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Non-cell-autonomous effect of mutant proteins expressed in
glia has been implicated in several neurodegenerative disor-
ders, whereas molecules mediating the toxicity are currently
not known. We identified a novel molecule named multiple o-
helix protein located at ER (Maxer) downregulated by mutant
ataxin-1 (Atx1) in Bergmann glia. Maxer is an endoplasmic
reticulum (ER) membrane protein interacting with
CDKSRAP3. Maxer anchors CDKSRAP3 to the ER and inhibits
its function of Cyclin D1 transcription repression in the
nucleus. The loss of Maxer eventually induces cell accumula-
tion at G1 phase. It was also shown that mutant Atx1 represses
Maxer and inhibits proliferation of Bergmann glia in vitro.
Consistently, Bergmann glia are reduced in the cerebellum of
mutant Atx1 knockin mice before onset. Glutamate-aspartate
transporter reduction in Bergmann glia by mutant Atx1 and
vulnerability of Purkinje cell to glutamate are both strength-
ened by Maxer knockdown in Bergmann glia, whereas Maxer
overexpression rescues them. Collectively, these results sug-
gest that the reduction of Maxer mediates functional defi-
ciency of Bergmann glia, and might contribute to the non-cell-
autonomous pathology of SCA1.
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Introduction

Effects of the non-neuronal expression of mutant proteins
have been implicated in the pathology of neurodegenerative
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disorders including ALS (Di Giorgio et al, 2007; Nagai et al,
2007; Yamanaka et al, 2008a, b), Huntington’s disease (Shin
et al, 2005; Lievens et al, 2008; Tamura et al, 2009) and
spinocerebellar ataxias (Kretzschmar et al, 2005; Custer et al,
2006; Tamura et al, 2009). Astrocytes and microglia are
suspected to have a central function in the ALS pathology
(Lobsiger and Cleveland, 2007). Glutamate toxicity mediated
by Bergmann glia was proposed in the SCA7 pathology by
a recent report (Custer et al, 2006), whereas details of the
non-cell-autonomous pathology in neurodegenerative disorders
remain largely unknown. Glial endoplasmic reticulum (ER)
stress and subsequent hypofunction of glutamate uptake as
well as secretion of toxic signals including superoxide are
suggested (reviewed by Ilieva et al, 2009). However, molecules
mediating the non-cell-autonomous pathology in glia and
neurons are not completely determined, and additional me-
chanisms in glia and neurons are also possible.

In a mouse model of spinocerebellar ataxia type 1 (SCA1),
expression of mutant ataxin-1 (Atx1) for the first 3 weeks
after birth remarkably influences the symptoms observed
later in adulthood (Serra et al, 2006). It corresponds well to
the critical period for cerebellar development when external
granule cells and Bergmann glia are actively proliferating to
form tissue architecture (Basco et al, 1977; Shiga et al, 1983;
Goldowitz and Hamre, 1998). In the SCA7 mouse model,
ataxin-7 (Atx7) expression in Bergmann glia that is located
adjacent to Purkinje cells also induces neurodegeneration of
Purkinje cells through perturbation of reuptake of glutamate
by Bergmann glia (Custer et al, 2006).

The results in different SCA models suggest that prolifera-
tion and/or dysfunction of Bergmann glia might have an
intriguing function in the fate of Purkinje cells in adulthood.
Although functions of Bergmann glia in developing and
mature brains have not been elucidated completely, they
are considered to guide neuronal migration with their radial
fibres (Yamada and Watanabe, 2002) similar to radial glia in
the cerebral cortex. Bergmann glia are also suspected to act as
stem cells because they express a stem cell marker Sox2
(Sottile et al, 2006) and have been shown to proliferate
(Gaiano and Fishell, 2002; Yamada and Watanabe, 2002).
The earlier study used the gfa2 enhancer to drive Atx7
(Custer et al, 2006), which is more active in proliferating
glia, hence Bergmann glia proliferation, as well as their
glutamate uptake, might be involved in the pathology.

Beyond the function of protein synthesis, ER was recently
reported to have a critical function in the cell cycle regulation
(Fearon and Cohen-Fix, 2008). For instance, G1 cyclin CIn3 is
retained and bound to ER at early G1 phase, whereas it
relocates to the nucleus at late G1 phase and contributes to
initiation of S phase (Verges et al, 2007). SCAPER, a novel ER
protein, is shown to regulate G1/S transition and M phase
through interaction with cyclin A/Cdk2 at multiple phases of
the cell cycle (Tsang et al, 2007).
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From expression profiling analyses with primary neurons
expressing mutant polyglutamine proteins (Tagawa et al,
2007), we unexpectedly found an ER protein, designated as
multiple o-helix protein located at ER (Maxer) that has
a critical function in G1/S transition and regulates cell pro-
liferation. Maxer interacts with CDKSRAP3 (also known as
LZAP and C53), a putative tumour suppressor (Wang et al,
2007), regulates subcellular localization of CDK5RAP3, and
affects the expression level of Cyclin D1 through CDK5RAP3.
Maxer is expressed at a high level in Bergmann glia of the
cerebellum from perinatal period to adulthood. Maxer co-
expression and RNAi-mediated knockdown rescuers and
enhances, respectively, mutant Atxl-induced pathologies of
primary Bergmann glia and Purkinje cells. In keeping with
this, SCA1 model mice exhibited reduction of Bergmann
glia that precedes decrease of Purkinje cells. Collectively,
these results indicate that Maxer is a new type of cell cycle
regulator at ER-like SCAPER, and suggest that Maxer might be
involved in the SCA1 pathology through functional deficiency
of Bergmann glia.

Result

Identification of a novel gene, Maxer

In the earlier study, we performed the expression profiling
analysis with gene chips to investigate the molecular me-
chanism of neurodegenerative diseases (Tagawa et al, 2007).
In parallel, we performed the proteome analysis for the same
purpose (Qi et al, 2007). Consequently, we identified several
candidate genes including Hsp70 and HtrA2/0Omi that might
influence cell type-specific vulnerability in polyglutamine
(polyQ) diseases (Tagawa et al, 2007; Inagaki et al, 2008)
and several molecules that could commonly affect patho-
logies (Qi et al, 2007).

Through gene expression profiling with microarrays, we
found KIAA0776, which was downregulated by mutant Atx1
expression in primary culture of cerebellar neurons from rat
P7 pups, which inevitably includes Bergmann glia in addition
to granular and Purkinje cells even after the treatment of
Ara-C. Database searches by standardbasic local alignment
and search tool (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and
PredictProtein program (Rost et al, 2004) revealed that Maxer
is an evolutionally conserved protein highly rich in
a-helix structure (Figure 1A and B). The orthologues are
conserved in mammals (identity to human NM_015323:
90%, mouse NM_026194: 95%) and in Drosophila
melanogaster (NM_141433: 33%), Anopheles gambiae
(XM_317778: 33%), Caenorhabditis elegans (NM_068689:
22%), Oryza sativa (NM_001061011: 29%) and Arabidopsis
thaliana (CAB90949: 24%), suggesting that Maxer possesses
a critical biological function. Bioinformatics analysis by
PredictProtein (Rost et al, 2004) predicted that Maxer con-
tains a nuclear localization signal (NLS) and a transmem-
brane domain (Figure 1A and B). Earlier protein
phosphorylation omics studies (Beausoleil et al, 2004;
Olsen et al, 2006) also suggested that Maxer possesses two
phosphorylation sites (Figure 1A). However, Maxer is a
highly unique protein without any homologue in mammalian
databases. We named it Maxer because it possesses multiple
a-helixes and locates at ER as shown later.

To determine the tissue expression pattern of Maxer
mRNA, we first performed northern blot analysis and found
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its expression in brain, heart, liver and testis (Figure 1C).
Among various regions of the brain, Maxer expression was
high in the cerebellum (data not shown). At 8 weeks after
birth, in situ hybridization showed a high expression at
Purkinje cell layer, whereas the signals of Maxer did not
merge with that of calbindin (Figure 1D). Double staining
with anti-Maxer, whose characterization will be described
later (Figure 2), and anti-calbindin antibodies also exclu-
ded Maxer expression in Purkinje cells (Supplementary
Figure S1A). Consistent with our earlier microarray analysis
(Tagawa et al, 2007), northern blot analysis with primary
culture of cerebellar neurons at P7 showed that mutant Atx1
reduced Maxer (Figure 1E).

Maxer is expressed in Bergmann glia and neural

stem cells

To analyse protein expression patterns, we generated six
antibodies against different regions of Maxer. Among them,
the antibody against a C-terminal sequence of Maxer
(C15-01D) detected specifically the Maxer protein (Figure 2A).
The Maxer antibody detected endogenous Maxer in C6, P19
and HelLa cells in addition to cerebellar tissue (Figure 2A). We
used this antibody to confirm that Maxer protein is reduced in
Atxl-infected primary cerebellar neuron culture and in the
cerebellum of Atx1-KI mice (Figure 2A). These experiments
consistently support the fidelity of the C15-01D antibody.

With C15-01D, we examined the cell-type specificity of
Maxer protein expression in embryonic, perinatal and
adult brains. In the mouse embryonic brain at E17, Maxer
was detected in Sox2-positive neural stem cells and in
glutamate-aspartate transporter (GLAST)-positive radial glia
(Figure 2B). In perinatal brain, Maxer was highly expressed
in GLAST-positive Bergmann glia of the cerebellum
(Figure 2C) possessing a morphological character similar to
radial glia. Maxer and Sox2, another Bergmann glia marker
protein, were also localized to identical cells (Supplementary
Figure S1B). Collectively, Maxer is expressed in Bergmann
glia, but not Purkinje cells (Figure 1D; Supplementary
Figure S1A). Maxer protein continues to be expressed in
GFAP-positive Bergmann glia of adult brain at 16 weeks
(Figure 2D). These results reconfirmed the expression pattern
of Maxer observed by in situ hybridization.

In agreement with the result of primary culture
(Figure 1E), Maxer protein was reduced in Bergmann glia
of mutant Atx1-KI mice (Figure 2C and D). To illustrate the
relevance of Maxer reduction to Atx1, we tested Atx1 expres-
sion in Bergmann glia. Double staining of Atxl and Sox2
confirmed that Atxl was expressed in Bergmann glia in
addition to Purkinje cells (Figure 2E). In addition, the double
staining with anti-GFAP and Atx1 antibodies reconfirmed that
Atx1 was expressed both in Bergmann glia and Purkinje cells
(Supplementary Figure S1C).

As several reports showed perinatal proliferation of
Bergmann glia (Basco et al, 1977; Shiga et al, 1983), we
also tested with a proliferation marker, PCNA, whether
Maxer-positive cells proliferate or not. PCNA-positive cells
expressed Maxer in their cytoplasm (Figure 2F), supporting
proliferation of Maxer-positive cells at 7 days after birth.

Maxer is a novel ER-associated protein
To investigate the molecular function of Maxer, we investi-
gated the subcellular localization of Maxer by using
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Figure 1 Identification and tissue expression of Maxer. (A) Structure of Maxer protein. NLS, nuclear localization signal; TM, transmembrane
domain; P, possible phosphorylation site. Lower scheme shows multiple a-helix (black). (B) Amino-acid sequence of rat Maxer. (C) Tissue
expression profiles of Maxer mRNA in adult rat. Northern blot with full-length rat Maxer cDNA. (D) In situ hybridization analysis of Maxer at 8
weeks. Maxer is expressed at Purkinje cell layer (upper panels, purple). Lower panels are higher magnifications of co-staining with anti-
calbindin antibody (green, arrowheads). Maxer is expressed in calbindin-negative cells (arrows), but not in calbindin-positive Purkinje cells.
ML, molecular layer; PL, Purkinje cell layer; GL; granule cell layer. Bar: 200 um (upper left), 100 um (upper right) and 10 pm (lower).
(E) Northern blot analysis of primary cerebellar culture prepared at P7. Cells were infected with AXCA (empty vector)-, AXCA-Atx13°Q
(Atx1%99)- or AXCA-Atx1%*? (Atx1529)-expressing adenovirus vectors. Maxer was reduced by mutant Atx1l. The error bars represent s.e.m.

n=3, *P<0.01, Student’s t-test.

Maxer-EGFP fusion protein. Fluorescent imaging of EGFP-
Maxer showed ER-like distribution in HeLa cells that merged
with an ER marker, ER-DsRed, at the confocal microscopic
level (Figure 3A). In this case, no EGFP signal bled through
fluorescence to the DsRed image in single transfection of
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Maxer-EGFP, and vice versa (Figure 3A). EGFP-Maxer was
found in the membrane fraction, whereas the truncated form
(EGFP-Maxer 1-683) lacking the transmembrane domain
was shifted to the cytoplasm (Figure 3B). Further to support
its localization at ER membrane, we performed gradient
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Figure 2 Maxer is expressed in neural stem cells and Bergmann glia. (A) Western blot analysis of Maxer with C15-01D anti-Maxer antibody.
C6, P19 and HeLa cells as well as primary cerebellar glia expressed Maxer endogenously (left). Maxer reduction in mutant Atx1-infected
primary cerebellar culture (right upper) and in mutant Atx1-KI mouse cerebellum (right lower). (B) Immunohistochemistry of E17 cerebral
cortex with anti-Maxer antibody. Cytoplasmic Maxer merged with GLAST (upper and middle panels). Sox2 was expressed in the nuclei of
Maxer-positive cells (lower panels). VZ, ventricular zone. Bar: 100 pm. (C) Immunohistochemistry of cerebellum with anti-Maxer antibody at
P7, the time point used for our original microarray analysis (Tagawa et al, 2007). Maxer merged with GLAST in Bergmann glia. EGL, external
granule cell layer; PL, Purkinje cell layer; IGL, internal granule cell layer. Bar: 20 pm. (D) Maxer was reduced in Bergmann glia of mutant
Atx1-KI mice (16 weeks). ML, molecular layer; PL, Purkinje cell layer; GL, granule cell layer. Bar: 20 um. (E) Immunohistochemistry of cerebellum
at 16 weeks. Purkinje cell nuclei (arrow) and Sox2-positive Bergmann glia nuclei (arrowheads) were stained with Atx1 (anti-ataxin-1 antibody
11NQ) and DAPI. Bar: 20 um. (F) PCNA-positive cells expressed Maxer at P7 (arrows). Bar: 20 um.
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Figure 3 Maxer is a novel ER protein. (A) Confocal images show colocalization of Maxer and ER-DsRed in HeLa cells. Higher magnifications
are shown from the fourth to sixth lines. Maxer 1-711 is colocalized with ER-DsRed, whereas Maxer 1-683 showed diffuse distribution. Single
transfection of Maxer or ER-DsRed did not make signals that bleed through fluorescence. Bar: 10 or 1 pm in higher magnification. (B) Deletion
constructs of Maxer-EGFP (left). Maxer and Maxer 1-711 were enriched in cellular membrane fraction of HeLa cells, whereas Maxer 1-683 was
enriched in cytosolic fraction (right); a-tubulin and calnexin were used as cytosolic and membrane fraction marker, respectively. (C) Density
gradient fractionation showed Maxer enrichment in ER, but not golgi or mitochondria. Calnexin (ER), golgi 58 K (golgi) and Tom70
(mitochondria) were used as organelle markers. (D) Confocal images showed colocalization of endogenous Maxer and ER-DsRed. Bar: 10 pm.

subcellular fractionation with OptiPrep (Figure 3C). Maxer
was co-fractionated with an ER membrane protein, Calnexin,
but not with Golgi or mitochondria proteins (Figure 3C).
Endogenous Maxer protein detected by Maxer antibody in
immunocytochemistry also confirmed Maxer localization to
ER (Figure 3D). Although Maxer possesses NLS, the sequence
was functional only when the transmembrane domain was
deleted (Supplementary Figure S2).

Maxer interacts with CDK5RAP3

To elucidate the molecular function of Maxer, we further
screened binding partners of Maxer using an interactome
database of Drosophila published earlier (Giot et al, 2003).
One candidate was cyclin E, which is known to be a compo-
nent of the Rb signalling pathway. Phosphorylation of Rb by
cyclin E-Cdk2 and cyclin D-Cdk4/6 dissociates E2F to sepa-
rate from Rb, and the released E2F promotes entry to S phase
through transcription of target genes (Sherr and McCormick,
2002). However, we could not detect interaction between
Maxer and cyclin E in immunoprecipitation (Figure 4A) and
excluded cyclin E from candidate.

Another candidate was CDKSRAP3. CDK5RAP3 was identi-
fied as a putative tumour suppressor protein (Wang et al,
2007). Interestingly, CDK5RAP3 overexpression induces G1
arrest in cell lines (Wang et al, 2006). The interactome data
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suggested that Maxer binds to CDKSRAP3 (Ewing et al,
2007). As expected, CDK5RAP3 was efficiently co-immuno-
precipitated with EGFP-Maxer, whereas other cell cycle
proteins were not (Figure 4A). Specificity of the interaction
was further confirmed by deletion analysis (Figure 4B).
Carboxyl terminal region (490-683 a.a.) of Maxer was essen-
tial for the interaction with CDK5RAP3 (Figure 4B), whereas
the binding domain does not share any homology to the other
protein-protein interaction module. Confocal microscopic
analysis also showed colocalization of Maxer with endogen-
ous CDKSRAP3 in the cytoplasm (Figure 4C).

Maxer regulates G1/S transition through CDK5RAP3
Earlier biochemical studies suggested that CDKSRAP3 is
distributed both in the nucleus and cytoplasm (Jiang et al,
2005; Wang et al, 2006, 2007). As overexpression of
CDKSRAP3 in the nucleus induces G1 arrest (Wang et al,
2006), Maxer might change the subcellular localization of
CDK5RAP3 and affect cell cycle.

To test this hypothesis, we used Maxer-shRNA-DsRed
expressing IRES-intercalated Maxer-shRNA and DsRed from
the same enhancer/promoter. We confirmed that transfected
cells expressing DsRed showed reduction of endogenous
Maxer protein (Figure 5A). Maxer knockdown by shRNA
shifted CDKS5RAP3 from the cytoplasm to nucleus

©2010 European Molecular Biology Organization
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(Figure 5B), and the shift was confirmed by quantitative
analysis with >100 cells (Figure 5C). Consistently, western
blot analysis with nuclear and cytoplasmic fractions prepared
from total cells supported the Maxer knockdown-induced
nuclear shift of CDK5RAP3 (Figure 5D) despite dilution of
the effect by non-transfected cells. As CDK5SRAP3 binds and
inhibits RelA, a component of NFkB (Wang et al, 2007), and
NFkB regulates transcription of cyclin D1 (Cao et al, 2001;
Karin et al, 2002), Maxer could affect the expression of
cyclin D1. Consistently, western blot analysis showed reduc-
tion of cyclin D1 by Maxer-shRNA (Figure SE). The trans-
fection efficiencies of non-silencing shRNA and Maxer-
shRNA were equivalent (60 and 62%) in these experiments
(Supplementary Figure S3A).

These results prompted us to hypothesize that suppres-
sion of Maxer permits nuclear translocation of CDK5RAP3
to inhibit cyclin D1 and induce G1 accumulation. Conseg-
uently, we then analysed the effects of Maxer on proliferation
and cell cycle. Simultaneously, we tested the rescue effect of
CDKS5RAP3. For these purposes, we designed siRNAs against
rat Maxer. Two siRNAs against rat Maxer were designed.
Maxer-siRNA#1 suppressed Maxer in C6 glioma cells more
efficiently than siRNA#2, as shown with northern blot
analysis (Supplementary Figure S4A), western blot analysis
(data not shown), immunocytochemistry (Supplementary
Figure S4B) and RT-PCR (Supplementary Figure S4C). We
confirmed that transfection efficiency was similar among
non-silencing siRNA (100%), Maxer-siRNA#1 (100%) and
Maxer-siRNA#2 (100%), by using non-silencing siRNA
Alexa488 as an internal control (Supplementary Figure
S3B). Therefore, we used siRNA#1 and analysed physiologi-
cal functions of Maxer in the following experiments.

©2010 European Molecular Biology Organization

As expected, Maxer-siRNA suppressed proliferation of C6
glioma cells, and the knockdown of CDK5RAP3 reactivated
proliferation (Figure 5F). Maxer knockdown clearly induced
G1 accumulation such as the positive control of cyclin
D1 knockdown (Figure 5G). Again, the knockdown of
CDKSRAP3 rescued the Gl accumulation (Figure 5G).
No effect was observed with negative controls such as mock
treatment or transfection of non-silencing siRNA (Figure 5G).
The increase of G1 fraction by Maxer knockdown and its
rescue by CDKSRAP3 knockdown were statistically confirmed
by multiple experiments (Figure 5H). Collectively, our results
support the scheme that suppression of Maxer permits nuclear
translocation of CDKSRAP3, inhibits cyclin D1 expression
and induces G1 accumulation (Figure 5I).

Mutant Atx1 represses proliferation and GLAST
expression of Bergmann glia through repression

of Maxer

As Maxer regulating cell proliferation is expressed in
Bergmann glia, it is plausible that mutant Atxl-induced
reduction of Maxer inhibits proliferation of Bergmann glia
during development and perinatal period. As expected,
immunohistochemistry with two Bergmann glia markers,
Sox2 and Sox9, revealed that Bergmann glia were actually
decreased in mutant Atx1-KI mice (B6.129S-Atxn1™H=0:
Watase et al, 2002) at 1 week (Figure 6A and B; Supple-
mentary Figure SSA and B). The reduction of Sox2 was
reconfirmed by western blot analysis (Figure 6C). The
Bergmann glia reduction (Figure 6A-C) preceded the reduc-
tion of Purkinje cells starting at 19 weeks (Watase et al, 2002)
(Figure 6B; Supplementary Figure S5B). The reduction was
not due to the increased cell death of Bergmann glia because
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Figure 5 Maxer regulates nuclear translocation of CDK5RAP3. (A) Endogenous Maxer was reduced in Maxer-shRNA/DsRed-transfected HeLa cell
(dotted). Maxer-shRNA and DsRed are expressed from a plasmid. Bar: 20 um. (B) Transfection of Maxer-shRNA/DsRed increased nuclear CDK5RAP3
in HeLa cells. Arrow: shRNA-transfected cells, arrowhead: non-transfected cells. Bar: 20 um. (C) Quantification of CDK5RAP3 intensity in the nuclei
by MetaMorph. Mean +s.d. n=100, *P<0.01. Three independent experiments showed the similar result. (D) Western blot analysis shows the
increase of CDKSRAP3 in the nuclear fraction of Maxer-shRNA-transfected cells. GAPDH and HDAC3 were cytoplasmic and nuclear marker,
respectively. The ratio below the panel indicates CDKSRAP3 intensity in comparison with non-silencing (NS) shRNA. (E) Cyclin D1 expression level
was reduced in Maxer-shRNA-transfected cells. The ratio indicates GAPDH-corrected signal intensity of cyclin D1. (F) C6 glioma cells were
transfected with NS siRNA, Maxer-siRNA#1 or Maxer-siRNA + CDKSRAP3-siRNA. Their effects on protein expression (western blots, left) and on
cell proliferation (graph, right) were simultaneously analysed. Co-transfection of CDKSRAP3-siRNA rescued cyclin D1 and proliferation suppressed
by Maxer-siRNA#1. Error bar: s.eem. n=3, *P<0.0l. The ratio indicates GAPDH-corrected intensity of CDK5RAP3. (G) C6 glioma cells were
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Histograms with 10000 cells indicated G1 accumulation by Maxer knockdown. Cyclin D1-siRNA was a positive control. Co-transfection of
CDK5RAP3-siRNA rescued the G1 accumulation by Maxer-siRNA#1. (H) G1 per cent in multiple FACS analyses was statistically analysed. Error bar:
s.d. n=4, *P<0.01. (I) A hypothetical scheme of molecular function of Maxer to regulate G1/S transition through CDK5RAP3 and cyclin D1.
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Figure 6 Reduction of Bergmann glia and GLAST in Atx1-KI mice. (A) Bergmann glia were reduced in the cerebellum of mutant Atx1-KI mice.
Bergmann glia and Purkinje cells were immunostained with anti-Sox2 antibody and anti-calbindin antibody, respectively. Corresponding
cerebellar folia from three different ages (1, 16 and 40 weeks) were analysed. Bar: 50 pm. (B) Quantification of Bergman glia number (left) and
Purkinje cell number (right) of three different ages (1, 16 and 40 weeks). Error bar: s.e.m. n=4, *P<0.01, Student’s t-test. (C) Western blot
analysis with anti-Sox2 antibody to quantify Bergmann glia. The ratio indicates GAPDH-corrected signal intensity of Sox2. (D) Mutant Atx1
expression reduced GLAST in KI mice. Cerebella from WT and Atx1-KI were stained with anti-GLAST antibody (upper). GLAST signal intensity
was quantified (lower). The error bars represent s.e.m. n =4 mice, *P<0.01, Student’s t-test. Bar: 50 um. (E) Western blot analysis of GLAST

expression in WT and Atx1-KI cerebellum.

Tunel staining of P7 cerebellar tissue did not show apoptosis
at Purkinje cell layer (Supplementary Figure S6A).

As GLAST in the cerebellum is mainly expressed
by Bergmann glia, we re-examined the expression of
GLAST in mutant Atx1-KI mice by immunohistochemistry.
As expected, GLAST was reduced from 1 week after birth
(Figure 6D) in consistence with the reduced number of
Bergmann glia (Figure 6B). The reduction of GLAST was
also confirmed by western blot analysis (Figure 6E).
However, both immunohistochemistry and western blot
analyses showed that the reduction of GLAST was larger
than that of Sox2 or Sox9, suggesting that GLAST per cell
was also reduced.

©2010 European Molecular Biology Organization

In addition to GLAST, we performed similar analyses with
glutamate transporter 1 (GLT1), another glial protein in-
volved in glutamate reuptake. We found reduction of GLT1
signals in the cerebellar cortex of Atx1-kock in mice from 1
week after birth (Supplementary Figure S7A), which was
confirmed by western blot (Supplementary Figure S7B).

The reduction of Bergmann glia and GLAST and GLT1 in
the SCA1 pathology shown in this study (Figure 6;
Supplementary Figure S7) are consistent with the proposed
mechanism in the SCA7 pathology in which reduction of
GLAST in Bergmann glia leads to the increase of local
glutamate concentration around neurons and the excitatory
toxicity for neurons (Custer et al, 2006). Therefore, similar
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pathology mediated by Bergmann glia might be shared by
multiple polyQ degenerations including SCA1 and SCA?7.

Maxer is involved in the Bergmann glia-mediated
pathology of SCA1

Further to test the involvement of Maxer in the SCA1 pathol-
ogy, we performed two types of experiment. First, we tested
whether Maxer overexpression rescues the SCA1 pathology.
Second, we examined whether Maxer knockdown accelerates
the SCAL1 pathology.

In the first line of experiment, we evaluated the effect of
Maxer on proliferation of Bergmann glia in primary culture
(Figure 7A), GLAST expression in Bergmann glia (Figure 7B
and C) and glutamate toxicity on Purkinje cells in co-culture
(Figure 7D). All the experiments were performed with ade-
novirus vectors (AXxCA: empty, Atx1>°?, Atx1%22, Maxer), and
their infection efficiencies into primary cerebellar cells were
checked using an EGFP-expressing adenovirus vector
(AxCA-EGFP) as an internal control (Supplementary Figure
S3C) and by Atx1 expression (Supplementary Figure S3D).

We used two types of triple staining, GLAST/Tuj1/DAPI
and GLAST/Sox2/DAPI, for identification of Bergmann glia.
In both the methods, Bergmann glia were easily identified as
cells possessing large but weakly stained nuclei in DAPIL
During the primary culture for 7 days, Bergmann glia pre-
pared at P7 proliferate to two-folds (data not shown). Mutant
Atxl (Atx1%*9) expression suppressed proliferation of
Bergmann glia in primary culture and decreased the number
of Bergmann glia at day 7 (Figure 7A), and the suppressed
proliferation was not due to the increase of apoptosis
(Supplementary Figure S6B). Maxer re-expression rescued
the Atx1%%induced proliferation block (Figure 7A).
In these experiments, we also confirmed that expression of
Atx1°°Q or Atx1%2Q in Bergmann glia was almost equivalent
(Supplementary Figure S4D). Western blot and immuno-
cytochemistry analyses reconfirmed that Maxer rescued sup-
pression of GLAST by Atx1%*Q (Figure 7B). We performed
similar experiments with GLT1, and observed the rescue
effect of Maxer on GLT1 expression in mixed culture of
primary cerebellar cells (Supplementary Figure S7C).

In addition, we investigated the effects of Atx1%29 and
Maxer at a single cell level of Bergmann glia. As expected
from the results of Atx1-KI mice (Figure 6B-E), Atx182Q
reduced the GLAST signal intensities at a single Bergmann
glia level, and Maxer co-expression rescued the reduction of
GLAST per cell (Figure 7C). Furthermore, Atx1%%? increased

vulnerability of Purkinje cells to glutamate in the co-culture
with Bergmann glia, as the number of Purkinje cells and their
dendritic branching were decreased by Atx13*?. Again, Maxer
co-expression rescued the glutamate toxicity to Purkinje cell
(Figure 7D). We could not find the similar rescue effects on
Atx132%-induced phenotypes when we co-expressed a-tubulin
as a negative control (data not shown).

In the second line of the experiment, we tested whether
Maxer knockdown accelerates SCA1 pathology. Maxer knock-
down enhanced suppressive effect of Atx1%2? on proliferation
of GLAST + /Tujl— or GLAST + /Sox2 + Bergmann glia in
primary culture (Figure 8A). Maxer-specific siRNA enhanced
reduction of GLAST by Atx1%%? in co-culture of primary
cerebellar neurons and glia (Figure 8B). The GLAST reduction
by Maxer-siRNA was also observed at a single Bergmann glia
cell level (Figure 8C). The transfection efficiencies of the
control and Maxer siRNAs were confirmed to be similar by
using siRNA Alexa488 as an internal control (Supplementary
Figure S3E). Purkinje cells in co-culture obviously became
more vulnerable to glutamate, judging from the number of
Purkinje cells in co-culture and their dendritic branching
number (Figure 8D). These enhancing effects on the
Atx1%82%induced phenotypes were not observed with non-
silencing siRNA (Figure 8A-D).

Finally, we tested whether the phenotypes only by Maxer
knockdown mimics the phenotypes by mutant Atxl. We
confirmed suppression of Bergmann glia proliferation
(Supplementary Figure S8A), reduction of GLAST (Supple-
mentary Figure S8B and C) and increased vulnerability to
glutamate (Supplementary Figure S8D), supporting that
Maxer is the downstream effector of mutant Atxl in the
SCA1 Bergmann glia pathology.

Discussion

In this study, we identified a novel ER membrane protein that
affects G1/S transition through regulation of nuclear translo-
cation of CDKSRAP3. Maxer belongs to a new category of ER
proteins that regulate the cell cycle (reviewed by Fearon and
Cohen-Fix, 2008). As far as we know, Maxer is the third
molecule of this category after CIn3 and SCAPER (Fearon and
Cohen-Fix, 2008). Translocation of G1 cyclin CIn3 from ER to
nucleus regulates initiation of S phase (Verges et al, 2007),
whereas the molecule anchoring CIn3 is not yet known.
SCAPER retains cyclin A in the cytoplasm (Tsang et al,
2007). Depletion of SCAPER decreases the cytoplasmic pool

Figure 7 Maxer rescues Purkinje cells from glutamate toxicity through Bergmann glia. (A) Rescue experiment usin3g Maxer—expressing
0

adenovirus. Primary Bergmann glia were prepared at P7 and infected with AXCA (empty vector)-, AXCA-Atx13°? (Atx1

Q)-, AXCA-Atx15?

(Atx1%29)- or AXCA-Maxer (Maxer)-expressing adenovirus vectors. Cell lysates were immunobloted with indicated antibodies. Atx1 expression
levels were almost equivalent (upper). Bergmann glia were identified either by GLAST/Tuj1 staining (GLAST + /Tuj1l—cells) or by GLAST/Sox2
staining (GLAST + /Sox2 + cells) (middle). Bergmann glia number was quantified (lower). Mutant Atx1 suppressed proliferation of Bergmann
glia, but co-expression of Maxer rescued the proliferation in primary culture. The error bars represent s.e.m. n =4, *P<0.01, Student’s t-test.
Bar: 10 um. (B) Co-expression of Maxer rescued suppression of GLAST by Atx1%*Q. Primary cerebellar cell culture was prepared at P7 and
infected with indicated adenovirus vectors as in (A). Cells were immunostained with anti-GLAST and anti-Tuj1 antibodies (upper). The signal
intensities of GLAST were quantified (lower left). In parallel, cell lysates were blotted with anti-GLAST antibody (lower right). The error bars
represent s.e.m. n=>5, *P<0.01, Student’s t-test. Bar: 100 um. (C) Co-expression of Maxer rescued suppression of GLAST by Atx15%? at a single
cell level. Primary cerebellar cell culture after infection was stained with anti-GLAST and anti-ataxin-1 antibodies (upper). GLAST signal
intensities were quantified at a single cell level (lower). The error bars represent s.d. n=10, *P<0.05, Student’s t-test. Bar: 10 um.
(D) Bergmann glia-Purkinje cell co-culture was exposed to 50uM of glutamate. Cells were infected with indicated adenovirus vectors.
Purkinje cell number and Purkinje branch complexity were significantly reduced when Bergmann glia were infected with Atx1%*? and rescued
with co-expression of Maxer (lower). Purkinje cells were visualized by anti-calbindin antibody (upper: representative cells). For Purkinje cell
number, the error bars represent s.e.m. n=4, *P<0.05, Student’s t-test. For Purkinje branch complexity, the error bars represent s.d. n =10,
*P<0.05, Student’s t-test. Four independent experiments showed the similar results. Bar: 10 pm.
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of cyclin A and delays G1/S transition, whereas ectopic
expression of SCAPER inhibits M phase (Tsang et al, 2007).
The function of Maxer seems homologous to that of SCAPER
controlling nuclear translocation of a cell cycle regulatory
protein. Meanwhile, the specific effect of Maxer on G1/S

A
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transition is different from that of SCAPER affecting both
G1/S transition and M phase (Tsang et al, 2007).

Maxer was reduced in Bergmann glia of mutant Atx1-KI
mice (Figure 2D). Bergmann glia morphologically mimic
radial glia that act as stem cells in the cerebral cortex.
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Thus, Bergmann glia have been suspected to be actually stem
cells in the cerebellum (Gaiano and Fishell, 2002; Alcock
et al, 2007), although no direct proof has been reported. They
express stem cell marker proteins such as Sox 1 and Sox2
(Sottile et al, 2006) and share the Notch-mediated differentia-
tion mechanism with neural stem cells (Eiraku et al, 2005).

Most importantly, Bergmann glia proliferate until the second
postnatal week (Basco et al, 1977; Shiga et al, 1983; Gaiano
and Fishell, 2002; Yamada and Watanabe, 2002), and this
time point corresponds well to the critical period for the SCA1
pathology reported by the Orr group (Serra et al, 2006). As
Bergmann glia remain in the adult brain, in addition to the
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developmental proliferation, a low level of proliferation after
birth might be necessary to keep a certain cell number
sufficient for their function in the adult cerebellum, just
similar to hippocampal neural progenitor cells that keep
proliferation at a low level in adulthood.

It is widely accepted that cell-autonomous effect of mutant
Atx1 in Purkinje cells has a central function in SCA1 pathol-
ogy. Molecular functions of Atxl have been intensively
analysed and its interactions with Capicua (Lam et al,
2006) and RBM17 (Lim et al, 2008) have been shown to
have critical functions in SCA1 pathology. These molecules
are suggested to be involved in splicing such as PQBP1,
another candidate molecule in SCA1 pathology that interacts
with a splicing factor, U5-15kD (Waragai et al, 2000; Zhang
et al, 2000; Okazawa et al, 2002). It is well known that
splicing is coupled closely to transcription. Thus, either
transcriptional or post-transcriptional control of certain target
genes is implicated in SCA1 pathology.

On the other hand, the significance of Bergmann glia in the
cerebellar degeneration pathology was found in the SCA7
pathology by the La Spada group (Custer et al, 2006). Their
impressive data suggested that dysfunction of Bergmann glia
might impair glutamate reuptake and induce excitatory toxi-
city. Our results support their hypothesis, as well as further
expanding the Bergmann glia hypothesis to another type of
SCA, SCA1. Moreover, we identified a novel molecule, Maxer,
which could be involved in the non-cell-autonomous
pathway.

Regarding the reduction of GLAST, we found the discre-
pancy between reduction of Bergmann glia number and
GLAST signal intensity (Figure 6D). We also found in WB
that reduction of GLAST is higher than reduction of Sox2
(Figure 6C and E). Figure 7C supported that GLAST signal/
Bergmann glia was decreased. Thus, both Bergmann glia cell
number and GLAST expression per Bergmann glia contribu-
ted to the decrease of GLAST by Maxer reduction. The Atx1-
induced Maxer reduction and the rescue effect of Maxer
against Atx1l neurotoxicity suggest that Maxer could be a
downstream effector of mutant Atx1. However, definite proof
requires the generation of Bergmann glia-specific conditional
KO mice of Maxer and Bergmann glia-specific transgenic mice
of Maxer and for their genetic effect on Atx1-KI mice.

Considering that CDK5RAP3 is a binding partner of p35, an
essential activator of CDKS (Ching et al, 2000) and that CDK5
is involved in the terminal cell cycle exit, differentiation and
migration of neural stem cells in developmental brain (Cicero
and Herrup, 2005; Kawauchi et al, 2006), the function of
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Maxer and CDK5RAP3 in neuronal differentiation would be
worth testing. Especially in the Atx1-KI mice, Maxer’s func-
tion in neural stem cells should be carefully estimated, as
downregulation of Maxer is not significant in pre-differen-
tiated neural stem cells in comparison with that in Bergmann
glia (data not shown).

Finally, although it is not clear at this moment how mutant
Atx1 reduces Maxer, molecular functions of Atx1-interacting
molecules (Waragai et al, 2000; Zhang et al, 2000; Okazawa
et al, 2002; Lam et al, 2006; Lim et al, 2008) might suggest
that Maxer is one of the target genes of Atxl whose trans-
criptional or post-transcriptional regulation is affected by
mutant Atx1.

In conclusion, we discovered a novel type of ER membrane
protein regulating cell cycle through G1/S transition, which
might participate in the SCA1 pathology through its functions
in Bergmann glia.

Materials and methods

RNA and cDNA preparation

Total RNA was extracted from the primary neurons of Wistar rat
cerebellum, ICR mouse embryo (E14) primary neural stem cells and
Drosophila embryos by Trizol reagent (Invitrogen, Carlsbad, CA).
The synthesis of cDNA by reverse transcription was performed
using an LA PCR kit version 2.1 (Takara, Tokyo, Japan) and an
oligo-dT primer.

Maxer cloning and plasmid construction

For cloning of full-length rat Maxer, the primers of MaxerF (5'-
CCGCTCGAGTGATGGCGGACGCCTGG-3') and MaxerR (5-CGGA
ATTCGCTACTCCTCTGTCACAGAT-3') were used. For genera-
tion of deletion construct of Maxer, the following primers were also
used: Maxerd89R (5-CGGAATTCGCTAGTGTTTCCTTAAGCAACCTT
CAA-3’), Maxer444R (5-CGGAATTCGCTACTTGTATTCTCTGGCATT
GCC-3'), Maxer357R  (5-CGGAATTCGCTAGACTGTGGCTGACGC
ATGCTT-3'), Maxer20IR (5'-CGGAATTCGCTAGGCCGGGTAATAGCA
CTG-3') and Maxer202F (5'-CCGCTCGAGTGGCAGTGAACTCTTTGG
TTTCAAAATA-3"). The Maxer cDNAs were digested by Xhol and
EcoR 1, and cloned into Xhol and EcoR I site of pEGFP-C1 (Clontech).
All constructs were verified by sequencing. For generating shRNA
against rat or human Maxer, pSIREN-DNR-DsRed-Express (Clontech)
shRNA expression vector was used. The inserted sequence was
derived from rMaxer siRNA#1 and hMaxer siRNA (see below).

Cerebellar cell culture, neural stem cell culture and Purkinje
cell culture
Cerebellar glia were prepared from Wistar rat pups at postnatal day
7 (SLC, Shizuoka, Japan). Cells were cultured in DMEM (GIBCO)
containing 25mM b-glucose, 4mM L-glutamine, 25mM KCI and
25 pug/ml gentamycin with 10% foetal bovine serum.

Neural stem cells were isolated from the cerebral cortex of ICR
mouse embryo (E14). Dissected cerebral cortex was digested at

Figure 8 Maxer knockdown accelerates glutamate toxicity on Purkinje cells. (A) Co-expression of Maxer-RNAi enhanced suppression of
Bergmann glia proliferation by Atx1%2?. Primary culture of cerebellar cells (P7) were infected with adenovirus vectors or transfected with
Maxer siRNA#1 or NS siRNA. Bergmann glia were identified either by GLAST/Tujl staining (GLAST + /Tujl—cells) or by GLAST/Sox2 staining
(GLAST + /Sox2 + cells) 4 days after the transfection. The error bars represent s.e.m. n=4, *P<0.01, Student’s t-test. (B) Co-expression of
Maxer-RNAi further suppressed Atx1%3*%induced suppression of GLAST. Primary cerebellar culture cells (P7) were prepared as in (A) and
double stained with anti-GLAST antibody and anti-Tuj1 antibody (upper). GLAST intensities were quantified (lower left). Simultaneously, cell
lysates were blotted with anti-GLAST antibody (lower right). The error bars represent s.e.m. n=>5, *P<0.01, Student’s t-test. Bar: 100 um.
(C) Co-expression of Maxer-RNAi enhanced Atx1%2%induced suppression of GLAST at a single cell level. Primary cerebellar culture cells were
prepared and double stained with anti-GLAST antibody and anti-Atx1 antibody (upper). GLAST signal intensity was quantified at a single cell
level (lower). The error bars represent s.d. n = 10, *P<0.05, Student’s t-test. Three different experiments showed the similar result. Bar: 10 um.
(D) Bergmann glia-Purkinje cell co-culture was exposed to 50 pM of glutamate. Purkinje cell number and Purkinje branch complexity were
significantly reduced when Bergmann glia were infected with Atx1%2? (lower). Co-expression of Maxer-siRNA further suppressed the Purkinje
cell number and its branch complexity (lower). Purkinje cells were visualized with anti-calbindin antibody (upper: representative cells). For
Purkinje cell number, the error bars represent s.e.m. n =4, *P<0.05, Student’s t-test. For Purkinje branch complexity, the error bars represent
s.d. n=10, *P<0.05, Student’s t-test. Four independent experiments showed the similar results. Bar: 10 pm.
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37°C with 0.0625% trypsin (GIBCO) and 100 pg/ml DNAse (Roche)
to dissociate the cells. Tissue was treated with 350png/ml
Ovomucoid (Sigma) to inhibit trypsin activity and passed through
a 70 um cell strainer (BD). NSCs were cultured in a DMEM/F12
(GIBCO), basic fibroblast growth factor (20ng/ml, Promega),
epidermal growth factor (20 ng/ml, Promega) and B27 supplement
(GIBCO). NSCs at 3-5 passages were used for experiments.

Purkinje cells were cultured as described earlier (Tabata et al,
2000). Briefly, cerebella from E18 embryo were incubated in
0.0125% trypsin (GIBCO) at 33°C for 15min. Dissociated cells
were cultured on poly-L-ornithine-coated dish in DMEM/F12
(GIBCO) supplemented with B27(GIBCO), L-glutamine(1l.4 mM)
and 10% FBS.

Culture of cell lines, transfections and RNAi sequences

C6 glioma and HeLa cells were maintained at 37°C, 5% CO, in
DMEM (Sigma) supplemented with 10% FBS. P19 cells were in
MEM (GIBCO) supplemented with 10% FBS. Transfections of
plasmids and siRNAs were performed with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol. siRNAs
against Maxer (rat, human, mouse) and CDKSRAP3 were purchased
from Qiagen (Valencia, CA). They are abbreviated in this study as
rMaxer siRNA#1 (target sequence, TTGCAAGAAAGTGGTCAAGTA),
rMaxer siRNA#2 (target sequence, CAAGAAGAGGTTTCAAATCTA),
hMaxer siRNA (target sequence, TCCGTGGACTATTCAGTGCTA),
mMaxer siRNA (target sequence, CTGCATTGAGATTGTGAATAA)
and CDKSRAP3 siRNA (target sequence, AAGATTAATTTCCATAA-
TAAA), respectively. As the control, negative control siRNA
(Qiagen) UUCUCCGAACGUGUCACGUATAT was used.

In situ hybridization

Free-floating sections were rinsed with PBS and fixed with 4% PFA
15 min. Then, sections were permeabilized with 0.3% Triton X-100
in PBS for 15min, washed with PBS for 5min and treated with
Proteinase K (10 pg/ml in 0.1M Tris-HCl; 50 mM EDTA, pH 8.0) for
30min at 37°C. Sections were rinsed twice with 0.75% glycine in
PBS, acetylated with 0.25% acetic anhydride in 0.1 M triethanola-
mine for 15min and rinsed twice with PBS. Prehybridization was
performed in hybridization buffer [50% deionized formamide
(dFA), 2% Blocking Reagent (Roche Diagnostics), 5x SSC (1 x
SSC consists of 0.88% NaCl and 0.44% Na3C6H503 2H20), 0.1%
N-lauroylsarcosine and 0.1% sodium lauryl sulphate] at 60°C for
2h. Sections were transferred to new hybridization buffer contain-
ing DIG-labelled antisense RNA probes and incubated at 60°C
overnight. They were washed twice in 2 x SSC, 50% dFA, 0.1%
N-lauroylsarcosine at 50°C for 15 min, rinsed with RNase A buffer
(10 mM Tris-HCIl; 10 mM EDTA; 0.5M NaCl pH 8.0) and incubated
with 20 ug/ml RNase A in RNase A buffer at 37°C for 20 min. The
sections were washed twice in 2 x SSC; 0.1% N-lauroylsarcosine,
for 15 min, twice in 0.2 x SSC; 0.1% N-lauroylsarcosine, for 20 min
at 37°C, rinsed with TS7.5 buffer (0.1 M Tris-HCl; 0.15M NaCl pH
7.5) and incubated in 1% Blocking Reagent in TS7.5 for 2 h at room
temperature. After blocking, sections were transferred to anti-DIG
antibody (1:2000, Roche Diagnostics) in 1% blocking reagent. After
overnight antibody incubation, sections were washed three times
with TS7.5 containing 0.1% Tween 20 for 20 min, rinsed in TS9.5
buffer (0.1 M Tris-HCl; 0.1 M NaCl; SOmM MgCl2 pH 9.5) and
incubated in NBT/BCIP (Roche Diagnostics) solution until adequate
colour development. Digoxigenin-labelled probes for Maxer were
synthesized from a 750bp fragment of Maxer cDNA (nucleotides
1-750 from the initiation codon). Control experiments were carried
out, and no signals were observed.

Quantitative analysis of signal intensity in images

Signal intensity in immunostaining was calculated by using
MetaMorph software (Universal Imaging Corporation, Downing-
town). The fluorescence signal intensities per area (umz) of
molecular layer (for immunohistochemistry; Figure 8D; Supple-
mentary Figure 7A), total visual field (for immunocytochemistry;
Figures 7B, 8B; Supplementary Figure 7B) or cytoplasm (for single
cell intensity; Figures 7C and 8C) were measured. To exclude
background fluorescence, we measured signal intensity of 10
randomly selected non-cell existing areas of each sample, and their
mean value was subtracted from the cellular fluorescence signals.
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Immunoprecipitation

Hela cells (80% confluency in 10 cm dish) were transfected with
pEGFP-C1, pEGFP-C1-Maxer and serial of pEGFP-C1-Maxer dele-
tion constructs by Lippofectamin 2000 (Invitrogen). The cells were
harvested, incubated in TNE buffer (10 mM Tris-HCI at pH 7.8, 10%
NP-40, 0.15M NaCl, 1 mM EDTA) at 4°C for 1h in a rotator, and
centrifuged at 17400g for 20 min. The supernatant was preincu-
bated with protein G-Sepharose (Amersham Biosciences) for 2 h at
4°C and centrifuged. The supernatant was incubated either with
anti-GFP antibodies (1:200; Clontech) overnight and with protein
G-Sepharose for 2 h. Protein G beads were collected by centrifuga-
tion at 2000 g for 5 min, washed five times with TNE buffer. Bound
proteins were eluted in sample buffer, separated on SDS-PAGE, and
blotted with antibodies.

Fluorescence-activated cell sorter analysis

At 72 h after transfection, cells were harvested and fixed with 70%
ethanol in PBS at —20°C overnight. Cells were washed and labelled
with propidium iodide (Sigma) at 40 pg/ml for 30 min at 37°C. For
each analysis, 10000 gated cells were collected by FACSCalibur
system and analysed with the CELLQuest program (Becton
Dickinson).

Immunocytochemistry and immunohistochemistry

Cultured cells were fixed in 4% paraformaldehyde (prepared in PB)
at room temperature for 15 min. After fixation, cells were treated
with 0.1% Triton X-100 in PBS for 10min, blocked with PBS
containing 5% skimmed milk for 30 min at room temperature and
incubated with primary antibodies diluted in the blocking buffer.
The primary antibodies were anti-a-tubulin antibody DM1A
(1:1000; Sigma-Aldrich), anti-CDKSRAP3 antibody (1:200; Bethyl),
anti-Atx1 antibody H-21 (1:200; Santa Cruz), anti-GLAST (1:500;
Chemicon), anti-GFAP antibody GA-5 Cy3 conjugated (1:3000;
Sigma-Aldrich) and anti-MAP2 HM-2 (1:500; Sigma-Aldrich).

To prepare cortical sections, mouse embryos or adult brains were
dissected, and fixed in 4% paraformaldehyde for overnight at 4°C.
The fixed samples were gradually soaked in 30% sucrose as a final
concentration before embedded in OCT compound or paraffin.
A total of 10 um of sections were prepared. Mutant Atx1-KI mice
(B6.129S-Atxn 11120, 5ca11549/2Q) "wwhich had been made by one of
the co-authors in the Zoghbi’s laboratory (Watase et al, 2002), were
generous gift from Professor Huda Y Zoghbi (Baylor College of
Medicine). Immunohistochemical staining of Maxer by anti-Maxer
antibody C15-01D (1:20) was performed by TSA Plus Fluorescence
Systems (PerkinElmer) according to the manufacturer’s protocol.
The following primary antibodies were also used: anti-GLAST
antibody (1:2500; Chemicon), anti-GLT1 antibody (1:100; Matsuga-
mi et al, 2006), anti-Atx1 antibody 11NQ (1:100; Watase et al, 2002),
anti-GFAP antibody GA-5 Cy3-conjugated (1:3000; Sigma-Aldrich),
anti-Sox2 Y17 antibody (1:200; Santa Cruz), anti-PCNA antibody
(1:2000; SIGMA) and anti-NeuN antibody A-60 (1:500; Chemicon).
The secondary antibodies were Cy3-labelled anti-rabbit and anti-
goat IgG antibody (Jackson Immuno-Rearch), anti-rabbit IgG goat
Alexa 488 antibody (Molecular Probes), anti-mouse IgG goat Alexa
546 and 488 antibody (Molecular Probes), and Anti-guinea pig IgG
goat Alexa 568 antibody (Molecular Probes).

Images were acquired using an LSM510 Meta confocal micro-
scope (Zeiss).

Quantitative RT-PCR

Quantitative PCR analyses were performed with 7300 Real-time PCR
system (Applied Biosystems). CG1104 expression was analysed by
forward primer (5-GGGTAGTGACTGGGACGAGATC-3'), reverse
primer (5-ACGTGAGCTGCGCCTTCT-3') and Tagman probe
(5-AGCGCTTGGCCGCCGACTT-3'); actin5C level was measured by
forward primer (5-CCGAGCGCGGTTACTCTTT-3'), reverse primer
(5’-CAACATAGCACAGCTTCTCCTTGAT-3') and Tagman probe
(5'-CCGCTGAGCGTGAAATCGTCCGT-3') as a control.

Anti-Maxer antibody

C15-01D was raised against the C-terminal region of Maxer by
immunizing a rabbit with the peptide C-KDLVLKSRKSSVTEE
(amino acids 779-793) conjugated to the carrier protein by cysteine.

Adenovirus vector

The cosmid of rat Maxer-pAxCA was transfected into 293 cells
by the calcium-phosphate method using the digested DNA of
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adenoviruses. After the cells died, the medium was recovered as the
virus solution. We then rechecked the construction of the
adenovirus vectors through PCR and confirmed that the E1A
protein was deleted and that the insert was maintained correctly.
After the check, we amplified the adenoviruses two to three times.
Adenovirus, AxXCA-Atx1°°? and -Atx1%2Q, were constructed as
described earlier (Tagawa et al, 2007). The adenovirus vectors
contain the full-length Atx1 protein. The vector was used to infect
cerebellar primary culture cells and neural stem cells at a multi-
plicity of infection of 100.

Western blot analysis

Western blot analysis was performed as described earlier (Tagawa
et al, 2007). Briefly, whole cells were dissolved in 62.5mM Tris-
HCI, pH 6.8, 2% (w/v) SDS, 2.5% (v/v) 2-mercaptoethanol, 5%
(v/v) glycerin and 0.0025% (w/v) bromophenol blue. Samples
were separated by SDS-PAGE, transferred onto Immobilon-P
Transfer Membrane (Millipore) through a semidry method, blocked
by 5% milk in TBS with Tween 20 (TBST) (10 mM Tris/Cl, pH 8.0,
150mM NacCl, 0.05% Tween 20). The filters were incubated with
each primary antibody for overnight at 4°C. Primary antibodies
used were anti-Maxer antibody C15-01D (1:100), anti-a-tubulin
antibody DM1A (1:1000; Sigma-Aldrich), anti-CDKSRAP3 antibody
(1:200; Abnova), anti-GFP antibody JL-8 (1:1000; Clontech), anti-
cyclin E1 HE247 (1:200; Santa Cruz), anti-cyclin D1 antibody C-20
(1:10000; Santa Cruz), anti-HDAC3 antibody (1:500; Upstate), anti-
Dynein IC(74-1) antibody (1:1000; Santa Cruz), anti-Aurora-A 35C1
(1:2000; Sigma-Aldrich), anti-Binl (1:300; Upstate), anti-GLAST
(1:300; Chemicon), anti-GLT1 antibody (1:1000; Matsugami et al,
2006), anti-Atx1 antibody H-21 (1:500; Santa Cruz) and anti-GAPDH
antibody 6C5 (1:5000; Chemicon). The filters were then incubated
with the corresponding horseradish peroxidase-conjugated second
antibody at a 1:3000 dilution for 1h at room temperature in 5%
milk/TBST. Finally, the target molecules were visualized through an
enhanced chemiluminescence western blotting detection system
(Amersham Biosciences, GE Health Care Biosciences, Hong Kong).

Subcellular fractionation

Hela cells were incubated in the same volume of hypotonic buffer
(20mM HEPES, pH 7.9, 10mM KCl, 2mM MgCl,, 0.3% Nonidet
P-40, 1mM dithiothreitol, 1mM EDTA and protease Inhibitor
Cocktail (Roche Diagnostics)) and placed on ice for 20min. The
extracts were centrifuged at 15000g for 20min at 4°C. The
supernatants were collected as the cytoplasmic fraction, and pellets
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