632 6,800 422 0.5 + ++
47 83 F 16:13 3.5 B 22 3,400 531 0 ++ ++ o+
48 89 M 7:10 4 B 23 3,400 707 1 + 4 ot
49 92 F 4:35 4 C 459 6.600 435 2 ++ + -+
50 85 F 14:20 4.5 C 1,190 11,700 439 2 -+ +

AB40/42 is expressed in pmol/g of wet wt. The values of 3.5 and 4.5 for Braak NFT stage mean intermediate between stages III and IV
and IV and V.

PMI = postmortem interval; Braak = Braak neurofibrillary tangle (NFT) stage: 1 (I}, 2 (ID), 3 (III). 4 (IV), 5 (V), and 6 (VI); SP =
Braak senile plaque (SP) stage: O, A, B, and C (O stage indicates no SP, and O/A means intermediate between stages O and A); A =
amyloid pB-protein; CDR = Clinical Dementia Rating Scale. Immunocytochemical scores for NFTs and SPs in the entorhinal cortex:
(—) == none; (:2) = scanty; (+) = some; (- +) = moderate; (++ +) = gevere,
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Figure 1. Western blots of insoluble fractions for the
quantification of tau and amyloid B-protein (AB). (A) The
defined amount of recombinant tau (six isoforms) was
loaded in lane 1 (score, 100), Sarkosyl-insoluble fraction
from Case 12 in lane 2 (111), and that from Case 40 in
lane 3 (3,201). Paired helical filament—tau is indicated.
(B) Authentic AB40 (10 pg) was loaded in lane 1, the in-
soluble fraction (corresponding to 7.5 mg of brain) from
Case 15 in lane 2 (1.3 pmol/g), that from Casel6 in lane 3
(1.5 pmollg), and that from Case 4 in lane 4 (1.1 pmollg;
upper panel). Authentic AB42 (50 pg) was loaded in lane
1, the insoluble fraction (corresponding to 0.125 mg of
brain) from Case 15 in lane 2 (49 pmollg), that from Case
16 in lane 3 (248 pmollg), that from Case 17 in lane 4
(1300 pmollg). Filled arrowheads = AB40/42 monomers;
open arrowheads = AB40/42 dimers.

can be reconstituted from these cross-sectional data. Al-
though the number of younger cases (age <70 years) is
relatively small, there is a strong tendency for a steep rise
in the levels of tau starting at about age 75. Half of the
75-year-old and older subjects definitely exhibited abnor-
mal levels of AB42 (>10 pmol/g of wet wt). The apparent
steep rise in levels of AB42 is very similar to that reported
for the prefrontal area (Brodmann areas 9 to 11)* but may
be late (>10 years) compared with the neocortex.’ Accord-
ing to the amyloid cascade hypothesis, this would suggest
that acute deposition of Ap42 in the entorhinal cortex at
about age 75 promptly initiates NFT formation.

An increase in the levels of insoluble tau between Braak
NFT stages I and II appeared not to continue between
stages II and III (figure 3A; p = 0.0024, linear contrast),

B

and no trend was observed between the levels of insoluble
tau and Braak SP stages O and A to C (see figure 3B; p >
0.05, Kruskal-Wallis test). The levels of AB42 appeared to
increase between Braak NFT stages I and II but did not
show any further increase at stage III (see figure 3C; p =
0.018, linear contrast), whereas the levels of AB40 contin-
ued to increase from Braak NFT stages I to 111 (see figure
3D; p = 0.001, linear contrast). This situation resembles
the prefrontal area.’® It is possible that the accumulation
of AB42 reaches a plateau early on, while AB40 does not.
In sharp contrast to insoluble tau, AB42 accumulation def-
initely increases from Braak SP stages O and A to C (see
figure 3E; p < 0.001, linear contrast). This indicates that
the levels of insoluble tau in the entorhinal cortex do not
increase from Braak NFT stages II to III, whereas the
levels of AP42 increase from SP stages O and A to C.
Therefore, the Braak NFT stage indicates the spread of
NFT, as originally defined, but not the levels of insoluble
tau, whereas the Braak SP stage is well correlated with
levels of AB42 in the entorhinal cortex.

As expected, there was no correlation between the levels
of insoluble tau and AP42 (figure 4; n = 50, R? = 0.061,
p > 0.05) in the entorhinal cortex. Obviously, even if Ap
does not accumulate to significant extents, insoluble tau
can accumulate to substantial extents in a number of spec-
imens. Thus, the biochemical quantification confirms re-
peatedly reported observations showing that NFTs emerge
in the entorhinal cortex without preceding SPs in the gen-
eral population.'”

Discussion. When scores for insoluble tau are
compared with AT8 immunostains and values for
AB42 with AB immunostains, there is generally a
good correlation between biochemical and neuro-
pathological measures (see table). In several cases,
there are some discrepancies between the level of
insoluble tau and AT8 score. These discrepancies
could be generated because the epitope for ATS is
lost as intracellular NFTs evolve and are gradually
converted to extracellular NFTs. Although we at-
tempted to exclude subjects exhibiting argyrophilic
and tau-immunopositive grains, some entorhinal cor-
tices may have contained more grains (see table).
The abundance of grains, which consists mainly of
four-repeat tau, could have caused a significant devi-

Figure 2. Accumulations of tau (A)
and amyloid B-protein (AB) (B) in the
entorhinal cortex as a function of age.
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R (A) The levels of (Sarkosyl-)insoluble
o ®e tau vs age. (B) log (Ap42 [pmollg)) vs
e age. Each mark represents one case. In
a . A, diamonds = Braak neurofibrillary
g o tangle stage I; filled squares = stage 1I;
L open triangles = stage III; open circles
g oo 8 . = stage 3.5 (defined as an intermediate
. between stages I and 1V); open
° squares = stage IV, filled triangles =
( N o stage 4.5 (defined as an intermediate
K0 ) il

between stages IV and V).
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(NFTs) and senile plaques (SPs) (box-
and-whisker plot). (A) Levels of insolu-
ble tau vs Braak NFT stages. (B) Levels
of insoluble tau vs Braak SP stage. (C)
ApB42 accumulation vs Braak NFT stage.
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stage. (E) AB42 accumulation vs Braak
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ation in the insoluble tau score. However, even when
the subjects with high burden of grains were re-
moved, the same tendencies described above were
observed (data not shown).

Only AB monomers were focused on here because
authentic dimeric forms were unavailable. However,
our previous data have shown that the levels of AB
dimers are proportional to those of monomers.!*
Thus, the more abundant AP monomers are, the
more abundantly dimers exist, although the absolute
levels of the latter are unknown.

As the insoluble tau detected with pool-2 probably
represents the total NFTs, both newly formed and
aged NFTs, the latter of which are composed of pro-
cessed tau,’ the results indicate that the deposition
of AB42 monomers (and so AB42 dimers) and NFT
formation are not correlative and thus may occur
independently in the entorhinal cortex. High values
of AB42 did not significantly alter the accumulation
levels of insoluble tau (see figure 4). In addition, the
abundance of AB42 had no distinct effects on tau-
immunoreactive bands and smears on the blots,
when probed with iD387 or several phosphorylation-
dependent antibodies (data not shown).

It is well known that the normal aged population

3
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384 a4l SP stage. Circles indicate cases outside
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Figure 4. Amyloid B-protein (AB) 42 load and accumula-
tion of insoluble tau. Each mark represents one case: dia-
monds = Braak stage I; filled squares = stage II; open
triangles = stage III; open circles = stage 3.5; open
squares = stage IV; filled triangles = stage 4.5.
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always includes a certain proportion of preclinical
AD cases (including MCI), which presents a serious
problem in the interpretation of the data on the “nor-
mal” population. On the other hand, a great number
of consecutive autopsy cases performed by Braak and
Braak clearly indicate a continuous spectrum of the
AD-related pathologies (NFTs and SPs) evolving dur-
ing aging.®!” This suggests that very similar mecha-
nisms are at work during aging, continuously
bringing Braak stage I to V1. Of course, the presence
of such AD-related pathologies does not necessarily
mean clinical AD. However, a large fraction of these
subjects with higher degrees of the pathologies seem
to have clinical dementia.5'” Thus, it is reasonable to
postulate that normal aging and AD are rather con-
tinuous from a pathologic point of view and that the
presence of more than moderate pathologies is often
associated with clinical dementia and with AD.

The current findings on the general aged popula-
tion apparently contradict the widely accepted amy-
loid cascade hypothesis. It seems to be valid in the
neocortex of patients with Down syndrome!® and
supported by recent experiments using transgenic
mice. Breeding of APP- (8-amyloid precursor protein)
transgenic mice (Tg2576) with P301L mice, which
form NFTs exclusively in the brainstem and spinal
cord, caused extensive NFT formation in the cortex,'
never observed in the parental mice. In addition,
injection of ABR42 fibrils at the projection sites can
accelerate NFT formation in the amygdaloid complex
of P301L transgenic mice,? suggesting AB42 fibril-
mediated retrograde degeneration.

In the entorhinal cortex, NFT formation appears
to start from layer II stellate neurons, followed by
layer IV neurons. One may argue that the axon ter-
minals in the molecular layer of the dentate gyrus
are first affected by AB42 accumulation, and the
layer II stellate neurons degenerate in a retrograde
manner. The histologic specimens barely exhibited
SPs in the molecular layer at the same cut plane
(anterior hippocampus). Thus, it is unlikely that ret-

rograde degeneration results in NFT formation in

layer II neurons of the entorhinal cortex.

A straightforward explanation for the current re-
sults is that the amyloid cascade hypothesis is valid
in the neocortex but not in the hippocampus or the
entorhinal cortex. This cannot explain accelerated
alterations in both regions of the brain affected by
familial AD. In fact, one report?! documented the
pathology of a subject having PS1 mutation but pre-
senting with no cognitive decline. This subject
showed abundant AB42-positive SPs in the entorhi-
nal cortex (and other areas) but virtually no NFTs,
which is consistent with the amyloid cascade hypoth-
esis. Thus, one possibility would be that there are
two pathways for NFT formation in the entorhinal
cortex, AB42-mediated and AB42-independent NFT
formation, with the former tending to develop AD.
Another possibility would be that an additional ef-
fect(s) of mutant APP and presenilin 1/2, besides
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increased production of AB42, leads to the premature
NFT formation and degeneration in the hippocam-
pus and entorhinal cortex. Increased intracellular
AB42 accumulation®?? caused by mutant APP or
presenilin 1/2 could have a significant role for en-
hanced neuronal degeneration in the hippocampus
and entorhinal cortex in familial AD.
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An Autosomal Dominant Cerebellar Ataxia Linked to Chromosome
16¢22.1 Is Associated with a Single-Nucleotide Substitution in the 5'
Untranslated Region of the Gene Encoding a Protein with Spectrin Repeat
and Rho Guanine-Nucleotide Exchange-Factor Domains

Kinya Ishikawa,"” Shuta Toru,"" Taiji Tsunemi,' Mingshun Li,' Kazuhiro Kobayashi,®
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Autosomal dominant cerebellar ataxia (ADCA) is a group of heterogeneous neurodegenerative disorders. By po-
sitional cloning, we have identified the gene strongly associated with a form of degenerative ataxia (chromosome
16qg22.1-linked ADCA) that clinically shows progressive pure cerebellar ataxia. Detailed examination by use of
audiogram suggested that sensorineural hearing impairment may be associated with ataxia in our families. After
restricting the candidate region in chromosome 16q22.1 by haplotype analysis, we found that all patients from 52
unrelated Japanese families harbor a heterozygous C—T single-nucleotide substitution, 16 nt upstream of the putative
translation initiation site of the gene for a hypothetical protein DKFZP4341216, which we have called “puratrophin-
1” (Purkinje cell atrophy associated protein-1). The full-length puratrophin-1 mRNA had an open reading frame
of 3,576 nt, predicted to contain important domains, including the spectrin repeat and the guanine-nucleotide
exchange factor (GEF) for Rho GTPases, followed by the Dbl-homologous domain, which indicates the role of
puratrophin-1 in intracellular signaling and actin dynamics at the Golgi apparatus. Puratrophin-1—normally ex-
pressed in a wide range of cells, including epithelial hair cells in the cochlea—was aggregated in Purkinje cells of
the chromosome 16q22.1-linked ADCA brains. Consistent with the protein prediction data of puratrophin-1, the
Golgi-apparatus membrane protein and spectrin also formed aggregates in Purkinje cells. The present study high-
lights the importance of the 5 uniranslated region (UTR) in identification of genes of human disease, suggests that
a single-nucleotide substitution in the 5 UTR could be associated with protein aggregation, and indicates that the
GEF protein is associated with cerebellar degeneration in humans.

Introduction that show dominantly inherited, progressive cerebellar

ataxia that can be variably associated with other neu-

Autosomal dominant cerebellar ataxia (ADCA) is a clini-
cal entity of heterogeneous neurodegenerative diseases
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rological and systemic features (Harding 1982). Circum-
scribed groups of neurons in the cerebellum, brainstem,
basal ganglia, or spinal cord are selectively involved in
different combinations and to varying extents among
diseases (Graham and Lantos 2002). ADCA is now clas-
sified by the responsible mutations or gene loci. To date,
24 subtypes have been identified: spinocerebellar ataxia
type (SCA) 1, 2, 3 (or, Machado-Joseph disease [M]D]),
4-8, 10-19/22, 21, 23, 25, 26; dentatorubral and pal-
lidoluysian atrophy (DRPLA); and ADCA with muta-
tion in fibroblast growth factor (FGF) 14 (Stevanin et
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al. 2000, 2004; Margolis 2002; van Swieten et al. 2003;
Yu et al. 2005). Among these, mutations in SCA1, SCA2,
SCA3/MJD, SCA6, SCA7, SCA17, and DRPLA have
been identified as the expansion of a trinucleotide (CAG)
repeat that encodes the polyglutamine tract, uniformly
causing aggregation of polyglutamine-containing causa-
tive protein (Ross and Poirier 2004). Expansion of non-
coding trinucleotide (CAG or CTG) or pentanucleotide
(ATTCT) repeats are involved in SCA8, SCA10, and
SCA12 (Holmes et al. 1999; Koob et al. 1999; Matsuura
et al. 2000). Very few families are affected by missense
mutations in the protein kinase Cy (PKCry) (SCA14 [see
Chen et al. 2003]) and FGF14 genes (ADCA with FGF14
mutation [see van Swieten et al. 2003]). However, genes
or even their loci remain unidentified for >20%-40%
of families with ADCA (Sasaki et al. 2003).

We had previously mapped mutations in six Japanese
families with ADCA to a 10-cM interval in human chro-
mosome 16q13.1-q22.1, identifying 16q-linked ADCA
type I, or spinocerebellar ataxia 4 (SCA4 [MIM
600223]) (Ishikawa et al. 2000). Clinically, our families
show cerebellar ataxia without obvious evidence of ex-
tracerebellar neurological dysfunction (i.e., “pure cere-
bellar ataxia,” or “ADCA type III”) (Harding 1982;
Ishikawa et al. 2000). The average age at onset of ataxia
was >55 years (Ishikawa et al. 1997), which suggests
that this disease shows the oldest age at onset among
ADCA types with assigned loci. Another important clini-
cal feature of this disease is that a substantial number
of patients show progressive sensorineural hearing im-
pairment (Owada et al., in press). Since the hearing im-
pairment can be very mild and of later onset, presence
of hearing impairment can be easily overlooked. How-
ever, this finding may indicate that the mutated gene
could cause hearing impairment as well as ataxia. In this
sense, it would be more appropriate to use the term
“chromosome 16q22.1-linked ADCA” instead of
“ADCA type III” to describe our families. Neuropatho-
logical examination showed peculiar degeneration of
Purkinje cells that was not described in other degenera-
tive ataxias (Owada et al., in press). Many Purkinje cells
undergo shrinkage and are surrounded by amorphous
materials composed of Purkinje-cell somato-dendritic
sprouts and an increased number of presynaptic ter-
minals. These findings may indicate that certain proteins
involved in the cytoskeleton of Purkinje cells are dis-
turbed in chromosome 16q22.1-linked ADCA.

Chromosome 16q22.1-linked ADCA has been as-
signed to the same locus as another ADCA, SCA4 (Flan-
igan et al. 1996; Hellenbroich et al. 2003). Although
SCA4 and chromosome 16q22.1-linked ADCA may be
allelic, SCA4 is clinically distinct from chromosome
16q22.1-linked ADCA, because SCA4 shows promi-
nent sensory axonal neuropathy and pyramidal tract
signs, with an age at onset earlier than that of chromo-
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some 16q22.1-linked ADCA (Flanigan et al. 1996; Hel-
lenbroich et al. 2003). Several groups, including ours,
have refined the loci of SCA4/chromosome 16q22.1-
linked ADCA and have, so far, excluded repeat expan-
sions as mutations (Hellenbroich et al. 2003; Li et al.
2003; Hirano et al. 2004). The minimum candidate re-
gion of SCA4 and chromosome 16q22.1-linked ADCA
is set at the region between markers D1653031 and
D16§3095. A strong founder effect has been observed
for chromosome 16q22.1~linked ADCA (Li et al. 2003),
which indicates the need to recruit a large number of
families to narrow the critical region.

To discover the causative gene of chromosome
16q22.1-linked ADCA, we embarked on a positional
cloning study by recruiting 52 families from diverse
regions of Japan. Here, we describe the identification of
a strong association between a single-nucleotide change
and chromosome 16q22.1-linked ADCA and show the
consequence of this genetic change on mRNA and pro-
tein levels. The data presented here also suggest that a
single-nucleotide change in the 5' UTR could be asso-
ciated with aggregation of the gene product.

Patients, Material, and Methods

Recruitment of Families with Chromosome
16g22. 1-Linked ADCA

We attempted to include families clinically diagnosed
with late-onset ADCA type Il from a wide region of
Japan. Fifty-two families, including 109 affected indi-
viduals and 48 at-risk individuals, were ultimately re-
cruited. These families originated from seven of eight
districts of Japan (Hokkaido, Tohoku, Kanto, Chu-bu,
Kinki, Chu-goku, and Kyu-shu), which indicates that
their origins are widespread. Clinical features of these
patients were consistent with those of families described
elsewhere (Ishikawa et al. 1997, 2000; Li et al. 2003).

Detailed neuro-otological examinations, including
pure-tone audiometry, were performed on 13 families at
the Departments of Neurology and Otolaryngology, To-
kyo Medical and Dental University. Progressive hearing
impairment was assessed when the pure-tone average
calculated from thresholds at the frequencies of 0.5, 1,
and 2 kHz was more severe than the mean +2 SD of
age-matched normal Japanese population (Tsuiki et al.
2002). By that criterion, 6 (42.9%) of 14 families had a
hearing impairment other than age-related hearing loss.
When we used the recommendations for the description
of genetic and audiological data composed by the GEN-
DEAG study group (see The Hereditary Hearing Loss
Homepage), all of the patients with the hearing impair-
ment were confirmed to have bilateral sensorineural
hearing loss of mild-to-moderate severity. The audio-
metric configurations of these patients include mid-fre-

~144~



282

quency U-shaped, flat, and high-frequency sloping. These
data would suggest that the hearing impairment in our
families is not a coincidence.

Preparation of DNA and RNA Samples

After informed consent was obtained, genomic DNA
was extracted from peripheral-blood lymphocytes or
lymphoblastoid cell lines by use of methods described
elsewhere (Ishikawa et al. 1997). All families were ex-
cluded for SCA1, SCA2, SCA3/M]JD, SCA6, SCA7,
SCAS8, SCA12, SCA14, SCA17, and DRPLA by testing
mutations in the disease genes. For expression analysis
on an RNA level, frozen cerebellar tissues of four brains
affected with Alzheimer disease (AD) (age at death,
range 65-85 years; duration of the disease, range 5~10
years) were used as controls. Clinically, these patients
with AD showed a moderate-to-severe degree of demen-
tia, as measured by the Clinical Dementia Rating (Hughes
et al. 1982). Neuropathology in the cerebella of these
patients showed only a few senile plaques without neu-
ronal losses. For chromosome 16q22.1~linked ADCA,
two patients were studied (ages at death, 74 and 78
years). Both control and 16q22.1-linked ADCA brains
were obtained at autopsy, with the families’ written con-
sents approved by each institutional ethical committee.
These brains were immediately frozen and stored at
—80°C until use. Total RNA was extracted from frozen
cerebellar tissues as described elsewhere (Ishikawa et al.
1999). Poly-A* RNA was selected from total RNA by
NucleoTrap (Macherey-Nagel).

Restriction of Candidate Interval by Genotyping
and Haplotype Analysis

Genotypes were determined for 23 informative mark-
ers, including five new markers we identified (GGAA10,
TTCCO1, TA001, GA0O1, and AAT01 [GenBank ac-
cession numbers AB13610, AB13611, AB13612, AB1-
97662, and AB13613, respectively]) (table 1). Standard
PCR was performed in a final volume of 20 ul, con-
taining 10 ng of genomic DNA, 3.4 pmol of each primer,
2.5 mM of dNTP, and 0.75 U of Taq polymerase (Tak-
ara). Thermal cycling was performed at 94°C for § min
for initial denaturing, 30 cycles of denaturation (94°C
for 30 s), annealing (55°C for 30 s), and extension (72°C
for 30 s), followed by a final extension at 72°C for §
min in an ABI GeneAmp PCR system 9700 (PE Applied
Biosystems). The amplified product was separated in
the Automated Laser Fluorescent DNA Sequencer 11
(Pharmacia Biotech), and genotypes were determined
with Fragment Manager (Pharmacia Biotech) (Ishikawa
et al. 1997). Allele frequencies in the general population
were analyzed in 500 unrelated individuals without per-
sonal or family history of ataxia or other degenerative
diseases.

Am. |. Hum. Genet. 77:280-296, 2005

Table 1

Microsatellite Markers and Primer Sequences

The table is available in its entirety in the online edition
of The American Journal of Human Genetics.

Haplotypes of 16q22.1 markers were determined for
10 families (fig. 1) that were informative for determining
the phase of alleles. The remaining 42 families were not
sufficiently informative for determining the phase. Pau-
city of informative families was mainly due to the late
age at onset of this disease. For these uninformative fami-
lies, only combinations of genotypes were assessed, and
the region of genotypes shared with the larger 10 families
was compared.

Screening for Mutation in 21 Different Candidate
Genes

Within the most critical interval, 21 genes or clusters
of ESTs were retrieved from the Ensembl, UniGene, Na-
tional Center for Biotechnology Information (NCBI), and
Celera databases. Primers were designed to amplify in-
dividual exon and intron-exon boundaries for each gene,
and genomic DNA was amplified by the aforementioned
standard PCR protocol (primer sequences are available
on request). Amplicons from controls and patients were
first separated on 2% agarose gels, to determine by
screening whether any aberrant bands were amplified
from patient DNA samples. Residual solutions of PCR
products were then purified with QIAquick PCR puri-
fication kit (Qiagen) and were directly sequenced using
Applied Biosystems Model 377 or 3100 Automated Se-
quencer, as described elsewhere (Li et al. 2003). The
mutation was analyzed by comparing sequenced data and
annotated databases, with use of the software DNASIS
(Hitachi). Genomic rearrangement was screened by
Southern-blot analysis by use of cosmid clones for probe
synthesis as described elsewhere (Kobayashi et al. 1998).
In brief, cosmid clones, tandemly covering the chromo-
some 16922.1-linked ADCA critical region, were gen-
erated by subcloning from the BAC contig (Li et al.
2003). Then, the radiolabeled (**P) probe was generated
from each cosmid clone. Genomic DNA extracted from
lymphoblastoid cell lines of control individuals and pa-
tients with chromosome 16q22.1-linked ADCA was di-
gested with a restriction enzyme and was subjected to
Southern-blot analysis. To screen gene arrangement,
analysis was performed with six different restriction en-
zymes (BamHI, Bglll, EcoRl, EcoRV, HindIll, and
Xbal).

Twenty-one exons and 20 introns of the puratro-
phin-1 gene, partially annotated as “Q9H7K4,” were
sequenced entirely. The genomic region between the pur-
atrophin-1 gene and SLC9AS was also screened (fig. 2).
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Figure 1 Haplotype analysis in the chromosome 16q22.1-linked ADCA critical locus. Ten families (P2, P4, P6, P12, P14, and T1-T5) large enough for haplotype analysis are indicated

{yellow boxes at top). A founder haplotype “3-1-4-4-4” was seen in all patients for markers 16cen-D165421-TA001-GA001-TTTA001-CATG003-16qter, between GATAQT and 17msm. Two
alleles are shown (separated by a virgule |/]) for cases in which phase could not be determined. An asterisk (*} indicates that P values show significant linkage disequilibrium by Fisher’s exact
probability test. The specific C—T change in the puratrophin-1 gene lies within the founder chromosomal region.
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The C—T change in the 5 UTR was detected by am-
plifying genomic DNA with forward primer UK1-E1F1
(§-CAGCGCGGTTCACACTGAGA-3) and reverse
primer UK1-E1R1 (5-GGCCCTTTCTGACAGGAC-
TGA-3'), which yielded a specific product of 360 bp.
This amplicon harbors two EcoNI sites, one of which
is destroyed by the C—T change.

Expression Analysis of Puratrophin-1 mRNA by RT-PCR

To characterize puratrophin-1 mRNA in the human
brain, poly-A*RNA obtained from control human cere-
bellar tissues was reverse transcribed with SuperScript
II (Stratagene), and the entire coding region was ampli-
fied with primers UKI-RT-025F (5-TTCGCCTGCATTG-
CCCACTGAG-3) and UK1-RT-005R (5-CACACACA-
TCAGAAAGGGTAGTCAAC-3'), which yielded a ma-
jor product of 3,835 bp. To analyze alternative transcrip-
tion, the PCR products were subcloned into pCR2.1-
TOPO (Invitrogen), and 10 randomly selected clones
from each brain mRNA (2 AD and 2 chromosome
16q22.1-linked ADCA cerebella) were sequenced and
compared with partially annotated sequences (Q9H7K4,
NCBI accession numbers BC054486 and AK024475).
Rapid cloning of the 5’ and 3’ ends (5~ and 3-RACE)
was performed using Marathon-ready cDNA kit (Clon-
tech [BD Biosciences]) as described elsewhere (Tsunemi
et al. 2002). The entire 5" UTR was amplified with prim-
ers UK1-RT-493F (5-TGAGACAGTCTCAGTCAGG-
TCAC-3) and UK1-RT-021R (5-GTGGGCACACAG-
AAGCAGCACTGC-3), was subcloned into pCR2.1-
TOPO (Invitrogen), and was sequenced.

Expression of the puratrophin-1 gene in various hu-
man tissues was studied by RT-PCR with use of primers
UKI-RT-025F and UK1-RT-005R on human Multiple
Tissue Panels I and II (Clontech [BD Bioscience]). Ex-
pression levels of puratrophin-1 mRNA were compared
among control and patient cerebellar cortices by RT-
PCR with use of primers UK1-RT-BFOO1F (5-TCA-
CGGTTCCCCGCGGCTCG-3) and UK1-RT-BFO19R
(5-GGTTGCATGGCCCTGAGAGTCTGG-3), which
yielded PCR products of 291, 419, and 505 bp, de-
pending on alternative transcription. To compare pur-
atrophin-1 mRNA levels more precisely, real-time RT-
PCR analysis was performed on four control (individuals
with AD) and two chromosome 16q22.1-linked ADCA
cerebella by use of TagMan technique (Applied Biosys-
tems) on Applied Biosystems 7700 Sequence Detection
System. PCR was performed for total puratrophin-1
mRNAs (i.e., full-length and short-form mRNAs [Gen-
Bank accession numbers AB197663 and AB197664, re-
spectively]; definitions of these two isoforms are de-
scribed in the “Results” section) with primers total-tag-
F (S“TGGAGAGATGAGTGTCAAGACTTTG-3') and
total-tag-R  (5~AATGACTTGGGTCTGCCTTGG-3).
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The short-form puratrophin-1 mRNA was specifically
assessed with primers short-tag-F (5-ATGCCACCGAC-
TGGAGATTT-3) and short-tag-R (§-GCTGCCCTGT-
AGCTCCTCAT-3)). The TagMan probe for total pur-
atrophin-1 mRNA was 5-FAM-CCAGATGCACGTTA-
AGGACCCAGGTC-TAMRA-3, and that for short-
form puratrophin-1 mRNA was 5-FAM-TCTCTGAC-
CCTACTCAGGCTGAAGCCC-TAMRA-3', The exper-
iments were performed three times and were averaged.
The level of puratrophin-1 mRNA was assessed relative
to the level of G3PDH mRNA amplified with primers
supplied from the manufacturer (Applied Biosystems).
Since the expression level of G3PDH mRNA was
>1,000-fold higher than that of puratrophin-1 mRNA,
one control individual was chosen and the value of pur-
atrophin-1 mRNA:G3PDH mRNA ratio (designated
“puratrophin-1 mRNA/G3PDH mRNA index”) was
standardized as “1”; another three control individuals
and two patients were compared relatively. The differ-
ence between the control and patient groups was statis-
tically analyzed with the Mann-Whitney U test.

To see the effect of the C-T change in the 5 UTR of
puratrophin-1 gene on expression in vitro, the partial
5-UTR fragment containing the mutation site was am-
plified with forward primers UK1-UF10-F2 (5-CCG-
GAATTCCAGGCCTGAATTGCAGTTC-3') and UK1-
UF10-R2 (§-CCAGGCATCCCTGAAACT-3) and was
subcloned into the HindlIl-Ncol sites of the luciferase
assay vector, pGL3-Control Vector (Promega). The C—»T
mutation was then generated by site-directed mutagene-
sis (Stratagene). Three types of vectors (mock, empty
pGL3-Control Vector; wild-type, pGL3 with normal
puratrophin-1 5 UTR with allele C; and mutant, pGL3
with mutant puratrophin-1 5 UTR with allele T) were
separately transfected with Renilla vector (Promega) into
HEK293 cells to equalize the transfection efficiency. The
transfection experiment was performed independently
three times. Luciferase activity (F/R: fire-fly luciferase
activity against Renilla activity) was assayed in accor-
dance with the manufacturer’s protocol and was statis-
tically analyzed with the Mann-Whitney U test.

Generation of Rabbit Polyclonal Antibodies
against Puratrophin-1

On the basis of the deduced amino acid sequence of
“full-length” and “short-form” puratrophin-1, the sec-
ondary structure of each isoform was predicted, and five
synthetic peptides were designed: polypeptide FLO1 (aa
1-13), N-MERPLENGDESPD-C; FL02 (aa 421-432),
N-MDKADELYDRVD-C; FL0O3 (aa 570-583), N-EEG-
QRVLAELEQER-C; FLO4 (aa 991-1003), N-RFEIW-
FRRRKARD-C; and §V01 (aa 13-26), N-REVWEGN-
GDAWRDE-C. The polypeptide FLO1 lies at the amino
terminus of the puratrophin-1 (fig. 3). Therefore, the
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antibody Prtrphnl-Ab FLO1 would detect both full-
length and short-form puratrophin-1. The polypeptides
FLO2, FLO3, and FL04 are specific for the full-length
puratrophin-1 (fig. 3). Notably, FLO3 is at the spectrin
repeat motif. The polypeptide SVO1 lies at the carboxyl-
terminus of the short-form puratrophin-1. Therefore, the
antibody Prtrphnl-Ab SV01 would specifically recog-
nize the short-form puratrophin-1. Each antigen was im-
munized into rabbit, and polyclonal antibodies were ob-
tained as described elsewhere {Ishikawa et al. 1999).
The specificity of Prtrhn1-Abs was assessed by detec-
tion of recombinant puratrophin-1 protein. For this pur-
pose, an antisense-strand primer was designed to encode
hemagglutinin A (HA) in-frame at the carboxyl-terminus
of the puratrophin-1. By PCR, full-length puratrophin-
1 ¢cDNA with the HA-coding nucleotide sequence at its
3’ end was generated and was then cloned into pcDNA1
expression vector (Invitrogen). The puratrophin-1-HA
fusion protein, transiently expressed in HEK293 cells,

was first immunoprecipitated with Prerhn1-Abs and then
was detected with rat monoclonal anti-HA High Affinity
antibody (3F10 [Roche Mannheim]) (fig. 4). The fusion
protein immunoprecipitated with preimmune sera was
not detected with anti-HA antibody.

Specificity of Prtrphn1-Abs on immunohistochemistry
was assessed by immunoabsorption test. Solutions con-
taining Prtrphn1-Ab and different concentrations of
antigen (synthetic peptide) (0, 0.01, 0.1, and 1 mg/

The figure is available in its entirety in the online
edition of The American Journal of Human Genetics.

Figure 4 Immunoprecipitation of puratrophin-1-HA fusion pro-
tein and immunoabsorption test with antiserum against puratrophin-
1. The legend is available in its entirety in the online edition of The
American Journal of Human Genetics.
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liter) were made. Sections were incubated overnight
with these solutions as other immunohistochemical
staining. Prtrphnl-Abs were completely absorbed by
peptides of higher concentrations (fig. 4).

Immunohistochemical Analyses of Puratrophin-1,
Golgi-Apparatus Protein G58K, and Spectrin in Control
Mouse, Human, and 16q22.1-Linked ADCA Tissues

Five polyclonal antibodies against puratrophin-1
{(Prtrphnl-Ab types FLO1, FLO2, FL03, FL04, and
SV01) were used for immunohistochemistry. Mouse
monoclonal antibody against the microtubule-binding
peripheral Golgi-apparatus membrane protein G58K
(Sigma) and the mouse monoclonal antibody for -
and B-spectrin (MAB372 [Chemicon International])
were also used for immunohistochemistry.

Formalin-fixed paraffin-embedded tissue sections were
prepared. Examined tissues were CS7BL/6] wild-type
mouse tissue, including cochlea (1 d postnatal), normal-
control human tissues (testis, pancreas, prostate gland,
lung, liver, heart, kidney, and brain from three individ-
uals who died with nonneurological diseases), disease-
control human brains (AD [# = 3], SCA6 [# = 2}, mul-
tiple-system atrophy [MSA] [# = 3], and SCA3/M]D
[# = 3]), and three brains with chromosome 16q22.1-
linked ADCA. Immunohistochemistry was performed
as described elsewhere (Ishikawa et al. 1999). In brief,
sections were incubated overnight with Prtrphn1-Abs
(diluted 1:200 with PBS), G58K (diluted 1:400), or
MAB372 (diluted 1:200) at 4°C, after which the primary
antibody was serially detected with avidin-biotinylated
peroxidase complex method (Vector), was developed
with 3,3'-diaminobenzidine (DAB), and was counter-
stained with hematoxylin. :

Results

Restriction of the Critical Interval to <600 kb
within Human Chromosome 16q22.1

Haplotype reconstruction of 10 informative families re-
vealed that all affected individuals in these families were
segregated with the haplotype 3-1-4-4-4 for markers
16cen-D165S421-TA001-GAO01-TTTA0G1-CATGO003-
16qgter lying between GATAOI and 17msm (fig. 1). Ge-
notypes of all affected individuals in the remaining 42
families that were not informative enough for haplotype
reconstruction were also consistent with the common
haplotype. Particularly, a dinucleotide (GA) repeat marker
GA001 showed strong linkage disequilibrium: the allele
4 of GAOO1 was seen in all affected individuals in all
families with chromosome 16q22.1-linked ADCA,
whereas that allele was seen very rarely (frequency
0.1%) in 1,000 control chromosomes (fig. 1). Whereas
only one common haplotype was seen between GATAO1
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and 17msm, different alleles were seen for GATAO1
and other centromeric markers or for 17msm and other
telomeric markers (fig. 1). These results indicate that the
gene for chromosome 16q22.1-linked ADCA is most
likely to exist in the interval between GATAOI and
17msm. This region was within the previously refined
intervals (Hellenbroich et al. 2003; Li et al. 2003) and
was considered to be <600 kb in size in the database
Ensembl.

Identification of a Single-Nucleotide Substitution
in the 5" UTR of the Gene Encoding Puratrophin-1
in the Critical Interval

Within the critical interval between GATAO1 and
17msm, 21 different genes were identified (fig. 2A). We
screened all 21 genes by direct sequencing of amplified
genomic PCR products of all coding exons and flanking
intronic sequences. Genomic Southern-blot analyses were
also performed but did not detect any rearrangement
(fig. 5).

We found that all patients with chromosome 16q22.1-
linked ADCA harbored a heterozygous C-T single-nu-
cleotide substitution at the position 16 nt upstream of the
putative translation initiation codon of the gene
Q9H7K4, encoding hypothetical protein DKFZP4341216
(NCBI accession number BC054486) (fig. 2B). All the at-
risk individuals who had the founder haplotype between
GATAO1 and 17msm also harbored the C—T change. The
ages of these individuals were below the maximum age
at disease onset in their families, which indicates that they
could be in presymptomatic stages. On the other hand,
this C=T substitution was not seen in 500 healthy Jap-
anese individuals (1,000 chromosomes), confirmed by
EcoNI RFLP analysis (fig. 2C). All intronic sequences be-
tween the 21 exons and all the 8-kb sequences upstream
of the Q9H7K4 gene were also directly sequenced. Al-
though there was a G=A SNP 44 nt upstream of the 3
splice site of intron 9 of the Q9H7K4 gene, the allele
segregating with the disease was also seen in 75% of
control chromosomes. As far as we examined, the C—T
change at the position 16 nt upstream of the putative
translation initiation codon of the gene Q9H7K4 was the
only specific change seen for patients with chromosome
16q22.1-linked ADCA. We renamed this protein “pur-
atrophin-1,” meaning Purkinje cell atrophy associated

The figure is available in its entirety in the online
cdition of The American Journal of Human Genetics.

Figure 5 Southern-blot analysis. The legend is available in its
entirety in the online edition of The American Journal of Human
Genetics.
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Figure 6 Puratrophin-1 mRNA expression in various control human tissues. With this nonquantitative RT-PCR analysis, a relatively

stronger expression was observed in the testis and pancreas, whereas mild or moderate expression was seen in the spleen, thymus, prostate
gland, heart, placenta, lung, liver, and kidney. Puratrophin-1 mRNA expression was low in the ovary, small intestine, colon, peripheral-blood

leukocytes, whole brain, and skeletal muscle.

protein-1. (We reserved the nomenclature “ataxin-4” for
families with original SCA4.)

Characterization of the Puratrophin-1 Gene and Its
Expression

The puratrophin-1 gene comprises 20 introns and 21
exons spanning a 13.7-kb genomic region (fig. 34). RT-
PCR and RACE experiments revealed that this gene is
expressed in the human brain with an 8,561-nt mRNA
and a single ORF of 3,576 nt (from nt 4,271 to nt 7,846)
(fig. 3B). The first exon was 4,769 nt in length. This
“full-length” transcript is predicted to encode a 134-kD
protein, consisting of 1,192 aa, that contains four im-
portant domains: the cellular retinaldehyde-binding
(CRAL)/triple function domain (TRIO) (at codons 304~
338), the spectrin-repeat domain in the middle portion
(at codons 447-601), the guanine-nucleotide exchange
factor (GEF) for Rho/Rac/Cdc42-like GTPases followed
by the Dbl-homologous (Rho GEF/DH) domain (at co-
dons 733-907), and the pleckstrin-like homology (PH)
domain (at codons 921-1027). The presence of these
four domains suggests the role of puratrophin-1 in in-
tracellular signaling and actin dynamics targeted to the
Golgi apparatus (Godi et al. 1998; Fucini et al. 2000).

Besides the full-length puratrophin-1 mRNA, we also
found several alternative transcripts in human cerebellar

cDNA (fig. 3B). The most common one had an unspliced
intron 1 between exons 1 and 2 (“short-form” puratro-
phin-1 mRNA). This intron retention produced a frame-
shift after exon 1 that resulted in a premature stop codon
after 26 aa residues in intron 1. There were several other
alternative transcripts (B1-B8 [fig. 3B]) in addition to
full-length and short-form purairophin-1 mRINA. How-
ever, expression levels of these transcripts were consid-
ered lower than those of full-length or short-form pur
atrophin-1 mRNA, as judged from cloning frequencies.
Puratrophin-1 mRINA was expressed in many tissues with
various expression levels (fig. 6). The strongest expres-
sion was observed in the testis and pancreas, whereas
its expression level was low in the “whole” brain. The
expression was very weak on northern-blot analysis,
even in the testis and pancreas (data available on re-
quest), which indicates that the expression of puratro-
phin-1 mRNA was not abundant.

The Consequence of a C—T Change for Puratrophin-1
mRNA Expression )

The consequence of the C—T change in the puratro-
phin-1 gene was assessed by RT-PCR on frozen cere-
bellar tissues of two patients. No aberrant puratrophin-
1 mRNA was detected, which indicates that the muta-
tion in the 5 UTR does not affect alternative transcrip-
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Figure 7 The consequence of a C—T change in the §' UTR of puratrophin-1 mRNA. A, The puratrophin-1 mRNA level assessed relative
to G3PDH mRNA levels. The puratrophin-1 mRNA levels in the cerebella of individuals with chromosome 16q22.1-linked ADCA appear
slightly decreased compared with levels in control individuals. B, Quantitative analysis of purairophin-1 mRNA, with the use of the TagMan
technique in cerebellar mRNAs of four control individuals (with AD) and of two individuals with chromosome 16q22.1-linked ADCA. Both
total puratrophin-1 mRNA (i.e., full-length and short-form mRNAs) and short-form puratrophin-1 mRNAs tended to be reduced in cerebella
of individuals with chromosome 16g22.1-linked ADCA, although the significance was not statistically proven (P = .0641 for total mRNA;
P = .1649 for short-form mRNA). C, Histogram of in vivo luciferase assay. “F/R” denotes fire-fly luciferase activity versus Renilla activity.
The wild-type construct with allele C increases luciferase expression compared with an empty vector {Mock), whereas the mutant construct
with allele T demonstrates significantly reduced Iuciferase activity (P <.001).
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