Please cite this article in press as: Sato et al., Spinocerebellar Ataxia Type 31 Ts Associated with “Inserted” Penta-Nucleotide Repeats Contain-
ing (TGGAA),..., The American Journal of Human Genetics (2009), doi:10.1016/j.ajhg.2009.09.019

Chromosome 16

" D16S512
SCA4 candidate region (7.94-Mb)

D16S3019

)

GGAADS

c—nSCA31 critical region (900-kb)

1511640843 -16C>T
AB473219 15444373 AB4T3218 e pUrBIrOPhin-1 tmem
o 165.40M 165.60M *65.80M —
Centromere i %3023 0238A4 Ca0262A14 Telomere
i Ca010aN14 Cabioie2s Ca0217F1
i Ca0080M24 BAC clones
N (Ca0041G15 Ca0312C05 Ca0154D03
i Ca0159N04 CaFos001 4F0s002 Ca0215J24
Fosmid clones
kaFusOOS
N
H
. i
65.00M 165.10M 165.20M
e BEAN f cMTMI
—————
H Am—— CKLF. CMTM2
« TK2 —

2.5 - 3.8-kb repeat insertion

Figure 1. A Comprehensive Physical Map of the 900 kb SCA31 Critical Interval between rs11640843 and —16C > T in the PLEKHG4

Gene

This region was entirely covered without gaps by 12 BAC and three fosmid clones derived from a SCA31 homozygous patient.

These clones were sequenced. An insertion ranging in length from 2
chromosome 16 on NCBI build 36.3 between BEAN and TK2.

performing PCR-based direct sequencing of all coding exons and
exon-intron boundaries of BEAN, TK2, and FLJ27243 by using
40 primer pairs (shown upon request). Southern blot analysis in
the genomic region encompassing BEAN and TK2 (positions
from 65,160,201-65,932,756 on chromosome 16, NCB! build
36.3) was also performed similarly to the SCA31 mutation search.

The 21 disease controls’® who did not have the SCA31 founder
haplotypes were also tested for the insertion. Ten out of these
21 individuals were additionally screened for any mutations in
BEAN, TK2, or in FL]27243 with the same 40 primer pairs as those
used for SCA4.

Results

Southern Blot Analysis Revealed a 2.5-3.8 Insertion
Consisting of Complex Pentanucleotide Repeats
Containing (TGGAA), in SCA31 Patients

Figure 1 shows a comprehensive physical map of the
SCA31 critical region. Screening of this 900 kb critical
region by Southern blotting allowed us to identify an inser-
tion at nucleotide number 65,081,803 on human chromo-
some 16 on NCBI build 36.3 (Figures 2A and 2B). There
were no other gene rearrangements in the entire critical
region. The insertion was found in all 160 affected individ-
uals from 98 SCA31 families, including the individual in
the U9 family previously described,'® and ranged in length
from 2.5-3.8 kb. PCR amplification followed by direct
sequencing or shotgun sequencing of the insert disclosed
that the insertion consisted of a preceding four nucleo-

.5-3.8 kb was found at nucleotide number 65,081,803 on human

tides, “TCAC,” and the three penta-nucleotide repeat
components (TGGAA),, (TAGAA),, and (TAAAA), in all
SCA31 patients tested (Figure 2C). In the homozygous
patient’s repeat, which was sequenced by the shotgun
method, a pure (TGGAA), stretch extended for at least
110 repeats, presumably for more than 1 kb in light of
the size of the sheared DNA fragment. Pure (TAAAATA
GAA),, also stretched for more than 112 repeats. These
pure repeat sequences were separated by a bridging
sequence and (TAGAA)4.

In contrast to SCA31 chromosomes, the vast majority of
controls (99.77% among 800 Japanese and 60 white Amer-
ican chromosomes) did not have any insertions. The 21
disease controls and SCA4 subjects also did not have this
insertion. Very rarely, however, insertions were observed
in two individuals (2/860 chromosomes: 0.23%) (controls
1 and 2) (Figure 2A, left-hand panel). PCR amplification
and sequencing showed that the inserts were in the same
position as in the SCA31 patients, and their lengths were
1.5 kb in control 1 and 2.0 kb in control 2. Sequencing
analysis of controls 1 and 2 disclosed that they both had
inserts with a preceding 4 base “TCAC,” (TAAAA),, (TA-
GAA),, and (TAAAATAGAA),, stretch (Figure 2D). However,
no (TGGAA) sequences were observed. Because these indi-
viduals did not manifest any cerebellar signs or have any
documented histories of inherited diseases in their fami-
lies, we considered that these inserts with complex
penta-nucleotide repeats were not pathogenic, or at least
did not have enough toxicity to develop a disease during
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the human lifespan. Therefore, we concluded that the
insertions in SCA31 paticnts exerted their toxicity either
because of their lengths (> = 2.5-kb) or because of their
(TGGAA),, component, which made a clear distinction
between SCA31 and the rare control insertions.

The insertion site was identical for all insertions, and the
junction point of the insertion was located at the 3'-tail of
an AluSx®® (Figure 2B). Alu variants have previously been
linked to certain disease loci, such as DM1, HD, Friedreich
ataxia (FRDA) (MIM #229300), and fragile X syndrome
(FRAXA) (MIM #300624).%® There is a related short
penta-nucleotide repeat of (TAAAA), immediately down-
stream of the insertion site (Figure 2B). This (TAAAA),
was polymorphic (“n” usually ranged from 8-21), and a
very rare expansion up to approximately 140 repeats was
observed in one out of 860 control chromosomes
(frequency: 0.12%) (control 1, shorter allele; see Figure 2A,
left-hand panel). Both (TAAAA), and the SCA31 founder
insertion are polypurine tracts interrupted with thymi-
dines. SCA31 is similar to Friedreich’s ataxia (FRDA) in
that they both contain “GAA.”

The Length of the SCA31 Insertion Is Inversely
Correlated with the Age of Onset

The SCA31 penta-nucleotide repeat insertion ranged from
2.5-3.8 kb in length (Figure 3A). Although SCA31 is a
disease with a strong founder effect, the fact that the
length of the insertion varied by ~1.3 kb among families
suggests that the insertion was not completely stable
during multiple transmissions from one or a few principal
ancestors. Importantly, a significant correlation was
observed in that patients with longer repeats show earlier
disease onset (r = -0.41, p = 0.010, n = 39) (Figure 3B).
Very mild anticipation (younger age of onset in future
generations) is sometimes observed in SCA31% which
suggests that the insertion might have a propensity for
expansion. Indeed, we detected a subtle expansion of the
inserted repeat within one SCA31 family (Figure 3C).

Complete Genomic Sequencing of the 900 kb Critical
Region Unveiled Only Two Mutation Candidates
Because of the strong founder effect in SCA31, we needed
to detect all genetic changes in the critical region. For this
reason, we also performed BAC- and fosmid-based shotgun
sequencing over the entire 900 kb SCA31 critical region.
Upon completing entire sequencing in the homozygous
patient, we initially found 336 sites annotated differently
from the reference sequence (NCBI build 36.3). However,
most of these 336 changes were also found in the controls,
allowing us to exclude them as mutation candidates. In the
course of this effort, we also investigated 34 new SCA31
patients and found that two independent SCA31 patients
shared the disease-specific haplotype only between
AB473214 and AB473219 (Table 2). As a result, we finally
found that the penta-nucleotide repeat insertion and a
single-nucleotide change (AB473217) at 65,114,245 are
the only genetic changes segregating with the disease.

This single-nucleotide change (AB473217) is in an intron
of the TK2 (thymidine kinase 2) gene, 4,964 nucleotides
distant from the nearest splice junction. RT-PCR analysis
did not indicate the presence of aberrant transcripts in
SCA31 patients (data shown upon request). Quantitative
genomic PCR and aCGH did not show copy-number vari-
ations in the SCA31 critical region (data shown upon
request). Taking all these data together, we considered
that the complex penta-nucleotide repeat insertion con-
taining (TGGAA), was the only mutation that could plau-
sibly cause SCA31. Further efforts were focused on this
repeat insertion.

The SCA31 Repeat Insertion Is Located in Newly
Indentified Introns of BEAN and TK2

According to the NCBI database (build 36.3), the insertion
was located between two genes, BEAN and TKZ, and also
upstream of an EST, FLJ27243 (Figure 1). However, we
found previously unidentified downstream exons for
BEAN and TK2, demonstrating that the insertion is in
introns of these two genes transcribed in opposite direc-
tions (Figure 4). We confirmed by RT-PCR that the
extended versions of BEAN and TK2, which we named
BEAN-EXT and TK2-EXT, respectively, and FLJ27243 are
all expressed at low levels in the brain (Figures 5A-5C).
Notably, BEAN-EXT, as well as BEAN, is expressed exclu-
sively in the brain. However, neither ordinary nor quanti-
tative RT-PCR proved that the repeat insertion caused
splicing abnormalities or alterations in the expression
levels of BEAN, TK2, or other nearby genes (Figure 5D).

The Transcribed SCA31 Insertion Forms Nuclear Foci
in Purkinje Cells

We next performed in situ hybridization to see whether
transcribed repeat sequences form aggregates (“RNA
foci”) in nuclei, as in RNA-mediated noncoding repeat-
expansion disorders,® such as DM1%* and DM2.%” Using
an LNA probe targeting (UAAAAUAGAA),, we detected
RNA foci in approximately 30%-50% of the nuclei of
SCA31 patients’ Purkinje cells (Figure 6). Such RNA foci
were never observed in controls, allowing a clear distinc-
tion. This might indicate not only that the insertion is
transcribed as BEAN-EXT transcript in SCA31 brains but
also that the insertion transcribed in the direction of
BEAN-EXT forms abnormal RNA aggregates in Purkinje
cells, the primary target of SCA31. Foci were never
observed with a probe for anti-sense (UUCUAUUUUA),
repeats corresponding to the TK2-EXT transcripts in either
SCA31 or control brains.

(UGGAA) ,,, the Disease-Specific Transcribed
Component of the SCA31 Insertion, binds

to SFRS1 and SFRS9 In Vitro

We next searched for proteins that could potentially bind
to the transcribed SCA31 insertion, particularly to the (UG
GAA), sequence. Accumulating evidence increasingly
suggests that satellite III (Satlll), the paracentromeric

The American Journal of Human Genetics 85, 1-14, November 13, 2009 7

AJHG 483



Please cite this article in press as: Sato et al., Spinocerebellar Ataxia Type 31 Is Associated with “Inserted” Penta-Nucleotide Repeats Contain-
ing (TGGAA),..., The American Journal of Human Genetics (2009), doi:10.1016/j.ajhg.2009.09.019

A : F g

B

ACTCCAACTGGGATGCAGTTIICTCAATCAAAGGGATATGAACTGCCCTGGCCACTGAATTCAGAGAACATT GTAGGGGGCAGGGGAGTTGGGAGCAGG
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ATCACGT! T TCCA T AAAA T -{insertion)-TAAAAT, TAAAATAAAATAAAATAAAATAAAATAAAATAAA
ATAAAATAAAATAATAAAATAAAAAGAAACCTCTAAATTGATTGAGATCTGCCTCCGACACTTTTCAATTTACAAAAACATACCTAAGAATT GBCCACCCAG
GGGCAGGAAGCTGGGGTTTCTATCCAGTAACTCTCACCCCGCTGGCCCTTGGTTGBTTGAGGGTCGCCACCTTCCTGGCGCTTCCAGCCTGTCCCGCA
CACTAGCAGAGTATGCCTCTGCAGCCAGCAGCACTCAAGGCATGAGGCATTACTGGGGATATCTGGATGGGATGGTAGT GTGGAAAGATGCAGATGCT
GATGTGCCTGGTCTTCATTTITTGTGGGGCAGGBGGACAAAGAAAGBACAAMT CCTGACCTAGGCCCTGCTCCACTGGGAGGGGCCCGGTCACCCTCC
AATCTCAGCTTTTCAGAGTGACAAGCAGTGGCAGGGCCTGGCTGCACATAGCTTTATCTCTTGCTAGCACAACTTCCTCCTTTGCTTCCAGATTGGGCTT
TGGAGCAGGAGAGGCAGGACCCATCCATTCCTCCAAGTGCCCAGCCTGAGCCTGGCCTGGGACAGGACTCTATCCTCCATATCCAGCCCCCCCGAAGE
CACCATGAGCAGGTCCCAATCCCCAGGCCCAGGBCGAAGCTGCTCTGGGT GAGACCCTCCTGGGCAACATCATCAGCTACTACCAGGAGAGAGCAGGG
GAGGGCCGGCTCGATGTCTGCAGGCAAGCAGCCCTCACCCACAGGGCCAGGTGGCTCCTGGGCAGGAGGGCCCCTCCATGGCTCTGTCTGCCAGAG
GAAGTGGCCCTTGCTCTGGGTGGCTGCTGTTGTGGGGATCCCAGCCCTGTCCCAAMAGTCAGCCCTGAGCTGGTGCATGCACTAGAGTTCCTGGAGCT
GATCTCTGTCAACCTGCTTCTGTTTCCCIGGAGGAAGGAAATCAGGTCCCTAAAG

c SCA31 insertion sequence:

[ TCAC TAAAA (TAGAA)2 (TGGAA)n TGGGAA TOGAA TGGGAA (TAGAAR (TGGAAR (TAGAA)2 TGGAA (TAGAA)E (TAAAA TAGAA)N |
1) Pure (TGGAA)n stretch

D [ TCAC (TAAAA)2 AAA (TAAAA)3-5 AA (TAAAA)2 TATAAAA TAGAA TAAAA (TAGAA)N(TAAAATAGAA)N |
(allele frequency: 0.23% in confrol)

Figure 2. ldentification of Complex Pentanucleotide Repeat Insertions in SCA31 Patients

(A) Southern blot analysis showing the SCA31 insertion. The left-hand panel shows EcoRI-digested genomic fragments detected with a cos-
mid probe for theregion between nucleotides 65,083,571 and 65,124,051. Arare 1.5 kb insertion and an unusual 0.7 kb expanded (TAAAA),,
(both shown with solid black arrows) were observed in one control (control 1). SCA31 insertions in two patients are shown with a red arrow.
“Hom."” and “Het.” designate the homozygous patient and heterozygous patient, respectively. The dotted arrow indicates normal chromo-
somes without insertions. The thick 5.8 kb bands common in the three subjects show fragments outside the insertion site. The right-hand
panel shows aberrant EcoRI-digested 9-10 kb genomic fragments (a red arrow) that completely segregated with SCA31 patients (P). All
heterozygous patients (P) and controls (C) have “normal” 6 kb fragments (dotted arrows). Radiolabeled PCR products obtained by ampli-
fying the 3009 bp genomic segment between nucleotides 65,079,127 and 65,082,135 on NCBI build 36.3 were used as probes.

(B) Sequences around the SCA31 insertion (chromosome16: nucleotides 65,081,260-65,082,786 on NCBI build 36.3). Flanking primers
for PCR amplification (underlined in red) of insertion and flanking Haelll recognition sites (in shaded boxes) are shown. The AluSx
sequence™ is shown with a green underline. Without an insertion, PCR amplification with flanking primers and a subsequent Haelll
digestion will produce a DNA fragment 193 bp in length.
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Figure 3. The Length of Insertion Inversely
Correlates with Age of Onset in SCA31

(A) PCR amplification and agarose gel electro-
phoresis showing that the length of the inser-
tion differs among SCA31 families.

(B) A scatter plot showing an inverse correla-
tion between the length of the SCA31 inser-
tion and the age of onset. The length of the
repeat insertion was inversely correlated
with age of onset (Pearson’s product-moment
correlation coefficient r = -0.41, p = 0.010,
n=39.).

(C) A slight expansion of the SCA31 insertion
observed in one SCA31 family. Individual #4
has a slightly longer insertion than the others
(#1-4#3) in the same SCA31 family. This indi-
vidual #4 is in the youngest generation
among them.
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repetitive sequences rich in (TGGAA),, are transcribed
under stress>*" to form nuclear stress bodies (nSBs) and
play an important role in regulating the splicing
machinery by recruiting certain splicing factors,*' such as
serine/arginine-rich splicing factor (SFRS) 1 (also known
as ASF/SF2 or SRp30a) and SFRS9 (SRp30¢), to nSBs. Onthe
basis of this fact, we performed EMSAs and found that
SFRS1 and SFRS9 directly bind to (UGGAA),, the tran-
scribed sequence of (TGGAA),,, in vitro (Figure 7).

(TGGAA), Is Abundant in Heterochromatin,
Particularly in Centromeric Regions

In order to see the distribution of (TGGAA),, in the human
genome, we also performed an in silico search for
(TGGAA),, and found that these penta-nucleotide repeats
are indeed abundant in the centromeres of chromosomes
2, 4,7, 10, 16, 17, 20, and Y (Figure 8A). On the other
hand, (TAGAA),, is observed in euchromatins and telo-
meres (Figure 8B). (TAAAATAGAA),, was not detected in
the human genome.

SCA4 and SCA31 Are Not Likely to Be Allelic

Neither the SCA31 insertion nor the single-nucleotide
change in TK2 (AB473217) was detected in SCA4 individ-
uals. PCR-based direct sequencing of all coding exons
and exon-intron boundaries of BEAN, TK2, and FLJ27243
with 40 primer pairs and Southern blot analysis in the
genomic region encompassing BEAN and TK2 were also

4.,0 the hypothesis that SCA4 and SCA31
were allelic diseases. Similarly, the 21
disease controls'® also did not harbor
the insertion. Mutations in BEAN, TK2, and FL]27243
were not found in the ten disease controls tested.

Discussion

In summary with regard to the results of our mutation
search, only two genetic changes were found to completely
segregate with the disease: the complex penta-nucleotide
repeat insertion at nucleotide 65,081,803 and a single-
nucleotide change (AB473217) at nucleotide 65,114,245
in human chromosome 16 (NCBI build 36.3). The single-
nucleotide change, located in an intron, did not seem to
have any obvious effects on splicing or expression
patterns, providing no evidence that this is the causative
mutation. On the other hand, the length of the insertion
with penta-nucleotide repeats was inversely correlated
with age of onset, in agreement with the general rules of
repeat-expansion disorders.'® We therefore concluded
that the penta-nucleotide repeat insertion containing
(TGGAA), is the only likely candidate for the SCA31 muta-
tion. The fact that we did not find any allelic mutations in
BEAN, TK2, or FL]27243 in our cohort of patients (5 SCA4
and 21 disease-control individuals) does not deny this
conclusion because none of the repeat-expansion diseases,
except SCA6, have allelic mutations.™

All the previously known repeat-expansion disorders are
caused by expansions of microsatellites present as poly-
morphic DNA repeats in humans: normal individuals

{C) The components of the SCA31 insertion in the homozygous patient. The SCA31 insertion consists of a preceding 4 bp TCAC and
three different penta-nucleotides, (TGGAA),,, (TAGAA),, and (TAAAA),. (TGGAA), is the patient-specific repeat (shown in red), and
both (TGGAA), and (TAAAATAGAA), are pure stretches too long to be read through. The bridging sequence between (TGGAA),

and (TAGAA)4 is underlined in red.

(D) The sequence of the insertion in control 1. Rare insertions were observed in controls at the same position as the SCA31 insertion, but
with shorter length and different components. The insertion in control 1 consisted of a preceding 4 bp TCAC and two pentanucleotide
components, {TAGAA),, and (TAAAA),,. The (TGGAA),, was not detected.
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Table 2. The Haplotypes of Representative SCA31 Patients and Control Subjects

Polymorphlc markers rs11640843 AB473214° AB473220 | Complex penta-nucieotide repeat insertion® AB473217°{ AB473219  AB473218* -16C>T purotrophin-1
Site on NCBI Buiid 36.3 64,982,677 65,024,796 65,049,291 | 65,081,803 65,114,245 65,337,827 €5,658,263 65,871,433
Reference sequence (NCBI Bulld 36.3) < 6 G G A T <
Frequencies in controis C722% G99.0% G992 % (See Fig.2B, C and D) G100.0% | A100.0% T100.0% C100.0%
T278 % A1LO% ADR% C00% G0.0% C00% T0O%

Pativats Homozygous paticit T A A TCAC- (TGGAAN (TAGAAIN (TAAAATAGAAIR - C. G C T

M T T G A TCAC- (TGGAAN (TAGAA)R (TAAAA TAGAAJR - C G [ T

146 ) S N(‘I‘ o '(: v A TCAC- (TGGAAIN (TAGAA)N (TAAAATAGAA)n © € G C - T

’ N’7'> T _(..-‘ G GIA TCAC- (TGGAAIR (TAGAAIN (TAAAA TAGAAR - CIG A T

T4R* ‘ (‘ : h G o GIA TCAC- (TGGAAIR (TAGAAIN (TAAAATAGAAIR © CIG A T )
Controts C(m’\ml 1 T 'I: » o (";//\/ T VG/I\ TCAC- (FAGAAIN (TAAAA TAGAA R G - A T .

Conteal 2 CUTer T T T T T T TG maaam aaasa tacan G A T ¢ i

The founder haplotype is shown with a yellow background. New markers and families analyzed in this study are marked with an asterisk (*). Although the single nucleotide change (AB473220) was seen in alf SCA31 patients, it

was also seen in control 1, excluding it as a mutation candidate. The two genetic changes segregating with SCA31 are shown in the red box.

have smaller numbers of repeats, whereas patients harbor
longer repeats.”® To our knowledge, SCA31 is the first
human disease discovered to be associated with a microsa-
tellite “insertion.” The observation in rare controls of
shorter inserted repeats lacking (TGGAA), suggests that
the inserted microsatellite has to have sufficient length
(> 2.5 kb), the (TGGAA), stretch, or both to cause the
disease. Notably, haplotypes based on flanking markers
were not similar in the controls with the rare inserts and
the SCA31 patients. Although this might indicate that
the insertions in controls and SCA31 patients arose from
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different insertion events, concluding so is still premature.
Both the control and SCA31 inserts had a preceding 4 bp
TCAC and also possessed (TAGAA),, (TAAAA),, and
(TAAAATAGAA),,. In fact, controls with rare premutation
alleles in the DM2 repeat were found to have a haplotype
similar to that of DM2 patients.** Thus, further analysis
will need to address whether SCA31 and control insertions
have different ancestries.

The presence of (TGGAA),, the characteristic sequence
of satellites I and I11*3, suggests that the SCA31 insertion
might be related to heterochromatin; this idea is supported
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Figure 4. Various Transcripts Spanning the SCA31 Repeat Insertion Site

The locations of BEAN, TK2, FLJ27243, and the SCA31 insertion (red arrowhead) are shown on the physical map of the chromosomal
region between nucleotides 65,000,000 and 65,150,000 on NCBI build 36.3. Exons registered in the NCBI database are shown with black
boxes, and §'- and 3'-UTRs are shown with white boxes attached to them. Although the SCA31 insertion is located in the intergene
region between BEAN and TKZ on the NCBI database, various newly identified transcripts of these genes (shown with white boxes
with their exon numbers) were detected by RT-PCR, and some of them encompassed the SCA31 insertion. The insertion appeared to
be located in introns of BEAN and TK2, two genes transcribed in opposite directions. DA392036 annotated in the NCBI database seemed
to be a part of TK2-EXT. Transcripts 1-3 correspond to the transcripts detected by RT-PCR in Figures SA and 5B (Table S1). The primer

pairs for RT-PCR are shown with small blue boxes (A-J; Figure 5D and Tables S1 and $2).
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Figure 5. Gene Expression of BEAN-EXT, TK2-EXT, and FLJ27243 in Humans

(A) RT-PCR analysis for BEAN-EXT mRNA (transcripts 1 and 2 in Figure 5) showing its brain-specific expression.

(B) RT-PCR analysis for TK2-EXT mRNA (transcript 3 in Figure 5) showing higher expression in various systemic organs than in the brain.
(C) RT-PCR of FLJ27243 mRNA in the human cerebellum. Strand-specific RT-PCR shows expression of FLJ27243, represented by “RT with
AS primer,” in the brain. The “S primer” represents transcription in the orientation of BEAN, and “Random Hexamer” indicates tran-
scripts in both directions. The specificity of this strand-specific RT-PCR is confirmed by negative amplification when reverse transcriptase
is omitted [(-)].

(D) Quantitative RT-PCR on BEAN, TK2, FLJ27243, and CKLF mRNAs in controls’ (n = 4) and patients’ (n = 2) cerebella. The locations of
RT-PCR primer and probe sets (A-]) are indicated in Figure § (C: controls; P: patients; the scale bar represents 1 SD) (see Table S2 for probe
sequences). No consistent difference was found in the expression levels of BEAN (including BEAN-EXT; probe sets: A~G), TK2 (probe sets
H and 1), F1J27243 (probe set J), or CKLF (probe sets K-L) mRNAs compared in the control versus SCA31 patient groups.

by our in silico search for (TGGAA),,. SCA31 could be the tion into a coding exon. Although the B-satellite sequence
second disease associated with heterochromatin insertion insertion causes DFNB10 via a loss-of-function mecha-
after autosomal-recessive congenital deafness (DFNB10) nism, SCA31 appears to be associated with intronic repeat
(MIM #605316),* caused by a B-satellite sequence inser- insertions that are transcribed to form RNA foci.

SCA3T

SCA31 Control

Probe (TTTTATTCTA).5
Probe:(TAGAATAAAA), 5

Figure 6. Presence of RNA Foci in SCA31 Purkinje Cells

RNA foci (red dots) seen in a nucleus (stained with DAPT; blue) of an SCA31 Purkinje cell with an LNA-(TTTTATTCTA); 5 probe targeting
the transcripts containing the (UAAAAUAGAA), repeat (autofluorescence; orange). In controls, foci were completely negative. Anti-
sense transcripts, searched with an LNA-(TAGAATAAAA), 5 probe, did not appear as RNA foci. Scale bars represent 10 pum.
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Figure 7. The Pentanucleotide
(TGGAA), Binds to Splicing Factors
SFRS1 and SFRSY In Vitro

EMSA showing specific binding of SFRS1
isoform 1 (SFRS1-1) (A) and SFRS9 (B) to
RNA oligonucleotide (UGGAA)g. Shifted
bands (arrowheads) were observed in
mixtures of digoxigenin(DIG)-(UGGAA),
and either GST-SFRS1-1 or GST-SFRS-9.
The shifted bands disappeared with the
addition of mnonlabeled (UGGAA)g,
whereas the addition of excess amounts
of nonlabeled (UGGAA)y or (UAAAAUA-
GAA)4 did not interfere with the band

Protein () asT GST-SFRS1-1
Non-labeled (UGGAA)y () () () x1x100 () ()

Non-abeled (UAGAA), () () () () () x100 ()
Non-labeled (UAAAAUAGAA), () () () () () () x1o0

() 6sT

How does this insertion cause the disease? Haplo-insuffi-
ciency or dominant-negative mechanisms do not appear
likely because both BEAN (including BEAN-EXT) and TK2
(including TK2-EXT) were expressed at the same level in
SCA31 patients’ brains as they were in control brains, at
least at mRNA levels. Paracentromeric satellite sequences
rich in penta-nucleotide repeats (TGGAA), are thought
to have various essential roles, such as the maintenance
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Figure 8.
Regions
(A) (TGGAA)4, sequences are abundant in the centromeres of
chromosomes 2, 4, 7, 10, 16, 17, 20 and Y, whereas they are sparse
in norma! euchromosomes.

(B) (TAGAA)4, sequences are widely observed in euchromatin as
well as in telomeres.

(TGGAA),, Is Particularly Abundant in Centromeric
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GST-SFRSY shift. No shift was seen when DIG-(UG
x1 x100 () () GAA)g was mixed with GST alone.
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of chromatin conformation.”® The expanded repeat

sequence of (TGGAA),, which tends to take non-B DNA
structures,** might induce local chromosomal structural
changes that could alter the expressions of other genes,
as proposed in FRDA caused by (GAA),, expansion (“sticky
DNA").!

Alternatively, there is a possibility that the transcripts of
the repeat insertion convey the pathogenesis (i.e., “RNA-
mediated gain-of-function mechanism®).* Earlier onset in
homozygotes than in heterozygotes, as described in a
previous study'*, appear to support the gain-of-function
mechanism. In noncoding repeat expansion disorders,
such as DM1%%, DM2%7, FXTAS*, HDL2', and SCA8?,
transcribed repeats form aggregates (“RNA foci”) in the
nuclei of affected cells. The sequestration of proteins
that bind to these foci, such as muscleblind-like protein
1 and CUG-binding protein (CUG-BP)1® in DM1 and
DM2, as well as CUG-BP1 and heterogeneous nuclear ribo-
nucleoprotein (hnRNP)A2 in FXTASY, are believed to
cause dysregulation of alternative splicing. In light of
these facts, the presence of nuclear RNA foci in Purkinje
cells and in vitro binding of essential splicing factors
SFRS1 and SFRS9 to (UGGAA),, implies that SCA31 might
also be associated with RNA-mediated gain-of-function
mechanisms.

SR proteins, such as SFRS1, play important roles in
constitutive splicing, alternative splicing regulation in
which they antagonize hnRNPs*'~*8, and stabilizing
mRNAs.*® Suppression of SFRS1 expression results in
embryonic lethality in C. elegans®® and death in particular
subsets of neurons.*® If the transcripts of the SCA31 inser-
tion should indeed sequester SFRS1 and SFRS9 by forming
RNA foci, it might disturb the pre-mRNA processing
patterns of various genes*' and ultimately lead to neuronal
death. Interestingly, overexpression of hsrw, the Drosophila
noncoding RNA gene similar to Satlll, is shown to exacer-
bate neurodegeneration in a fly model of polyglutamine
disease, in which sequestration of transcription factors
such as CREB binding protein (CBP) are considered impor-
tant for pathogenesis.*? Further analysis is clearly needed,
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not only to dissect how this newly indentified insertion
mutation causes a human disease, but-also to disclose the
roles of highly repeated sequences in heterochromatin.

Supplemental Data

Supplemental Data include four tables and can be found with this
article online at http://www.cell.com/AJHG.
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Alteration of glycoprotein glycans often changes various
properties of the target glycoprotein and contributes to a
wide variety of diseases. Here, we focused on the N-glycans
of amyloid precursor protein whose cleaved fragment, B-
amyloid, is thought to cause much of the pathology of
Alzheimer’s disease (AD). We previously determined the
N-glycan structures of normal and mutant amyloid pre-
cursor proteins (the Swedish type and the London type). In
comparison with normal amyloid precursor protein, mutant
amyloid precursor proteins had higher contents of bisecting
GlcNAc residues. Because N-acetylglucosaminyltransferase
IIT (GnT-111) is the glycosyltransferase responsible for syn-
thesizing a bisecting GlcNAc residue, the current report
measured GnT-III mRNA expression levels in the brains of
AD patients. Interestingly, GnT-III mRNA expression was
increased in AD brains. Furthermore, $-amyloid treatment
increased GnT-III mRNA expression in Neuro2a mouse neu-
roblastoma cells. We then examined the influence of bisect-
ing GIcNAc on the production of §-amyloid. Both f-amyloid
40 and p-amyloid 42 were significantly decreased in GnT-111-
transfected cells. When secretase activities were analyzed
in GnT-III transfectant cells, «c-secretase activity was in-
creased. Taken together, these results suggest that upreg-
ulation of GnT-III in AD brains may represent an adap-
tive response to protect them from additional B-amyloid
production.

Keywords: Alzheimer’s disease/amyloid precursor protein/
bisecting GlcNAc/N-glycan
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Introduction

Alzhcimer’s discasc (AD) is a progressive neurodegenerative
disorder characterized by global cognitive decline involving
memory, orientation, judgment, and reasoning. The presence of
extracellular senile plagues is one of the classical characteris-
tics of AD pathology. B-Amyloid (AB), the major component of
senile plaques, is a cleaved fragment of a membrane-spanning
glycoprotein, amyloid precursor protein (APP). APP requires
cleavage by the fi- and y-secretases to release soluble AB. In
contrast, a-secretase cleaves APP within the AP sequence and
prevents the generation of AB. Indeed, a-secretase competes
with B-secretase for APP processing in the trans-Golgi network
(Skovronsky ct al. 2000). According to the “amyloid cascade
hypothesis,” the abnormal accumulation of Af leads to neu-
rodegenerative processes, finally resulting in neuronal death.
Two types of AP are produced depending on the y-secretase
cleavage site: AB40 and AB42. AB42 is a minor form of AP but
has a greater tendency to produce insoluble deposits and is a
major component of senile plaques.

Glycoproteins glycans affect protein stability, conforma-
tion, cellular localization, and trafficking (Wang et al. 2005;
Ohtsubo and Marth 2006). APP undergoes several posttrans-
lational modifications including N- and O-linked glycosylation
(Weidemann ct al. 1989; Tomita ct al. 1998; Sato et al. 1999).
Core N-glycosylation and N-glycan processing modulate the
synthesis and expression of APP (Pahlsson et al. 1992; Saito
etal. 1995; Yazaki et al. 1996). In addition, sialylation of APP N-
glycans enhanced secretion of its metabolites (Nakagawa et al.
2006). These studies suggest that N-glycosylation status may
alfect the APP metabolic pathway; however, much remains un-
known.

We previously determined the N-glycan structures of nor-
mal and mutant APPs (i.e., the Swedish and London types)
(Akasaka-Manya et al. 2008). The Swedish type mutation
(Lys595/Mct596 to Asn/Lcu) increascs Ap42 scerction by 6-
to 7-fold (Citron et al. 1992) and the London type mutation
{Val642 to Phe) doubles the ratio of secreted AB42 to AB40
(Suzuki et al. 1994; Price et al. 1998; Sinha and Lieberburg
1999). When the N-glycan structures of these mutant APPs were
analyzed, we found an increased content of bisecting GIcNAc
residues. This prompted us to study the expression levels of B1,4-
N-acetylglucosaminyltransferase I (GnT-IIT) in the brains of
AD patients because GnT-III is the glycosyltransferase respon-
sible for adding bisecting GlcNAc during N-glycan processing
(Nishikawa et al. 1992) (Figure 1). The presence of bisecting
GlcNAc on individual N-glycans prevents the subsequent ac-
tions of several glycosyltransferases, including a-mannosidase
11, GnT-1, GnT-1V, and GnT-V (Narasimhan 1982; Schachter
et al. 1983; Schachter 1986). Thus, attachment of bisecting Glc-
NAc can significantly alter the types N-glycan structures that

© The Author 2009, Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions @oxfordjournals.org 99
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Fig, 1. Bisecting GlcNAc residues in N-glycans are synthesized by GnT-II.
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Fig. 2. Quantitative real-time RT-PCR analysis of GnT-HI mRNA expression
in brains of AD patients. Relative amounts of GnT-/Il mRNA were determined
in 10 eAD patients, 10 AD patients, and 10 control subjects. All reactions were
performed in triplicate and the open circles indicate average values for each
individual brain sample. Each horizontal bar indicates the average value of the
10 subjects in that category. Statistically significant differences were identified
using the Student’s (-test (P = 0.023) and indicated with an asterisk.

are synthesized. Given the important biological functions of
GnT-1II (Gu and Taniguchi 2004), we examined the effects of
the bisecting GlcNAc on A production and on the activity of
the various sccretases responsible for A production.

Results

GnT-1Il mRNA expression in the brains of AD patients

GnT-III catalyzes the transfer of GlcNAc to a core B-mannose
residue, producing a bisecting GlcNAc (Wilson et al. 1976;
Narasimhan 1982; Nishikawa ct al. 1992). To investigatc
whether GnT-IIT levels are altered in AD, we measured the
amount of GnT-JIT mRNA in the brains of AD patients by quan-
titative real-time RT-PCR. Preparation of total RNA from non-
AD (control), early-stage AD (eAD), or AD brains and real-time
RT-PCR analysis was performed as described in Material and
Methods. As shown in Figure 2, the expression level of GnT-111
mRNA was significantly increased in AD brains as compared
to controls (mean relative amount of control, 1.74; standard de-
viation (SD), &+ 0.28; mean relative amount of AD, 2.23; SD,
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Fig. 3. Relative levets of GaT-IIT mRNA expression after incubation with Afl,
All reactions were performed in quadruplicate. AB40 or AB42 was added to
Neuro2a cell culture mediuwm at a final concentration of 2 jug/mL. After 48 h
incubation, cells were harvested for RNA preparation followed by quantitative
real-time RT-PCR. Average values & 1 SD are shown.

+ 0.54; P = 0.025, Student’s r-test). However, there was no sta-
tistically significant dillerence in GnT-I{I mRNA levels when
comparing eAD brains to controls (mean relative amount of
eAD, 2.06; SD, + 0.68, P = 0.21, Student’s r-test), or when
comparing eAD brains to AD brains (P = 0.56, Student’s
r-test). Taken together, these results suggest that GnT-11T mRNA
expression increases with disease progression. Thercfore, it is
conceivable that the number of N-glycans having a bisecting
GlcNAc residue is increased in AD brains.

AB42 exposure enhances GnT-111 expression

We examined whether incubation with AB40 or AB42 affected
GnT-III mRNA expression levels. Thus, after AB40 or AB42 was
added to the culture media of Neuro2a cells, Gn7-11l expression
level was analyzed by quantitative real-time RT-PCR (Figure 3).
Compared to control cells (mean relative amount, 1.48; SD, =
0.64), AB42 enhanced the GnT-IIl mRNA expression approxi-
mately 1.5-fold (mean relative amount, 2.24; SD, & 0.72); in
contrast, AP40 decreased the GnT-IIT expression (mean relative
amount, 1.02; SD, + 0.3). These results indicate that AB42, but
not AB40, enhances GnT-TIl mRNA expression.

Effect of GnT-111 on APP processing

According to our prior (Akasaka-Manya et al. 2008) and current
(Figure 2) studies, it is likely that increased GnT-1/] mRNA lev-
els increase the number of N-glycans having a bisecting GicNAc
residue. Therefore, we prepared stable transfectants of Neuro2a
mouse neuroblastoma cells that express GnT-IIl by using an
expression plasmid encoding Gn7T-1II. The microsomal mem-
brane fraction from the transfected cells was used as an enzyme
source to measure GnT-HI activity (Figure 4A). GnT-II activ-
ity was significantly increased in cells transfected with GnT-111
(32.1 pmol/min/mg) as compared to cells transfected with the
“empty” pCXN2 vector (mock transfectant, 0.1 pmol/min/mg).
As expected, the intensity of staining by the Phaseolus vul-
garis lectin E4 (PHA-Ey), which specifically recognizes bisect-
ing GlcNAC residues (Yamashita et al. 1983), was enhanced in
cellular proteins prepared from GaT-Ill-transfected cells (Fig-
ure 4B), demonstrating that these proteins have a higher content
of bisecting GlcNAc residues. There were no significant differ-
ences in the expression levels of membrane-bound APP and se-
creted APP (sAPP) (Figure 4C, upper-left panel and upper-right
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Fig. 4. Overexpression of Gn7-IIf mRNA induces an increase in bisecting GlcNAc residues on cellular proteins and a decrease in AB secretion. (A) GnT-TIT
activities of Neuro2a cells wransfected with a GaT-JIT expression veetor or an empty vector (pCXN2). Average values = 1 SD of three independent experiments are
shown. Asterisks indicate statistically significant differences (P < 0.01, Student's s-test). (B) Lectin (PHA-F4) blot analysis of microsomal fraction of Neuro2a
cells transfected with a GnT-111 expression vector or an empty vector (pCXN2). Elevation of the bisecting GlcNAc modification was observed in
GnT-Ill«ransfected cells. Right panel indicates protein-staining patterns by Coomasie britliant blue (CBB). Molecular weight standards are shown on the left. (C)
Western blot analysis of membrane-bound APP or secreted APP (sAPP) in culture supernatants of Neuro2a cells transfected with a GnT-11T expression vector or an
empty vector (pCXN2). Membrane-bound APP was detected with an anti-APP monoclonal antibody (6E10) (upper-left panel) and sAPP in culture supernatant
with an anti-APP monoclonal antibody (22C11) (upper-right panel). sSAPP was immunoprecipitated from culture supernatant with an anti-APP monoclonal
antihody (22C11), and then detected on blots by cither an anti- APP polyclonal antibody (pAb, lower-left pancl) or by the PHA-Es lectin (lower-right panel). Black
triangle indicates mermbrane-bound APP and gray triangles indicate sAPP. Molecular weight standards are shown on the left. (D) The effect of GnT-1l1
overexpression on Aff production by transfected Neuro2a cells. Concentrations of AB40 (left) and AR42 (right) in colture supematants were determined by ELISA.
The average values £ | SD of three independent experiments are shown. Asterisks indicate statistically significant differences (P < 0.01, Stadent’s r-test). pCXN2:
stable mock transfectant of Nearo2a cells; GnT-II: stable transfectant of Neuro2a cells expressing GnT-1I1.

panel, respectively), but the intensity of PHA-E4 staining of ~ Western blot analysis of secretases

sAPP was §nhanced in cells transfected with GnT-IIT (Figure Con[rary to our expec[a[ions, increased modification of N-
4C, lower-right panel). These results demonstr.ate that APP se-  glycans by bisecting GlcNAc downregulated A secretion (Fig-
creted from GnT-Ill-transfected cells has a higher content of  yre 4D). At least two mechanisms by which increased bisect-

bisccting GlcNAc residucs. ing GleNAc could reduce AB production should be considered.

We then measured levels of AB secreted by Neuro2a cells  One possibility is that increasing bisecting GlcNAc expression
expressing recombinant GnT-III (Figure 4D). The concentra-  on APP affects the conformation of APP, changing its suscep-
tions of AB40 and AB42 secreted from the mock transfec-  (ibility to o-, B-, and/or y-secretase, and/or the intracellular lo-

tant were 1.08 pmol/mL/10%ells and 0.12 pmol/mL/10°cells,  calization of APP. Another possibility is that increasing the
respectively. For the GnT-IIT transfectant, the concentrations  bisecting GIcNAc content of the secretases affects their enzy-
of AB40 and AB42 were 0.69 pmol/mL/10%ells and 0.07  matic activily. a-Secretase activity is encoded by two proteins:
pmol/mL/10%ells, respectively; these were 36.2% and 42.7% ADAM 10 (a disintegrin and metalloproteinase 10) and tumor
fower than those from the mock transfectant. These statisti- necrosis factor-a Convening enzyme (TACE or, equivalen[ly’
cally significant results indicate that increased cellular expres- ADAM 17). TACE has six potential N-glycosylation sites (Moss
sion ‘Of GnT-1I significantly downregulates the secretion of AB et al. 1997). ADAM 10 has four potential N-glycosylation sites,
peptides. and their N-glycans are crucial for processing, localization, and
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Fig. 5. Western blot analysis of various secretases (TACE. ADAMI10, BACE, and presenilin) in Gn7-/lI-transfected Neuro2a cells. For TACE and BACE, black and
gray triangles indicate mature forms and white triangles indicate immature forms. For ADAM 0 and presenilin 1, black triangles indicate the migration positions of
ADAM10 and the C-terminal {ragment of presenilin I, respectively. Molecular weight standards are shown on the left. pCXN2: stable mock transfectant of
Neuro2a cells: GnT-111: stable transfectant of Neuro2a cells expressing recombinant GnT-TH: brain: mousce brain membrane fraction. Bottom figures indicate

protein-staining patterns by CBB corresponding to each upper panel.

activity (Escrevente et al. 2008). BACE (§-site APP cleaving en-
zyme), which posscsses §-sceretase activity, has four potential
N-glycosylation siles, three of them appear to be glycosylated
(Charlwood et al. 2001). y-Secretase is a protein complex con-
sisting of presenilin, nicastrin, APH-1, and PEN-2. Nicastrin has
16 potential N-glycosylation sites, although inhibition of com-
plex N-glycan processing does not affect y-secretase activity
(Herreman et al. 2003).

To clarify the mechanism(s) responsible for downregulating
ApB secretion, the expression levels of the secretases were mea-
sured. TACE is reported to change from an immature to a mature
form (Milla et al. 1999; Schlondorff et al. 2000; Peiretti et al.
2003). Our Western blot analysis of TACE expressed by Neuro2a
cells showed two major bands (Figure 5, left lane); results with
proteins isolated from normal mouse brain are shown for com-
parison. The upper band (white triangle) corresponds to imma-
ture TACE bearing high-mannose N-glycans; the lower band
corresponds to mature TACE (black triangle). Although two
TACE bands were also observed in GnT-1lI-transfected Neuro2a
cells (Figure 5, right lane), the mobility of mature TACE (gray
triangle) from GnT-1ll-transfected cells was faster than that from
the mock transfectant. As reported previously, this type of find-
ing is a unique feature seen by introducing bisecting GlcNAc
into glycoprotcin N-glycans (Shigeta ct al. 2006). In addition,
the expression level of TACE in GrT-Ill-translected cells was
nearly the same as compared with mock transfectant. BACE
is also reported to change from an immature form to a mature
form (Benjannet et al. 2001; Schmechel et al. 2004). Our West-
emn blot analysis of Neuro2a cells showed two BACE bands
(Figure 5, left lane). The upper band corresponds to mature
BACE (black triangle) and the lower to immature BACE (white
triangle). An additional new band of intermediate mobility ap-
peared in the GnT-Ill-transfected cells (Figure 5, gray triangle
in the right lane). Interestingly, in the GnT-III transfectant, the
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Fig. 6. Secretase activities in GnT-1l-transfected Neuro2a cells. u-, -, and
y-secretase activities (left, middie and right panels, respectively) were
determined. For comparison. the fluorescence intensity of the pCXN2
wransfectant was set to 1.0. The average percentages £ 1 SD of three
independent experiments are shown. Asterisks indicate statistically significant
differences (P < 0.01, **P = 0.0001, Student’s r-test).

molecular size and expression of BACE both decreased. In con-
trast, when comparing the mock transfectant with the Gn7-117
transfectant, no differences in the expression level or molecular
size of ADAM 10 or the C-terminal fragment of presenilin 1
were seen (Thinakaran et al. 1996) (Figure 5). Taken together,
these results suggest that changing the N-glycans of TACE and
BACE may affect o- and P-secretase activities.

Secretase assays

To examine the effect of N-glycan changes of TACE and BACE
on enzymatic activity, we measured o~ and B-secretase activities
in GnT-111 transfectants of NeuroZ2a cells. As shown in Figure 6,
in the GnT-1IT wransfectant, a-secretase activity (113% of the



activity of the control pCXN2 transfectant, P = 0.0001) was
slightly upregulated, but B-secretase activity (97% of the pCXN2
ransfectant, P = 0.042) was modestly downregulated. Because
changes in y-secretase activity may also affect AR production,
its activity in GnT-I7l-transfected cells was measured; modest
upregulation was observed (107% of the pCXN2 transfectant,
P = 0.015). Taken together, the increased a-secretase activity
and decreased B-secretase activity in the GnT-IIl transfectant
were the most probable cause of the reduction in AB production
shown in Figure 4D. Thus, these results suggest that changes in
N-glycan of TACE and BACE affect their enzymatic activities
and lcad to downregulation of A production.

Discussion

In previous studies, we described the N-glycan structures of
APP695 produced by Chinese hamster ovary cells (Sato ct al.
1999) and the C17.2 mouse neural stem cell line (Akasaka-
Manya et al. 2008). Recombinant APP695 in both cell lines had
sialylated bi- and triantennary complex-type N-glycans with
fucosylated and nonfucosylated trimannosyl cores. However,
only APP695 produced by C17.2 cells had N-glycans contain-
ing bisecting GlcNAc. This may be due to cell-type-specific
differences in N-glycan processing that can be found with vari-
ous recombinant glycoproteins (Kagawa et al. 1988; Cumming
1991). To determine whether mutations in the APP gene alter
the structures of processed N-glycans, we expressed two mu-
tant recombinant APPs (i.e., the Swedish type and the London
type) in transfected C17.2 cells. Structural analysis of these N-
glycans revealed that the two mutant APPs had higher contents
of bisecting GlcNAc and core-fucose residues as compared to
wild-type APP. These results clearly showed that these slight
changes in amino acid scquence affected N-glycan processing.

The glycosyltransferase responsible for adding the bisecting
GleNAc residue is GnT-IIT (Wilson et al. 1976; Narasimhan
1982; Nishikawa et al. 1992). To examine whether Gn7-1I1
mRNA levels are related to the pathogenesis of sporadic AD,
we cxamined this issuc by quantitative rcal-time RT-PCR us-
ing brains of normal individuals and AD patients. As shown
in Figure 2, GnT-IIl mRNA levels were significantly increased
in the brains of AD patients. This upregulation may affect AD
pathogenesis because significant differences were found in pa-
tients with an advanced stage of AD. Interestingly, incubation
of Neuro2a cells with AB42 increased GnT-HIT genc cxpression
levels (Figure 3). Tn a recent report (Fiala et al. 2007), exposure
of normal peripheral blood mononuclear cells to AB peptide
upregulated transcription of GnT-1IT and led to increased AP
clearance by phagocytosis; interestingly, mononuclear cells iso-
lated from AD patients exhibited downregulated GnT-1IT gene
expression and were defective in phagocytosis of Af. Since up-
regulation of GnT-TII expression was associated with enhanced
phagocytosis of AB, an increment of GnT-III levels in mononu-
clear cells may lead to improved A clearance. In contrast, as
reported here, increased expression of GnT-1II in Neuro2a cells
downregulated AB production (Figurc 4D), and GnT-11I mRNA
levels were increased in AD brains (Figure 2). Taken together,
these results suggest that upregulation of GnT-III in neuronal
cells may diminish AB production in AD brains. In addition,
expression of GnT-1I in neurons and monocytes may modulate
AP accumulation by different mechanisms. That is, upregulation

N-Glycans regulate A production

of GnT-III expression in monocytes may enhance AP clearance,
and increased GnT-HII expression in neuronal cells may inhibit
AP production. Taken together, both responses may be adaptive,
protective responses that inhibit the further progression of AD.

To evaluate the mechanism by which an increased number
of bisecting GlcNAc residues could reduce AB production, sev-
cral possibilitics should be considered. As reported here, the
APP secreted by GnT-11l-transfected Neuro2a cells has a higher
content of bisecting GlcNAc than that secreted by control cells
(Figure 4C). The addition of bisecting GlcNAc may affect the
conformation of APP, thereby leading to a change in its sus-
ceptibility to o-, B-, and/or y-secretases. Alteration of glycopro-
tein glycans is known to affect various properties of a given
protein including its susceptibility to various modifying en-
zymes. For example, organ-specific differential glycosylation
of low-density lipoprotein receptor-related protein 1 (LRP1) al-
ters its proteolytic cleavage by y-secretase (May et al. 2003).
In addition, increased sialylation of APP enhanced AP secre-
tion (Nakagawa et al. 2006). Bisecting GlcNAc residues are
also known to affect the branching and elongation of various
N-glycans antennae (Narasimhan 1982; Schachter et al. 1983;
Schachter 1986). Therefore, it is possible that increasing bisect-
ing GlcNAc cxpression on APP leads to changes in the APP
N-glycan structure, including less sialylation, which may alier
it susceptibility to cleavage by individual secretases (Fukuta
et al. 2000; Koyota et al. 2001). Furthermore, because chang-
ing the N-glycan structure can alter intracellular glycoprotein
localization, it is possible that bisecting GIcNAc affects APP
trafficking and, thereby, its susceptibility to secretases. For ex-
ample, in cells that overexpress GnT-I11, cell surface turnover
of E-cadherin is delayed (Yoshimura et al. 1996). In contrast,
the cell surface expression of epidermal growth factor receptor
is reduced in GnT-1II overexpressing cells (Rebbaa et al. 1997).
In addition, APP localization and trafficking vary according to
its glycan modifications (McFarlane et al. 1999).

Another possibility is that increasing the bisecting GlcNAc
content of the secretases affects their enzymatic activity. For
example, glycosylation is known to play a critical role in main-
taining the enzymatic activity of B-secretase (Charlwood et al.
2001). In that study, baculovirus-expressed B-secretase, which
only has high-mannose-type N-glycans, exhibits only ~50% of
the activity found when the enzyme is expressed by mammalian
cells, when it has complex-type N-glycans (Charlwood et al.
2001). To investigate this issue, we measured secretase activities
in GnT-Ill-transfected cells; a- and B-secretase activities were
significantly increased and decreased, respectively (Figure 6).
By Western blot analysis, the N-glycan structures of TACE and
BACE are altered (Figure 5), perhaps explaining the changes
in their enzymatic activities. In a previous study (Skovronsky
et al. 2001), TACE-expressing neurons often colocalized with
AB plaques. Our results showed that GnT-III expression was
increased in AD brains (Figure 2) and that increases in GnT-II1
might decrease BACE expression (Figure 6). Taken together,
it is likely that upregulation of GnT-III in AD brains induces
changes in the APP processing enzymes, TACE and BACE,
which may inhibit AB formation. Although the detailed mech-
anisms are not yet clear, this increased expression of GnT-III
may homeostatically partially protect AD brains from further
AB production.

Bisected N-glycans play important roles in neurological func-
tion in vitro and in vivo. For example, bisecting GIcNAc
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regulated serum depletion-induced neuritogenesis (Shigetact al.
2006). In addition, truncated, inactive GnT-1IT induced abnormal
neurological phenotypes in mice (Bhattacharyya et al. 2002).
As another example, changes in bisected N-glycans may be re-
lated to the pathogenesis of prion disease (Rudd et al. 1999).
Therefore, further studies are required to understand the pre-
cise physiological and pathological roles of bisecting GlcNAc
in brain development and function.

In summary, based on the current results, we propose that high
expression of GnT-1IT in human AD brains reduces Ap produc-
tion and protects against further deterioration of neurological
function during this discase process. Therefore, compounds that
upregulate the expression of bisecting N-glycans may provide
a novel therapeutic approach toward preventing or ameliorating
AD.

Material and methods

Patients and controls

Human brain tissues were obtained from the Brain Bank for
Aging Research (BBAR), which consists of consecutive au-
topsy cases from a general geriatric hospital with informed con-
sent obtained {rom the relatives for each autopsy. The brains
were handled using the BBAR protocol described previously
(Fumimura et al. 2007). In brief, half of the brain was serially
sections into 7 mm slices, snap-frozen using powdered dry ice,
and stored at —80°C. To minimize RNA degradation, samples
with the shortest postmortem intervals were sclected for study.
Two grams of frozen gray matter were sampled from the tem-
poral pole of 10 cases each with AD, eAD, and age-maiched
normal controls. The diagnosis of AD was based on the BBAR
criteria (Hughes et al. 1982; Murayama and Saito 2004), as fol-
lows: (1) clinical dementia rating (Hughes et al. 1982) > [; (2)
Braak’s senile plaque stage equal to C; and (3) the Braak’s neu-
rofibrillary tangle stage > V. The diagnosis of eAD was based
on the following criteria: (1) clinical dementia rating, either 0
or 0.5; (2) Braak’s senile plaque stage > B; and (3) Braak’s
neurofibirillary tangle stage > III. The criteria for designating
brains as coming from normal controls included a clinical de-
mentia rating of 0, Braak’s senile plaque stage 0, and Braak’s
neurofibrillary tangle stage < II. The age of the selected AD
cases ranged from 79 to 98 years old (average of 88.2 years),
and the postmortem interval from 1.8 to 17.7 h (average of
7.1 h). The age of the eAD cases ranged between 76 and 96
years (average of 90.3 years), and the postmortem interval be-
tween 1.2 and 39.9 h (average of 9.6 h). The age of the normal
controls ranged from 68 to 86 years (average of 75.8 years), and
the postmortem interval ranged from 1.5 to 29.1 h (average of
7.4 h). This study was approved by the Internal Review Board
of Tokyo Mctropolitan Institute of Gerontology and of Tokyo
Metropolitan Geriatric Hospital.

Real-time RT-PCR analysis

Total RNA was isolated from a portion of each patient’s brain
using the guanidinium thiocyanate method with TRIzol (In-
vitrogen Corp., Carlsbad, CA), following the manufacturer’s in-
structions. The integrity of the isolated total RNA was confirmed
using an Agilent 2100 bioanalyzer (Agilent Technologies, Inc.,
Santa Clara, CA). Total RNA from Neuro2a cells was isolated
using ISOGEN (Nippon Gene Co., Ltd, Tokyo, Japan), follow-
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ing thc manufacturer’s instructions. First-strand ¢cDNAs were
synthesized using 5 g of total RNA, SuperScript IT RNase H™
Reverse Transcriptase, and random primers (Invitrogen). The
relative quantification of target mRNA was determined using
a TagMan real-time RT-PCR assay on a 7300 Fast Real-Time
PCR System (Applied Biosystems, Foster City, CA), follow-
ing the manuflacturer’s instructions using the TagMan Universal
PCR Master Mix and TagMan Gene Expression Assays (i.e.,
a mixture of designed primers and TagMan probes, Applied
Biosystems): GnT-111, Hs02379589_s1; endogenous control, the
TagMan Ribosomal RNA Control Reagents VIC Probe. 18S
rRNA was uscd as normalization control.

Cell culture and expression of GnT-111

Neuro2a mouse neuroblastoma cells were maintained in a mix-
ture of Dulbecco’s modified Eagle’s medium and OptiMEM
(1:1, v/v, Invitrogen) supplemented with 5% fetal bovine serum
(Invitrogen), 2 mM L-glutamine, 100 units/mL penicillin, and
50 pg/mL streptomycin at 37°C in a 5% CO, atmosphere. The
pCXN2-rat-GnT-IlI expression plasmid was described previ-
ously (Kitada et al. 2001). This plasmid was transfected into
Neuro2a cells using Lipofectamine PLUS reagent (Invitrogen)
according to the manufacturer’s instructions. Stable transfec-
tants were selected with G418 (Invitrogen) at 1 mg/mL. The cul-
ture supernatants of these transfectants were collected after 24 h
incubation in Dulbecco’s modified Eagle’s medium:OptiMEM
(1:1, v/v) supplemented with 0.2% fetal bovine serum. The
cells were homogenized in 10 mM Tris-HCI, pH 74, 1 mM
EDTA, 250 mM sucrose, 1 mM dithiothreitol, with protease
inhibitor mixture (3 pg/mL pepstatin A, | pg/mL leupeptin,
I mM benzamidine-HCI, I mM PMSF). After centrifugation at
900 x g for 10 min, the supernatant was centrifuged at 100,000
x g for 1 h; the pellet was used as the microsomal fraction.
Protein concentration was determined by BCA assay (Thermo
Fisher Scientific Inc., Waltham, MA).

AB treatment of Neuro2a cells was performed as follows:
AB40 and AB42 were each purchased from PEPTIDE INSTI-
TUTE, INC. (Osaka, Japan) and dissolved in H,O. AB40 or
APB42 were added to culture medium at a final concentration of
2 pg/mL. Cells were cultured for 48 h and harvested for RNA
preparation followed by real-time RT-PCR.

Preparation of mouse brain membrane fraction

Brains were obtained from 4-week-old C57BL/6 mice, and ho-
mogenized with 9 volumes (weight/volume) of 10 mM Tris-
HCI, pH 7.4, 1 mM EDTA, 250 mM sucrose. After centrifu-
gation at 900 x g for 10 min, the supernatant was centrifuged
at 100,000 x g for 1 h; the pellet was used as the microsomal
membrane fraction. Protein concentration was determined by
BCA assay. All experimental procedurcs using laboratory ani-
mals were approved by the Animal Care and Use Committee of
Tokyo Metropolitan Institute of Gerontology.

Assay for GnT-1I activity

GnT-1I1 activity was measured using a modification of a previ-
ously reported method (Taniguchi et al. 1989). The enzyme
assay mixture, containing 125 mM MES buffer (pH 6.25),
200 mM GlIcNAc, 10 mM MnCl,, 20 mM UDP-GIcNAc,
0.5% Triton X-100, 10 uM of 2-aminobenzamide-fabeled
[GlcNAcB1-2Manal-6 (GlcNAcB1-2Mana1-3) Manfi-4Glc



NAcB1-4GlcNAc] (ProZyme, Leandro, CA), and ccll ho-
mogenate were incubated at 37°C for 1 h. After boiling for 3 min
to stop the reaction, the mixture was subjected to reversed-phasc
HPLC using a Cosmosil SC18-AR column (Nacalai Tesque,
Kyoto, Japan), which was equilibrated with the 100 mM am-
monium acetate buffer, pH 4.0, and cluted with a gradient of
1-butanol (0.25~1% butanol) over 120 min at a flow rate ol |
mL/min at 55°C.

Immunoprecipitation

For APP immunoprecipitation, culture supernatants were mixed
with an anti-APP monoclonal antibody (22C11, Millipore,
Billerica, MA). After incubation at 4°C for 2 h, Protein
G-coupled Sepharose-4B beads (GE Healthcare UK Ltd., Buck-
inghamshire, England) were added and the mixture rotated at
4°C for 2 h. The beads were washed three times with PBS and
suspended in the sample buffer. Immunoprecipitated proteins
were recovered by boiling for 3 min and then subjected to West-
ern blot and lectin blot analyses.

Western blot analysis
Proteins were separated by SDS-PAGE (for TACE, a 5-10%
gradient gel; for APP, BACE, and ADAM 10, a 7.5% gel; for
presenilin 1, a 12.5% gel) and transferred to a PVDF membrane.
The membrane, after blocking in PBS containing 5% skim milk
and 0.05% Tween 20, was incubated with an anti-APP poly-
clonal antibody (Millipore, Billerica, MA) or an anti-APP mon-
aclonal antibody (6E10, Signet laboratories, Dedham, MA). The
membrane was then incubated with anti-rabbit IgG conjugated
with horseradish peroxidase (GE Healthcare). Antibody-bound
proteins were visualized using an ECL kit (GE Healthcare).
Secretases in the microsomal fractions were visualized af-
ter separation by SDS-PAGE using anti-TACE polyclonal an-
tibody (Thermo Fisher Scicentific), anti-ADAM10 antibody,
anti-presenilin | antibody, and anti-BACE antibody (Abcam,
Cambridge, England).

Lectin blot analvsis

Immunoprecipitated proteins were scparated by SDS-PAGE
and transferred to a PVDF membrane. After blocking with
3% bovine serum albumin (BSA, Nacalai Tesque) in 10 mM
Tris-HCI (pH 7.4) containing 140 mM NaCl, | mM CaCl,,
I mM MgCl;, 1| mM MnCl,, and 0.05% Tween 20 (TBS-T),
the membrane was incubated with biotin-conjugated PHA-E,
(Scikagaku Corporation, Tokyo, Japan) in TBS-T containing
1% BSA. After treating the membrane with the Vectastain ABC
kit (Vector, Burlingame, CA), lectin-bound proteins were visu-
alized with an ECL kit.

Quantification of soluble AB by sandwich ELISA
Culture supernatants were subjected to enzyme-linked im-
munosorbent assay (ELISA) using the Human/Rat 8-Amyloid
40 ELISA kit I and the Human/Rat B-Amyloid 42 ELISA kit
High Sensitive (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) according to manufacturer’s instructions.

Secretase assays

Secretase enzymatic assays were performed using the o-
secretase assay kit, B-secretase assay kit, and y-secretase as-
say kit (R & D Systems, Inc., Minneapolis, MN), according

N-Glycans regulate Ap production

to manufacturcr’s instructions. Briefly, cultured Neuro2a cells
were harvested and cell numbers counted. Cells were lysed with
the extraction buffer and used as an enzyme source for the
assay. An APP peptide conjugated to fluorescent reporter and
quencher was used as the substrate. The protein content of cell
lysates was determined by BCA assay and secretase activities
were normalized (o protein concentration.
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Abstract

Purpose The aim of this study was to evaluate the diagnostic
potential of cardiac '*’I-labelled metaiodobenzylguanidine
('®1-MIBG) scintigraphy in idiopathic Parkinson’s disease
(PD). The diagnosis was confirmed by positron emission
tomography (PET) imaging with ''C-labelled 2§-
carbomethoxy-3-(4-flucrophenyl)-tropane (‘'C-CFT) and
"'C-raclopride (together designated as dopamine PET).
Methods Cardiac '*I-MIBG scintigraphy and dopamine
PET were performed for 39 parkinsonian patients. To
estimate the cardiac '*I-MIBG uptake, heart to mediasti-
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num (H/M) ratios in early and delayed images were
calculated. On the basis of established clinical criteria and
our dopamine PET findings, 24 patients were classified into
the PD group and 15 into the non-PD (NPD) group.
Results Both early and delayed images showed that the
H/M ratios were significantly lower in the PD group than in
the NPD group. When the optimal cut-off levels of the H/M
ratio were set at 1.95 and 1.60 in the early and delayed
images, respectively, by receiver-operating characteristic
analysis, the sensitivity of cardiac '**I-MIBG scintigraphy
for the diagnosis of PD was 79.2 and 70.8% and the
specificity was 93.3 and 93.3% in the early and delayed
images, respectively. In the Hoehn and Yahr 1 and 2 PD
patients, the sensitivity decreased by 69.2 and 53.8% in the
early and delayed images, respectively.

Conclusion In early PD cases, cardiac '**I-MIBG scintig-
raphy is of limited value in the diagnosis, because of its
relatively lower sensitivity. However, because of its high
specificity for the overall cases, cardiac '**I-MIBG scintig-
raphy may assist in the diagnosis of PD in a complementary
role with the dopaminergic neuroimaging.

Keywords '2*I-MIBG - ''C-CFT- ''C-Raclopride -
Scintigraphy - Positron emission tomography -
Parkinson’s disease

Introduction

Cardiac '*I-labelled metaiodobenzylguanidine (‘2I-MIBG)
scintigraphy has been suggested to be useful for the
diagnosis of idiopathic Parkinson’s disease (PD), because
many recent studies have revealed that cardiac '*I-MIBG
uptake decreases with disease progression and that almost all

@ Springer



Eur J Nucl Med Mol Imaging

patients in the advanced stage of PD show decreased cardiac
'Z1-MIBG uptake [I-5]. However, it is unclear whether
cardiac '2*1-MIBG uptake is a good surrogate marker for the
diagnosis of PD, especially in early and mild PD cases,
which are the most difficult to diagnose in daily clinical
practice, because the data on the reduction of cardiac 123y
MIBG uptake in the early stage of PD vary greatly among
different studies [1-R8]. Therefore, we aimed to investigate
the sensitivity and specificity of cardiac '2*I-MIBG scintig-
raphy in diagnosing PD, focusing on early and mild cases of
PD in the Hoehn and Yahr (HY) stages 1 and 2.

While planning this study, we focused on dividing the
patients into PD and non-PD (NPD) groups in the most
appropriate manner in order to acquire precise results.
Previous studies have shown that the usual clinical
diagnostic accuracy of PD ranges from 70 to 90%, and
the accuracy rate greatly decreases in early cases [9-12]. In
vivo neurofunctional imaging of the basal ganglia, which
provides images of both pre- and postsynaptic nigrostriatal
dopaminergic functions, has been recognized as a standard
marker for the diagnosis of PD in every clinical stage [13—
25]. Therefore, in order to improve the accuracy of the
diagnosis of PD, especially in early PD cases, and to
classify the patients into the PD and NPD groups in a more
appropriate manner, we performed positron emission
tomography (PET) imaging with ''C-labelled 2-
carbomethoxy-33-(4-fluorophenyl)-tropane ("'C-CFT) and
"'C-raclopride. PET imaging with ''C-CFT and ''C-
raclopride can assess the levels of presynaptic dopamine
transporter (DAT) and postsynaptic dopamine D,-like
receptor (D;R), respectively, in the striatum. The two types
of PET imaging techniques were together designated as
dopamine PET. Further, we proposed the definitions of
PD and NPD patterns in dopamine PET findings on the

Fig. 1 Diagnostic flow chart
and schematic representation of
classification process. Patients
were classificd into PD and
NPD groups on the basis of
respective published clinical
criteria and our dopamine PET
findings

basis of the results which had been confirmed by previous
studies.

We also investigated the association between cardiac
sympathetic function assessed by cardiac '’I-MIBG
uptake, presynaptic nigrostriatal dopaminergic function
assessed by striatal ''C-CFT uptake and disease stage
determined according to the HY scale.

Materials and methods
Subjects

The present study was a retrospective study. The subjects
comprised 39 patients who visited the neurological outpa-
tient clinic at Tokyo Metropolitan Geriatric Hospital from
November 2001 to October 2007. They chiefly com-
plained of one or more parkinsonian symptoms, includ-
ing resting tremor, rigidity, bradykinesia and postural
instability. The patients were divided into PD and NPD
groups (Fig. 1). Cardiac '*I-MIBG scintigraphy, dopa-
mine PET and magnetic resonance imaging (MRI) were
performed for all patients. None of the patients had any
concomitant hereditary disorder that could cause parkin-
sonian symptoms. None of the patients had an individual
history of any heart disease. Further, none of the patients
were on any medication that could cause parkinsonian
symptoms.

For dopamine PET, eight healthy subjects (five men and
three women) aged 55~74 years [meanststandard deviation
(SD) = 62.3+6.9 years)]were considered as controls. They
were deemed healthy based on their medical history,
physical and neurological examinations and MRI of the
brain. Further, none of them were on medication.

__N=39
{ PD criteria

i

N=17

Dopamine-PET [

Criteria
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This study protocol was approved by the Ethics
Committee of the Tokyo Metropolitan Institute of Geron-
tology. Written informed consent was obtained from all
participants.

PET imaging

PET imaging was performed at the Positron Medical
Center, Tokyo Metropolitan Institute of Gerontology by
using a SET-2400 W scanner (Shimadzu, Kyoto, Japan) in
the three-dimensional scanning mode [26], as described
previously [27, 28]. The transmission data were acquired
using a rotating **Ga/*®Ge rod source for attenuation
correction. Images of 50 slices were obtained with a
resolution of 2x2x3.125 mm voxels and a 128x128
matrix.

Dopamine PET imaging "'C-CFT and ''C-raclopride were
prepared as described previously [29, 30]. The two types of
PET imaging were performed for all of the subjects on the
same day. The patients being treated with antiparkinsonian
drugs underwent dopamine PET following at least
15 h deprivation of the medications. Each subject was
administered an intravenous bolus injection of 341+62
(mean + SD) MBq of ''C-CFT, followed by that of 31156
(mean = SD) MBq of ''C-raclopride after 2.5-3 h. To
measure the uptake of the tracers, static scanning was
performed for 75-90 and 40-55 min after the injection of
"C-CFT and ''C-raclopride, respectively. The specific
activity of ''C-CFT and ''C-raclopride at the time of
injection ranged from 5.9 to 134.2 GBg/umol and from
10.2 to 201.7 GBg/umol, respectively.

Analysis of dopamine PET images Image manipulations
were performed using Dr. View version R2.0 (AJS, Tokyo,
Japan) and SPM2 (Functional Imaging Laboratory, London,
UK) implemented in MATLAB version 7.0.1 (The Math-
Works, Natick, MA, USA).

The two PET images and one MRI image obtained for each
subject were coregistered. The three coregistered images were
resliced transaxially, paralle] to the anteroposterior intercom-
missural (AC-PC) line. Circular regions of interest (ROIs)
were selected with reference to the brain atlas and individually
coregistered MRI images. In each of the three contiguous
slices, one ROI with 8-mm diameter was selected on the
caudate, two ROIs on the anterior putamen and two on the
posterior putamen on both the left and right sides. In other
words, the AC-PC plane and regions 3.1 and 6.2 mm above
the AC-PC line were selected. A total of 50 ROIs with 10-mm
diameter were selected throughout the cerebellar cortex in five
contiguous slices.

To evaluate the uptake of ''C-CFT and ''C-raclopride,
we calculated the uptake ratio index by the following

formula [15, 31]: uptake ratio index = (activity in each
region — activity in the cerebellum)/(activity in the
cerebellum). We previously validated the method to
estimate the binding potential of ''C-raclopride and ''C-
CFT, adopting the uptake ratio index [27, 28]. For the
further analyses, the uptake of each tracer in each subregion
of the striatum (the caudate, anterior putamen and posterior
putamen) was evaluated as the average value of the left and
right sides. The uptake of each tracer in the whole striatum
was evaluated as the average value of entire ROIs in the
whole striatum.

Cardiac '**I-MIBG scintigraphy

Scintigraphic studies were performed at Tokyo Metropoli-
tan Geriatric Hospital by using a triple-headed gamma
camera (PRISM-3000, Shimadzu, Kyoto, Japan). None of
the patients were on any medication, i.e. they were not
receiving any drugs such as antidepressants and mono-
amine oxidase inhibitors, which might influence cardiac
'"BI.MIBG uptake. After a 30-min resting period, each
patient was administered an intravenous bolus injection of
111 MBq of '*'1-MIBG (Fuyjifilm RI Pharma Co., Tokyo,
Japan). Planar images of the chest in the anterior view were
obtained twice for 5 min, starting at 20 min (early phase)
and then at 180 min (delayed phase) after the injection of
'"I.MIBG. Relative organ uptake of '*’I-MIBG was
determined by selecting the ROIs on the heart and
mediastinum in the anterior planar image [32]. Average
counts per pixel in the heart and mediastinum were used to
calculate the heart to mediastinum (H/M) ratio.

MRI

MRI was performed at Tokyo Metropolitan Geriatric Hospital.
By using a 1.5-T Signa EXCITE HD scanner (GE, Milwau-
kee, WI, USA), transaxial T1-weighted images [three-
dimensional spoiled gradient-recalled (3D SPGR), repetition
time (TR) = 9.2 ms, echo time (TE) = 2.0 ms, matrix size =
256 x 256 x 124, voxel size = 0.94 x 0.94 x 1.3mm] and
transaxial T2-weighted images (first spin echo, TR=
3,000 ms, TE=100 ms, matrix size = 256 x 256 x 20,
voxel size = 0.7 x 0.7 x 6.5mm) were obtained.

Clinical diagnosis

The diagnostic flow chart is shown in Fig. 1. First, the
patients were divided into two groups (22 patients in one
group and 17 patients in the other) on the basis of the
clinical criteria of the UK Parkinson’s Disease Brain Bank
(UKPDBB) [10]. Each group was then further classified on
the basis of dopamine PET findings. As shown in Fig. 2,
the PD pattern in dopamine PET was defined as follows: (1)
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