(T761E) or IBMPFD-VCPs and immunoprecipitated
FLAG-tagged VCPs with anti-FLAG M2 affinity gel.
Coprecipitated endogenous Npl4, Ufdl, p47 and
ubiquitinated proteins were examined by Western blot
analysis. Npl4 and Ufdl were coprecipitated
more potently with all tested IBMPFD-VCPs than

with wt-VCP (Fig. 5A). In contrast, the amounts of -

p47 precipitated with all IBMPFD-VCPs
only marginally higher than those precipitated with
wt-VCP (Fig. 5A). Furthermore, polyubiquitinated
proteins were more robustly bound to all tested

wWere

Enhanced ATPase activities in IBMPFD-VCPs

IBMPFD-VCPs when compared with wt-VCP
(Fig. 5A). These results suggest that the binding abilities
to these cofactors, especially to Npl4 and Ufd1, were
elevated in IBMPFD-VCPs. In contrast, wt-VCP and
VCP(T761E) behave indistinguishably (Fig. 5B),
indicating that the cofactor-binding abilities do not
directly link to the ATPase activities. Knockdown of
Npl4 and Ufd1 reduced the amount of coprecipitated
polyubiquitinated proteins by IBMPFD-VCPs, as in
VCPR155C) and VCP(A232E) (Fig. 5C). These
results suggest that binding of polyubiquitinated

(A) Whole lysate _IP:FLAG ®) Whole lysate IP:FL
Anti-VCP Anti-VCP
Anti-p47 Anti-p47
Anti-Npl4 Anti-Npl
Anti-Ufd1 Anti-Ufd1
Anti-Ubi Anti-Ubi

© ~Whole lysate IP:FLAG

siRNA  Con  Ufdi  Npl4 ~  Con  Ufdl  Npl4.

Anti-VCP

Anti-Npl4

Anti-Ufd1 |8

Anti-Ubi

2, %"ey < %% =2 ’ff,\% "e 2 2.9 9@"7 'c» % SR

Figure 5 Enhanced cofactor-binding abilities of IBMPED-VCPs. (A) Western blot analysis of VCP cofactors coimmunoprecipitated
with FLAG-tagged wt-VCP or IBMPED-VCPs. Immunoprecipitated VCP cofactors such as p47 (anti-p47), Npl4 (anti-Npl4) and
Ufd1 (anti-Ufd1) or ubiquitinated proteins (anti-Ubi) were detected using specific antibodies (right panels). The whole cell lysates
were also analyzed (left panels). (B) Western blot analysis of VCP cofactors coimmunoprecipitated with FLAG-tagged wt-VCP or
VCP(T761E), as described in (A). (C) Western blot analysis of VCP cofactors coimmunoprecipitated with FLAG-tagged VCPs in
cofactor knockdown cells. HEK293 cells were transfected with control siRNA, Ufd1 siRNA (216), Npl4 siRNA (679). Three days
after transfection, FLAG-tagged VCPs were expressed for 1 day and analyzed as described in (A). IBMPFD, inclusion body myopathy

associated with Paget disease of bone and frontotemporal dementia; VCP, valosin-containing protein.
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proteins to IBMPFD-VCPs were enhanced with a help
of Npl4 and Ufd1.

Phenotypes of IBMPFD-VCPs in Drosophila
models

Finally, we examined the in wivo phenotypes of
IBMPFD-VCPs by expressing IBMPFD-VCPs in fly
eyes. Contrary to ter94 (Drosophila VCP) (Higashiyama

et al. 2002), wt-VCP and all tested IBMPFD-VCPs
as well as VCP(T761E) did not induce eye degenera-
tions by themselves (Fig. 6A). However, by expression
of wt-VCP with polyglutamines, the eye degenerations
were mitigated (Koike eral. 2010). In contrast,
VCP(T761E), VCPRI155H), VCP{R155P) and
VCP(A232E), which all possessed elevated ATPase
activities (Fig. 4C,D), worsened the polyglutamine-
induced eye degenerations (Fig. 6A). Surprisingly, we

(A)

Q92/wtVCP

Q92/VCP(R155H) Q92/VCP(R155P) Q92/VCP(A232E)

Figure 6 Effects of wt-VCP and mutant VCPs on eye degeneration and polyglutamine aggregate formation in Drosophila. (A)
Light microphotographs of the compound eye from 5-day-old flies. wt-VCP and IBMPFD-VCPs and VCP(T761E) were
expressed alone and together with FLAG-Q92 in Drosophila compound eyes (Higashiyama et al. 2002). (B) Confocal images of
cryosections from 5-day-old fly heads. FLAG-Q92 was detected with anti-FLAG M5 antibody, and nuclei were stained with
TOTO-3. In the overlay images, green indicates FLAG-Q92 and magenta indicates the nuclei. Genotypes of the flies are
shown in the panels (A) or above the panels (B). IBMPFD, inclusion body myopathy associated with Paget disease of bone and
frontotemporal dementia; VCP, valosin-containing protein.
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could not observe apparent differences in sizes and
frequencies of polyglutamine aggregates between eyes
expressing wt-VCP and IBMPFD-VCPs (Fig. 6B).

Discussion

VCP colocalizes with abnormal protein aggregates
observed in wvarious neurodegenerative disorders
(Hirabayashi et al. 2001; Mizuno et al. 2003; Ishigaki
et al. 2004). We have recently showed that VCP
functions as an aggregate-formase and/or as an aggre-
gate-unfoldase (Kobayashi ef al. 2007), but precise
conditions or mechanisms that regulate either activity
have remained to be clarified. In this study, we eluci-
dated certain aspects of the aggregate-forming activity.
We expressed VCP-GFP in the cells, treated the cells
with proteasome inhibitors and then traced GFP signals
via fluorescent time-lapse microscopy (Fig. 1B). VCP
first appeared to bind abnormal proteins and formed
several small aggregates throughout the cells and
then carried them to the aggresome, vimentin-positive
large aggregates (Johnston et al. 1998). Consistent with
this, forced localization of VCP in the nucleus, by
tagging NLS, created polyglutamine aggregates more
frequently in the nucleus (Fig. 2). Although VCP usu-
ally colocalized with cytoplasmic polyglutamine aggre-
gates, such colocalization was apparently destroyed in
the nucleus in this cell culture experiment, suggesting
that in the nucleus there may exist a protein(s) with
affinity for abnormal proteins such as expanded poly-
glutamine much higher than that of VCP. VCP may
hand out abnormal proteins to such a protein(s) in the
nucleus. This possibility remains to be tested.

VCP colocalization with aggregates has been also
observed in pathological samples of patients suffering
from IBMPFD (Watts ef al. 2004; Schroder et al.
2005). Given that VCP functions as an aggregate-
formase or as an aggregate-unfoldase (Kobayashi et al.
2007), such colocalization is because of either
elevated aggregate-formase activities or decreased
aggregate-unfoldase activities in IBMPFD-VCPs. We
indeed found that aggregate-forming activities were
enhanced in IBMPFD-VCPs (Fig. 4A,B). This obser-
vation suggests that IBMPFD-VCPs make aggregates
more efficiently than wt-VCP.

Biochemically, all immunopurified IBMPFD-VCPs
showed significantly elevated ATPase activities, when
compared with wt-VCP (Fig. 4C,D). Previously, it
has been shown that ATPase activity of VCP(R155H)
is normal by other group (Weihl et al. 2006). Indeed,
elevation of the ATPase activities of VCP(R155H)
was the lower than that of VCP(A232E), but was

© 2010 The Authors
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significantly higher than that of wild-type VCP in two
different methods in our experiments (Fig. 4C,D).
In addition, immunoprecipitation experiments dem-
onstrated that IBMPFD-VCPs possessed eclevated
affinities for Ufd1 and Npl4, as well as for poly-
ubiquitinated proteins (Fig. 5A). Either Ufdl siRNA
or Npl4 siRNA mostly abolished enhancement
of IBMPFD-VCPs to bind the other partners and
polyubiquitinated proteins (Fig. 5C). These results
clearly showed that IBMPFD-VCPs, Ufdl and Npl4
do bind polyubiquitinated proteins cooperatively.
Consistent with this, the formation of polyglutamine
aggregates was inhibited by VCP siRNA, Npl4 siR-
NA or Ufdl siRNAs (Fig. 3). These results indicate
that VCP, Ufdl and Npl4, as a complex, were
involved in forming abnormal protein aggregates.

The data presented in this study, collectively, indi-
cated that IBMPFD-VCPs possess elevated ATPase
activities (Fig. 4C,D) and enhanced abilities in binding
to the cofactors, especially to Npl4 and Ufdl as well
as to polyubiquitinated proteins (Fig. 5A), leading to
acceleration of abnormal protein aggregate formation
in mammalian cells. Thus, we expected IBMPFD-
VCPs to induce more polyglutamine aggregates in our
fly models of polyglutamine disease, leading to more
severe eye degenerations. This expectation was partly
the case; co-expression of IBMPFD-VCPs enhanced
polyglutamine-induced eye degenerations (Fig. 6A).
But contrary to our expectation, levels of polygluta-
mine aggregates were not apparently affected by
IBMPFD-VCPs in Drosophila eyes (Fig. 6B). This
might be because of different nature of Ufdl and
Npl4 between mammals and Drosophila. Namely,
IBMPFD-VCPs may possess elevated affinities for
human Ufd1 and Npl4 but not for Drosophila Ufd1 or
Npl4. This possibility remains to be tested.

Along with IBMPFD-VCPs, VCP(T761E) also
enhanced the eye degenerations in a very similar way
(Fig. 6A). These results indicated that in Drosophila,
elevated ATPase activities of VCP are coupled pro-
foundly with eye degenerations, but such pathogenic
effects were only manifested in the presence of abnor-
mal proteins such as polyglutamines, which is remi-
niscent of aging and could provide an explanation as
to why IBMPFD is a late-onset disease. It is, how-
ever, currently unknown that similar situations are
indeed applicable to the pathogenesis in human
IBMPFD and its related disorders. But it is notable
that among IBMPFD-VCPs, VCP(A232E) showed
the highest ATPase activities (Fig. 4C,D), and it
represented the severest clinical phenotypes (Watts
et al. 2004). Further studies on VCP functions will
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elucidate more detailed molecular mechanisms of
human disorders with neurodegenerations, myopathy
and bone disorders (Custer ef al. 2010; Koike ef al.
2010) and will lead to novel therapeutic hints on such
currently noncurable disorders.

Experimental procedures
siRNAs

We tested three sets of siRNA for each mRNA and obtained
essentially same results. Used siRNAs (VCP, Ufd1, Npl4, and
p47 siRNAs) sequences were listed in Table S1 in supplement
materials. All ssRINA for the target proteins manifested essen-
tially same phenotypes.

Antibodies and plasmids

The affinity-purified rabbit polyclonal anti-VCP, anti-p47,
anti-Npl4 and anti-Ufd1 antibodies were developed previously
(Noguchi et al. 2005). The following antibodies used in this
study were purchased: mouse monoclonal anti-ubiquitin
(Chemicon); mouse monoclonal anti-FLAG M5  (Sigma);
mouse monoclonal anti-actin (Chemicon); rat monoclonal
anti-GFP (Nacalai Tesque); mouse monoclonal anti-vimentin
(V9) (Santa Cruz Biotechnology, Inc.); Alexa Fluor 488 goat
anti-rat 1gG and Alexa Fluor 594 goat anti-mouse IgG
(Molecular Probes); donkey polyclonal anti-mouse IgG-HRP
and anti-rabbit [gG-HRP (Amersham Biosciences). IBMPFD-
associated VCP mutants expressing plasmid were constructed
by site-directed mutagenesis. Plasmids encoding GFP-fused
wt-VCP and various VCP mutants were constructed in pEG-
FP-N vector (Clontech).

Time-lapse imaging

For time-lapse imaging, HEK293 cells were seeded onto
collagen-coated 35 -mm glass bottom dish (IWAKI). After
attachment, cells were transfected with VCP-GFP expressing
plasmids. Twelve hours after transfection, cells were treated
with 1 pM MG132. After this treatment, cell morphologies
and GFP signals were recorded during 24 h using an inverted
fluorescence microscopy (Axiovert 200M; Carl Zeiss). Image
analysis and processing were performed via the Zgiss AXIo-
VISION 4.5 software.

Quantification of aggregate formation

Approximately more than 500 randomly selected FLAG/GFP-
positive cells per each sample were counted for aggregate
formation by fluorescence microscopy (Axiovert 200M). Cells
were scored positive if they contained one or several visible
aggregates either in the cytoplasm or in the nucleus. Frequency
of aggregate formation in transfected cells represents the per-

Genes to Cells (2010) 15, 911-922

centage of the FLAG/GFP-positive cells that contained visible
aggregates inside the cell.

Immunoprecipitation

For immunoprecipitation, HEK293 cells were transfected with
a FLAG-VCP expression plasmid. One day after transfection,
cells were harvested and lysed in 0.1% Triton lysis buffer. Each
sample was mixed with anti-FLAG M2 Affinity Gel (Sigma),
and stirred at 4 °C overnight. FLAG-VCP was eluted with
FLAG-peptide (Sigma).

Measurement of ATPase activities

In this report, we measured ATPase activities of wt-VCP and
various VCP mutants both by the molybdate assay and by the
NADH-coupled assay. The procedures of both assays were as
described previously (Kobayashi ef al. 2002; Noguchi ef al.
2005; Mori-Konya ef al. 2009). In the molybdate assay, 500 ng
of VCP protein was incubated in 20 pL of the ATPase assay
buffer (20 mm HEPES (pH 7.4), 50 mm KCl, 5 mm MgCly)
with 100 pm [y-*P]ATP (18.5GBg/mmol) (PerkinElmer) at
37 °C for 10 min. After incubation, the reaction was quenched
by the addition of 200 pL of 7% ice-cold TCA solution with
1 mm K,HPO,, and then 50 pL of solution A (3.75% ammo-
nium molybdate, 0.02 M silicotungstic acid in 3 N H;SO4) and
300 pL of n-butyl acetate were added to the reaction. The
samples were mixed well and centrifuged at 12 000 Xg for
1 min. Then, 200 pL aliquots from the upper organic phases
were taken, and their radioactivity was determined with a
liquid scintillation counter for B-radiation, which determined
the amounts of P released. In the NADH-coupled assay,
several different amounts of VCP proteins (1, 2, 5, and 10 pg)
were preincubated at 37 °C for 10 min and then incubated
with the ATPase assay buffer (50 mm Tris=HCl (pH 9.0),
150 mm NaCl, 2 mm MgSO,), 3 mm phosphoenol pyruvate,
1 mm ATP, 0.25 mm NADH, 1.0 unit of pyruvate kinase and
1.5 units of lactate dehydrogenase. The absorbance of NADH
was measured at 340 nm for 20 min at 37 °C.

Drosophila strain and genetics

Fly culture and crosses were performed at 25 °C on standard
food. To generate UAS-mutant VCP flies, cDNAs of each
mutant VCP were subcloned into BgllI-Notl site of pUAST
vector. Transgenic flies were generated by standard protocols.
Several independent lines were established from each construct.
GMR-Gal4 and GMR-FlagQ92 were described previously
(Higashiyama ef al. 2002).

Immunohistochemistry

Eye sections were incubated in 1 mg/mL RNase/PBS for
30 min at 37 °C and stained with 1 um TOTO-3 (Invitrogen)
at room temperature (RT) for 2 h. After TOTO-3 staining,
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sections were incubated with anti-FLAG monoclonal antibody
M5 (Sigma) at 1 : 1000 dilution in 5% skim milk/PBT at RT
for 2 h. Then, sections were incubated with Alexa 488-labeled
anti-mouse 1gG antibody at 1:500 dilution in 5% skim
milk/PBT at RT for 30 min and were analyzed by confocal
microscopy (LSM510; Carl Zeiss).

Statistical analysis

Each experiment was conducted at least three times with con-
sistent results. The gel or blot representative of each experi-
ment is presented in this study. The statistical significance was
analyzed using Student’s f-test or Tukey’s test.
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Ontogeny-recapitulating generation and tissue
integration of ES cell-derived Purkinje cells
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Purkinje cells are the sole output neurons of the cerebellar cortex and their dysfunction causes severe ataxia. We found that
Purkinje cells could be robustly generated from mouse embryonic stem (ES) cells by recapitulating the self-inductive signaling
microenvironments of the isthmic organizer. The cell-surface marker Neph3 enabled us to carry out timed prospective selection of
Purkinje cell progenitors, which generated morphologically characteristic neurons with highly arborized dendrites that expressed
mature Purkinje cell-specific markers such as the glutamate receptor subunit GluR52. Similar to mature Purkinje cells, these
neurons also showed characteristic spontaneous and repeated action potentials and their postsynaptic excitatory potentials

were generated exclusively through nonNMDA glutamate receptors. Fetal transplantation of precursors isolated by fluorescence-
activated cell sorting showed orthotopic integration of the grafted neurons into the Purkinje cell layer with their axons extending
to the deep cerebellar nuclei and dendrites receiving climbing and parallel fibers. This selective preparation of bona fide Purkinje

cells should aid future investigation of this important neuron.

During embryonic development, the cerebellar anlage arises from
two distinct tissues in dorsal rhombomere 1 adjacent to the fourth
ventricle!~3: the cerebellar ventricular zone, which expresses the basic
helix-loop-helix (bHLH) transcription factor Ptfla, and the rhom-
bomere 1 rhombic lip, which expresses another bHLH factor, Math1.
The Ptfla* progenitors produce GABAergic neurons of the cerebellar
cortex (Purkinje, basket, stellate and Golgi neurons) and of the deep
cerebellar nuclei (DCN)*. In contrast, Math1* progenitors generate
cerebellar glutamatergic neurons, including granule cells and large
DCN projection neurons>7.

The initial phase of cerebellar development depends on the for-
mation and function of the isthmic organizer®, which lies at the
midbrain-hindbrain boundary (MHB). This organizer is formed
by the intricate regulatory functions of region-specific transcrip-
tion factors such as En1/2, Pax2/5/8, Otx2 and Gbx2 (refs. 8-11).
The expression of these factors is under the control of fibroblast
growth factor 8 (Fgf8) secreted by the isthmic organizer itself®-11.
Mutant mice with reduced Fgf8 expression have a severe defect
in cerebellar development!?, whereas Fgf8 misexpression in the
chick brain forms ectopic cerebellar tissues'3. Following the onset
of Fgf8 expression, the expression of another key signaling factor,
Wntl, starts in the MHB. These two factors form a positive auto-
feedback loop to drive each other’s expression that also involves
the expression of transcription factors such as En2 and Pax2
(refs. 14-16). In addition, Fgf8 and Wntl act as organizer factors
that pattern the tissues around the MHB. This self-inducing feature
of isthmic organizer development presumably contributes to its

potent patterning ability and to the robust maintenance of its tissue
identity after ectopic transplantation to other brain regions.
Among the cerebellar neurons, Purkinje cells have a central role in
integrating heterogeneous neural inputs from the mossy and climb-
ing fibers. Purkinje cell dysfunction (hereditary or acquired) leads
to severe motor discoordination. Mathl* granule cell progenitors
are generated from ES cells at a relatively high efficiency (>15%)
in serum-free suspension culture (serum-free culture of embryoid
body-like aggregates or SFEB!7) in the presence of bone morpho-
genetic protein (BMP) and Wnt signals’®. In contrast, although ES
cells can be induced to differentiate into Purkinje cells when treated
with Fgf8 and Wnt ligands, their production is quite inefficient, with
Purkinje cells typically comprising less than 1% of the total!8-20,
Therefore, we took a different strategy that focuses on the initiation
of the endogenous program for self-inducing isthmic development and
successfully applied it to the efficient differentiation of ES cells into
functional Purkinje cells, using a modified SFEB culture (SFEBq)?1:%2,

RESULTS

Transient Fgf treatment induces isthmus/rhombomere 1 tissues
Although En2 is initially expressed in a broad domain of the mes- and
metencephalon, during early cerebellar development (embryonic day
(E)12.5), En2 (clearly detectable by immunofluorescence) is strongly
expressed mainly in the MHB and its neighboring regions®?? (the
isthmic/rhombomere 1 (Otx2~) region and the caudal-most midbrain
region, just rostral to the isthmus (Otx2*; Fig. 1a)). Hereafter, these
En2* tissues are referred as MHB-proximity tissues.
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c it d Figure 1 Fgf2 and insulin cooperatively induce
12 d8) 10 '(fgg)’ generation of midbrain-hindbrain identity in
£ i g 8 ES cells in SFEBq culture. (a,b) Expression of
> 2 > 8 markers in the embryonic neural tube (E12.5
£, £ mouse). (a) Otx2 (red), En2 (green), Gbx2
< 5 < 2 (blue) and Pax2 (purple). (b) Wntl (red) and
0 0 Fgf8 (blue). As well as the MHB region, Wntl
@“&0 &00\5 N ,gé’;g(& (é@d & < 36& & is expressed in the dorsal-most domain of the

neural tube and Fgf8 is expressed in the rostral
forebrain. (c—f) gPCR analysis of SFEBg-cultured
ES cell aggregates on day 8 for the expression

of Wntl (c), Fgf8(d), En2 (e) and NCAM (f)

(n= 120 aggregates from 5 independent
experiments). Total RNA from E11.5 whole
embryos (lane 1) was used as a control.

(g,h) Cryosections of SFEBg-cultured ES cell
aggregates on day 8. ES cells were cultured in
gfCDM alone (g) or containing insulin and Fgf2 (h).
Sections were immunostained with anti-En2

i ] k antibody and counterstained with DAPI. Broken
1 En2 12 Fgfg o ;
Y S Edn: o 12 (d8) 10 (ds) white line shows outline of an aggregate.
£ 20 @) S 10 S 8 (i-m) gPCR analysis of SFEBg-cultured ES cell
= . .
218 £ 8 z s aggregates on day 8 for the expression of £n2 (i,}),
S 40 s 6 = .
3 s £ 4 £ 4 Fgf8 (k), Wntl (1) and regional markers along
< o (2) 'i the rostral-caudal axis (m) (n = 140 aggregates
Foi2 = o o ® o o W o S & ¥ ¥ L, S S ¥ ¥ L from 5 independent experiments). Dkk
L S N ¥R, gy & ¢ & & (250 ng mi~1) and/or PD173074 (10 nM)
1 2 3 4 5 6 7 Ins/fFgfl2 = + o+ o+ 4 InsfFgfl2 =+ o+ o+ + were added to culture on day 4. (n) Sagittal

| 1o Wat1 2 3 405 Tozos 48 section of mouse mesencephalon/metencephalon
© 8 (ds) m & giCDM at E12.5, immunostained with antibodies to
N " ’2'0] ® +insfFgi2 i En2 and Otx2. (0—q) Cryosections of SFEBg-
g . = 1 cultured ES cell aggregates on day 8. ES
§ ) g cells were cultured in gfCDM alone (o) or

. 3 containing insulin and Fgf2 (p,q). Sections were

S ¥ L < immunostained with antibodies to En2 (o-q),

T - - M, & Otx2 (o,p) and Pax2 (q). tel, telencephalon;

Ins/Fgf2 ~ ; to ; 522 P"*s*’z Gbx2 HoxbT Hoxb9 di, diencephalon; mes, mescencephalon; met,

When totally growth factor-free, chemically defined medium
{(gfCDM)?! is used, ES cell aggregates cultured in the SFEBq method
selectively differentiate into rostral forebrain tissues that express the
forebrain-specific transcription factors Six3 and Rx?!, but not into
En2* tissues. We first investigated the effects of Fgf8 and Wnt sig-
nals, which are expressed in the MHB-proximity region (Fig. 1b), on
the induction of En2. However, the percentage of En2* cells did not
exceed 15% of total cells on day 8 under any of the conditions tested
(up to 200 ng ml™!), suggesting that MHB development can be only
partly recapitulated in viiro by exogenous Fgf8 and Wnt. With this in
mind, we employed a different strategy that makes use of endogenous
Fgf8 and Wntl as local organizing factors.

Previous results suggest that the addition of insulin (on days
0-8) has a moderate caudalizing activity, particularly when added to
gfCDM culture?!. Indeed, insulin treatment suppressed the expression
of Six3 and Rx (Supplementary Fig. 1), and moderately increased
the expression of Wntl, Fgf8 and En2 (<3-fold on day 8; Fig. Ic-e).
There is evidence that Fgf2 has rhombomere 1-inducing activity in
an embryonic neural explant assay?%. Consistent with this, when Fgf2

metencephalon; myel, myelencephalon; sc,
spinal cord; isth, isthmus; rhombomere 1,
rhombomere 1; cx, cortex; hy, hypothalamus;
ch, cerebellum. Scale bars, 100 pm. Error bars
represent s.e.m.

(20 ng ml™!) was added to the culture from
day 1 along with insulin, the expression of
Wntl and Fgf8 was substantially induced on
both day 8 (eight- and ten-fold, respectively;
Fig. 1¢,d) and day 5 (Supplementary Fig. 1). The synergistic effect of
Fgf2 and insulin on En2 expression was particularly high (20-fold on
day 8; Fig. le) whereas general neural differentiation was unaffected
(Fig. 1f). The majority (>80%) of cells in the SFEBq aggregates were
strongly immunoreactive for En2 on day 8 (Fig. 1g,h). Thus, treat-
ment with Fgf2 and insulin promoted Wntl and Fgf8 expression and
induced nearly selective differentiation into En2* tissues. Fgf2 was at
least twice as effective at inducing the expression of En2 and Fgf8 than
Fgf4, 5 or 8 when added to culture on day 1 (Supplementary Fig. 1).

We did not observe clear En2 induction when the Fgf2 treatment
was started on day 0 (instead of day 1), showing that its addition on
day 0 has an inhibitory effect (Fig. 1i). In contrast, even transient
Fgf2 treatment from day 1 to day 2 was sufficient to substantially
induce En2* tissues (Fig. 1i). Fgf2 treatment on days 2-8 was sub-
stantially less effective than on days 1-8 (Fig. 1i). Given that neural
differentiation starts around day 3 in SFEBq culture?! (the cells
instead express epiblast markers during days 1-3; data not shown),
the main role of Fgf2 was probably to confer selective competence
on differentiating ES cell aggregates before neural differentiation,
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Figure 2 Sequential treatment of Fgf2 and a
Shh inhibitor in the presence of insulin induces
cerebellar plate precursors in SFEBq culture.

(a) Expression of Corl2 (red) in a sagittal section
of mouse hindbrain. Cells of the cerebellar plate
express Corl2. (b) Schematic diagram showing
dorsal-ventral patterning of the rostral hindbrain.
(c) Procedure for ES cell culture. BMP4 (1 nM),
Shh (30 nM) or cyclopamine (10 pM) was added
on day 7. (d-o) Sections of ES cell aggregates
treated with Fgf2 (d,h,}), Fgf2 and BMP4 (e,i,m),
Fgf2 and cyclopamine (f,j,n), or Fgf2 and Shh
(g,k,0). The cells were immunostained with
antibodies to Cori2 on day 15 (d-g), Mathl on
day 11 (h-k) or Tbrl on day 13 (I-0). Nuclei were
counterstained with DAPI. (p) Expression of Lhxb
and Corl2 in ES cell aggregate treated with Fgf2
and cyclopamine. (q) Percentage of cells positive
for Corl2 (open) and double-positive for Lhxb
and Corl2 (closed) in ES cell aggregates (n = 24
aggregates from three independent experiments).
(r-w) Differentiation of 5HT-positive (r-t) and
tyrosine hydroxylase—positive {u-w) neurons by
treatment with Fgf2 (r,u), Fgf2 and cyclopamine
(s,v) and Fgf2 and Shh (t,w). RP, roof plate;

FP, floor plate; mb, midbrain; cbl, cerebellar
plate; rlv, ventral region of rhombomere 1;

r2v, ventral region of rhombomere 2; 1V, fourth
ventricle. Scale bars: 100 pm (d-o); 200 um
(p~u); 25 um (w). Error bars represent s.e.m.

and to bias the cells’ differentiation toward
midbrain-hindbrain regionality. In addition,
the increased expression of En2, Fgf8 and
Wnt1 was inhibited by the late addition of the
Fgf inhibitor PD173074 or the Wnt inhibi-
tor Dkk1 (day 4 onwards; Fig. 1j-1). This
result supports the idea that the endogenous
isthmic organizer factors Fgf8 and Wntl
(or related proteins) were induced as a sec-
ondary effect of the transient Fgf2 treat-
ment (in the presence of insulin), and that
their activities are essential for the induction
of En2 and the maintenance of their own
expression in vitro, as in vivo.

The coordinated control of regional marker
expression in SFEBq culture with Fgf2 and
insulin (FI) treatment (SFEBq/FI) was also
confirmed by qPCR analysis. Forebrain
markers (Six3, Rx and Otx2) were suppressed,
and MHB-proximity markers (En2, Pax2 and Gbx2) were increased,
but there was little effect on more caudal markers (HoxbI and
b9; Fig. 1m).

In the embryonic brain (E12), Otx2 is expressed in both the fore-
brain and midbrain, but not in the hindbrain or isthmus (Fig. 1n). At
this stage, En2 is coexpressed with Otx2 exclusively in the caudal-most
midbrain (yellow in Fig. In), but not in the isthmus/thombomere
1 region (green). SFEBq/gfCDM-cultured aggregates, which rarely
contained En2* cells, mostly consisted of Otx2*/En2~ cells (Fig. 1o),
consistent with their forebrain-dominant nature’l. In contrast,
SFEBq/FI-cultured aggregates contained few Otx2*/En2~ cells
(<5%). The majority of the cells (>70%) were Otx2™/En2* (isthmus/
rhombomere 1 type), and 10-20% of the En2* cells coexpressed
Otx2 (caudal midbrain type) (Fig. 1p and Supplementary Fig. 1).
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These findings suggested that a substantial population of the En2* cells
that were induced in SFEBq/FI culture had regional characteristics
of the isthmus/rhombomere 1. Concordantly, ~60% of the En2* cells
coexpressed Pax2 (Fig. 1q and Supplementary Fig. 1), which colo-
calizes with En2 in vivo only in the embryonic isthmic/rthombomere
1 region but not in the midbrain area (Supplementary Fig. 1). These
findings indicate that the SFEBq/FI culture supports the efficient and
selective differentiation of ES cell-derived neural progenitors into
En2* tissues, particularly with isthmus/rhombomere 1 characteristics
(Supplementary Fig. 1).

Cerebellar precursors specified by passive dorsalization
The transcriptional corepressor Corl2 (Fig. 2a,b) is a very early
Purkinje cell marker (E12 onwards) that is not expressed in other
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cerebellar neurons?®. Using Corl2 as an indicator, we searched for
conditions to optimize Purkinje cell precursor generation by modify-
ing dorsal-ventral specification (Fig. 2c-o).

During early cerebellar development (E10-11 for mouse), Purkinje
cell precursors arise exclusively from the cerebellar neuroepithelium
on the alar plate of rhombomere 1, which subsequently contributes to
the genesis of the cerebellar plate® (light blue in Fig. 2b). The dorsal
tip of the rhombomere 1 alar plate forms the rhombic lip (Fig. 2b),
which generates the Math1* granule cells of the cerebellar cortex and
the DCN glutamatergic neurons positive for the transcriptional factor
Tbr1 (ref. 7). The basal plate of rhombomere 1 develops into the main
body of the pons, and its ventral-most region generates serotonergic
(5HT*) neurons. Midbrain dopaminergic neurons expressing tyrosine
hydroxylase arise just rostrally to this region.

BMP signals, which emanate from the roof plate (Fig. 2b), have
an inductive function in the dorsal specification of rhombomere 1
tissues2®. In contrast, sonic hedgehog (Shh) derived from the floor
plate promotes neural ventralization?*?’. Treatment with BMP4 on
days 7-11 induced the expression of the dorsal-most neuronal mark-
ers Mathl and Tbrl (Figs. 2i,m; Tbr1* neurons always clustered).
These cells also expressed Pax6, which is a marker for granule cells,
and Meis1 and 2, which are DCN markers (Supplementary Fig. 2).
However, BMP4 did not substantially increase the number of Corl2*
cells (Fig. 2e).

We therefore took an alternative approach, to promote dorsaliza-
tion indirectly. Cyclopamine antagonizes hedgehog receptors, thereby
shutting off the ventralizing effect of endogenous Shh in ES cell
aggregates. As we hoped, cyclopamine treatment (days 7-11) caused
a marked increase in the Corl2* population (35.7 + 4.5% of total
cells) in SFEBq/FI culture (Fig. 2f), but not in the Math1* or Tbr1*
populations (Fig. 2j,n). Three-quarters of Corl2* precursors coex-
pressed Lhx5, another marker for Purkinje cell precursors (Fig. 2p,q).
Combined treatment with BMP4 and cyclopamine did not increase
the percentage of Corl2* cells (18.9 £ 5.1%; Fig. 2q) or Math1* cells
(Supplementary Fig. 2).

(@19)

20 02 2 20 20 20 -

17 Figure 3 Generation of Purkinje cells in SFEBg/
FIC culture in Transwell culture. (@) Procedure
for the differentiation of Purkinje celis from ES
cell culture. Treated aggregates were cultured on
a Transwell membrane and analyzed on day 19.
(b) gPCR analysis of L7 expression by ES cell
aggregates treated with different concentrations
of Fgf2 and cyclopamine (n= 140 aggregates
from 5 independent experiments). (c-f) Aggregates
were treated with insulin (c), Fgf2 (d), cyclopamine (e)
or all three (FIC; f) and immunostained for L7.
Aggregates are outlined by a broken white line.
(g-j) High-magnification view of aggregates
treated with insulin + Fgf2 + cyclopamine.

(h) Fasciculated L7-positive axons run in the
aggregate. White broken line demarcates the
outline of the aggregate. (i) A cell co-expressing
.7 and calbindin extends dendrites, showing a
typical Purkinje cell morphology. Scale bars:

150 pm (c—f); 50 um (g); 100 pum (h); 20 pm (i).
Error bars represent s.e.m.

10 10 01 1 10 10

5 6 7 8 9 10

As expected, Shh was clearly detectable in
the SFEBq/FI aggregates by qPCR on day 8
(data not shown). In addition, the differen-
tiation of 5HT* and tyrosine hydroxylase-
positive neurons (which are Shh-dependent
in vivo) in the aggregate was completely
inhibited by cyclopamine, whereas exogenous Shh treatment markedly
increased the number of 5HT* and tyrosine hydroxylase-positive
neurons (Fig. 2r-w), without promoting the expression of Corl2,
Math1 or Tbrl (Fig. 2g.k,0). The anti-ventralizing (passive dorsali-
zation) effect of cyclopamine was confirmed by the QPCR analysis of
dorsoventral marker expression (Supplementary Fig. 2). Cyclopamine
treatment suppressed the basal plate markers Nkx2.2, Nkx6.1 and
Olig2 and elevated the expression of the dorsal markers Pax7 and
Corl2, whereas the intermediate dorsoventral marker Dbx2 and the
dorsal-most marker ZicI were mostly unaffected. These findings indi-
cate that Corl2* Purkinje cell-like precursors are efficiently produced
in SFEBq/FI culture with the additional anti-ventralizing effect of
cyclopamine (SFEBG/FIC, hereafter).

Efficient differentiation of Purkinje cells

We cultured SFEBq/FIC aggregates en bloc on a porous membrane
(Transwell culture?!?? during days 11-19; Fig. 3a) to neuronal matura-
tion in long-term culture. The combination of cyclopamine and Fgf2
(Fig. 3b-f) efficiently induced the differentiation of Purkinje cells
expressing the lineage-specific marker L7 in the ES cell-derived neural
tissues (42.6 = 5.2% of total neurons; Fig. 3f). A qPCR analysis showed
that L7 induction was about 20-fold more efficient under these condi-
tions than with insulin treatment alone (Fig. 3b). Within these neural
tissues, most L7* cells were found in clusters (Fig. 3f,g), and their
axons frequently formed long fascicles that extended circumferentially
at the periphery of the tissues (Fig. 3h). On day 19, L7* cells were posi-
tive for calbindin and Corl2 (Fig. 3i and data not shown).

Exposure to cyclopamine on days 7-8 was sufficient to promote
L7% cell differentiation (Supplementary Fig. 3) and to shut off endo-
genous Shh expression (not shown). In contrast, Fgf2 treatment was
most effective for L7 induction from days 1-11. It was ~50% and 10%
as efficient, respectively, when added from days 1-4 or days 4-11
(Supplementary Fig. 3). Fgf4 and Fgf8 (days 1-11) also qualitatively
promoted L7 expression in the presence of insulin and cyclopamine,
but not as efficiently as Fgf2 at 20 ng ml~! (Supplementary Fig. 3)
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Figure 4 ES cell-derived neuroepithelial rosettes

MZ
" Granule cells

DCN neurons
(Glu)

express cerebellar progenitor markers in SFEBg
culture. (a) Schematic diagram showing the
organization of the cerebellar plate (left,
sagittal view) and the ontogenesis of cerebellar
neurons (right). (b—e) Expression of cerebellar
progenitor markers in the E12.5 mouse
cerebellar plate. Neph3 (b,c), E-cadherin

E-Cad
Neph3* Nepha* Math

Ptfia*  Ptia*

Culture day (SFEBq/FIC)
9 10 11 12 13 14 15 16 17 18 19
{ } } L { 1 1 1 1

v

T T T } T = T T
E-cadherin
Neph3
Pif1a
Corl2

L7

in EAU* cells
S (2] e
o [« o

n
o

Percentage of posi

or 100 ng ml™! (data not shown). The addition of Wnt decreased
the induction of L7 in SFEBq/FIC culture (Supplementary Fig. 3).
Collectively, the timed treatment with insulin (day 0 onwards), Fgf2
(day 1 onwards) and cyclopamine (day 7 onwards) in SFEBq culture
steered ES cells to sequentially acquire a neural fate, rhombomere
1/MHB regional identity and cerebellar plate characteristics, which
together led to efficient Purkinje cell differentiation in vitro.

Recapitulation of early cerebellar plate development

In the early cerebellar primordium, the neuroepithelium begins to
express tissue-specific marker genes on E11-E12. One such marker
is Ptfla, a transcription factor that is essential for the genesis of
Purkinje cells and cerebellar GABAergic interneurons (Fig. 4a,b).
The membrane molecule Neph3 is the product of a Ptfla target gene?S.

0
di0 di1 di12 di3 di4 di15 di6
Labeling day

(e) and Ptfla (b,d) were expressed in the

mitotic neuroepithelium, whereas Corl2

(c~e) was expressed in postmitotic cells,

(f) Temporal expression of the markers in

ES cell aggregates in SFEBQ/FIC culture.

(g-i) Adjacent sections of an aggregate on day

13, immunostained for N-cadherin (g), Neph3
and Ki67 (h) or Ptfla and aPKC (i). Neural
rosettes are demarcated by broken white lines.

(j) High-magnification view of a Ptfla* Neph3+
neural rosette on day 13. (k) An aggregate on

day 13, immunostained for Neph3 and aPKC.
Neph3 was preferentially enriched at the aPKC*
apical surface. (I) High-magnification view of a
neural rosette on day 13, immunostained with
pH3 and aPKC. (m-o0) High-magnification view

of adjacent sections of an aggregate on day 13,
immunostained with Neph3 and E-cadherin (m),
Neph3 and Ki67 (n) or Ptfla and aPKC (o).

(p,q) Adjacent sections of an aggregate on day 15,
immunostained with Ptf1a and Corl2 (p) or Neph3
and Corl2 (q). (r) Percentage of EdU-positive cells
expressing Corl2 (open columns) and Pax2 (closed
columns) in aggregates on the indicated days

(n = 56 aggregates from 3 independent experi-
ments). Scale bars: 100 um (b—e,g-i,k,m—q);

50 um (1,j). Error bars represent s.e.m.

Ptfla and Neph3 are expressed together in
most of the cerebellar plate neuroepithelium
(Fig. 4b), but not at the Math1* rhombic lip
(Fig. 4a, left). The mouse cerebellar plate
neuroepithelium gives rise to Purkinje cells
and cerebellar GABAergic interneurons at
distinct developmental stages: E11-E13 for
Purkinje cells and E13-P15 for GABAergic
interneurons®®3%. Postmitotic Purkinje cell
precursors become positive for the line-
age-specific marker Corl2 while still in
the subventricular zone (SVZ; Figs. 4a and
3c,d). The cerebellar plate neuroepithelium
coexpresses Corl2 and E-cadherin (with
N-cadherin) with a spatiotemporal pattern that overlaps with
Purkinje cell generation (E12-14)%8 (Fig. 4e).

The temporal expression pattern of Purkinje cell differentiation
markers in SFEBq/FIC culture resembled the in vivo expression pat-
tern (Fig. 4f). For instance, obvious Neph3* expression was induced on
day 11 in a cyclopamine-dependent manner (Supplementary Fig. 2).
On day 13 of SFEBq/FIC culture, a large number of N-cadherin®
neural cells were still mitotic (Ki67*) in culture (Fig. 4g,h), and a
large portion of these cells formed characteristic epithelial-sphere
structures (neural rosettes). Of these neural rosettes, 73.0 £ 6.6% were
double-positive for Neph3 and Ptfla (Fig. 4h-j and Supplementary
Fig. 4). Each neural rosette had a fixed epithelial apico-basal polarity,
with the apical side to the interior of the rosette and demarcated by
strong N-cadherin and aPKC expression (Fig. 4g,k). High mitotic
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Figure 5 Neph3* progenitors on day 13 in
SFEB@/FIC culture efficiently generate Purkinje
celis with morphological and functional
characteristics. (a,b) FACS analysis of ES cell
aggregates on day 13 of SFEBq culture in the
presence of insulin alone (a) or insulin, Fgf2
and cyclopamine (b). (c,d) Adhesion culture of
Neph3-positive (c) and Neph3-negative (d) cells
after FACS sorting, immunostained with Corl2.

e FACSsDAPT f acssoarT 8 (e,f) Percentage of the cells expressing Corl2 (e)
< Coriz* < Paxa® EACS and Pax2 (f) in aggregates 2 days after FACS
£ 100 £ 100 ¥ Granule el precursors AL sorting and DAPT treatment on day 13 or 15
5§ 8 T8 80 Nephawf’ ;a,,f{m e’ an;:g; ) of SFEBq culture (n = 56 aggregates from
g2 60 g2 60 “@f/ / \n) 5 independent experiments). (g) Procedure for
gg 40 g5 40 Cyclopamine eagg“ega“"“ Cosulture < : ES cell culture combined with FACS sorting
E’? 20 E’? 20 d(7 d11 a3 dis \ 4 and co-culture with mouse rhombic lip-derived
% 0 % 0 : \\ cells. FACS-sorted celis were reaggregated on
o Day13 Day15 o Day13 Day15 gfCDM+Ins DMEM/F12/ DMEM/ day 13, and dissociated and replated on day 15

N2/FBS

RL+Neph3-* cells
i +25d

Stimulus

e +42d | +79d

Fi2iNz along with granule cell precursors from the

upper rhombic lip of E15.5 mice. (h,i) Control
culture of rhombic lip—derived cells alone (h)

or co—culture of rhombic lip-derived cells

and FACS-sorted Neph3-positive ES-derived
cells (i) on day 25 of co-culture, immunostained
with antibody to L7. (j-n) Co-culture of FACS-
sorted Neph3-positive cells with rhombic
lip-derived cells on day 42 (j) and day 79 (k-n),
immunostained with antibodies to L7 (j) and

L7 plus GIuR82 (k-n). Arrowheads in m

indicate an axon. (o) Spontaneous synaptic
potentials and action potentials. Arrows indicate
presumptive excitatory postsynaptic potentials,
and arrowheads indicate presumptive inhibitory
postsynaptic potentials. (p) Spontaneous
synaptic currents without (top) and with
bicuculline (middle) or bicuculline and CNQX
(bottom). Arrows indicate presumptive excitatory
postsynaptic currents, and arrowheads indicate

Control | APv+ONOX presumptive inhibitory postsynaptic currents.
J\"V‘W‘Wv"’\[\" (q) Spontaneous action potentials without

-’k./ I A Control 150 A synaptic inputs. (r) Evoked excitatory postsynaptic

b B|cucunme APY 10 ms current without or with AP5 or AP5 and CNQX.

‘ , APV + CNQX Each trace is an average of b traces. Scale bars:
Q Biouculine + CNOX I 200 pm (¢,d,h,i); 25 pm (j,1); 100 pm (k); 2 pm (n).
©  Bicuculline + CNOX Error bars represent s.e.m.
100 pA
_ o e
_J1omv cells were mitotic and Ki67* on day 16, as
50 ms \Control

figures (Fig. 41) were predominantly found at or near the apical area.
The nuclei of Ki67* and Ptfla* cells were also localized in the inner
zone close to the apical cavity (Fig. 4m-o). In contrast, most of the
Corl2* nuclei were at least three to four cells away from the apex, and
formed an outer zone that surrounded the Ptfla* proliferative zone
(Fig. 4p.q; day 15). These Corl2* cells were predominantly found in the
outer zones of Neph3* rosettes (up to 58.8+11.5% cells in the rosettes),
but not in those of Neph3~ rosettes (Supplementary Fig. 4).

We next performed a birth-dating comparison between the Corl2*
(Purkinje) and Pax2* (non-Purkinje?) cell populations (these mark-
ers were mutually exclusive; Supplementary Fig. 4) using a pulse
exposure to 5-ethynyl-2-deoxyuridine (EdU) (Supplementary Fig. 4).
The number of Corl2* cells that incorporated EQU was significantly
higher when the aggregates were exposed to EAU on day 13 than
on day 15 or 16 (Fig. 4r and Supplementary Fig. 4). In contrast,
the Pax2* (non-Purkinje) cell populations were more efficiently
labeled by EAU on days 15 and 16 than on day 13 (10-17% of Pax2*

in vivo; Fig. 4r, Supplementary Fig. 4
and data not shown). Most (>90%) of the
Neph3* neural rosettes on day 13 were E-cadherin® (Fig. 4m), which
marks the Purkinje-generating neuroepithelium, but by day 15 the
E-cadherin expression in the Neph3* neural rosettes had substan-
tially decreased (not shown). These findings are consistent with the
in vivo neurogenesis, in that Purkinje cells are the first of the cerebellar
cortical neurons to exit the cell cycle. These observations suggest
that SFEBq/FIC-cultured cells recapitulate not only regional marker
expression but also key temporal and spatial aspects of the in vivo
development of Purkinje cells.

Mature Purkinje cells from purified progenitors

Taking advantage of the cell-surface localization of Neph3, we next
used this early marker to select Purkinje cell progenitors by timed
sorting. In fluorescence-activated cell sorting (FACS) analysis,
25-35% of the SFEBg/FIC cells on day 13 were strongly positive
for Neph3 (Fig. 5a,b), and the purified Neph3* population gener-
ated a large number of Corl2* cells (82.7 £ 8.4% of total cells) in two
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days. In contrast, only 3.1 £ 0.8% of the Neph3~ cells became Corl2*
(Fig. 5¢,d). We next compared the content of Purkinje cell precur-
sors among Neph3* progenitors sorted on different days in culture.
After sorting, the cells were treated with DAPT to inhibit Notch and
thereby promote neuronal differentiation, and cultured for two more
days. The vast majority of Neph3* cells sorted on day 13 differentiated
into Corl2* cells (>90%), and a minor population gave rise to Pax2*
neurons (Fig. 5e). In contrast, more Neph3* cells sorted on day 15
differentiated into Pax2* neurons (27.1 £ 8.2%) than into Corl2* cells
(5.3 £2.9%) (Fig. 5f; the DAPT treatment caused at least a two-fold
increase in the percentage of Pax2* neurons; data not shown). Thus,
in accordance with the birth-dating analysis, isolating the Neph3*
progenitors on day 13 has proven to be an efficient way to enrich for
ES cell-derived Purkinje cell progenitors.

In a conventional high-density neuronal culture, the purified
Neph3* cells gradually died, and the surviving neurons failed to
express late Purkinje cell markers such as L7 and Calbindin even
two weeks later (data not shown). A similar observation was made
with Neph3* cells purified from fetal cerebellar plate tissues?® (E12.5),
presumably because the appropriate trophic microenvironment could
not be established in the purified cell population. To circumvent
these problems, we co-cultured Neph3* cells with cerebellar granule
cells, which promotes the maturation and survival of Purkinje cells
in vitro®! (we avoided DAPT treatment as it attenuated survival in
long-term culture). In the presence of granule cells derived from the
rhombic lip (Fig. 5g), the purified Neph3* cells survived and gener-
ated a large number of L7* Calbindin® PV* neurons (Fig. 5h,i and
Supplementary Fig. 5) with characteristic, highly arborized dendrites
(Fig. 5j). When cultured alone, the rhombic lip cells produced no L7*
cells (Fig. 5h). Moreover, when we used Neph3* progenitors derived
from Gad67::GFP (GAD-GFP) ES cells (>90% of these progenitors
became GAD-GFP* after two days of dissociation culture) in the co-
cultures, all of the L7* neurons expressed GFP (Fig. 5j; conversely,
38.2£4.3% of the GFP* cells expressed L7+). Furthermore, when the
rhombic lip cells were isolated from GFP-transgenic mouse cerebella,
no Corl2* or L7* cells generated from nonlabeled ES cells were GFP*
(Supplementary Fig. 5), excluding the possibility of differentiation
by cell fusion.

After long-term culture, each ES cell-derived Purkinje cell
had dendrites with numerous, well-developed spines that
expressed the Purkinje cell-specific glutamate receptor subunit
GluR32 (Fig. 5k-n).

To investigate their functional properties, we performed whole-
cell patch-clamp recording of the SFEBq/FIC-induced Purkinje cells
after their maturation in co-culture with granule cells. Under current
clamp, large Purkinje cells showed frequent action potentials (large
spikes) and synaptic potentials (Fig. 50). Voltage-clamp record-
ings (-50 mV; Fig. 5p) revealed that the inward currents (red) were
CNQX sensitive, showing that they were AMPA receptor-mediated
excitatory glutamatergic synaptic currents (generated by granule cell
input®? in vivo), whereas the outward currents (blue) were bicucul-
line sensitive, meaning that they were GABA , receptor-mediated
inhibitory synaptic currents (presumably from other ES cell-derived
GABAergic neurons including Purkinje cells). When these synaptic
potentials were suppressed with CNQX and bicuculline, we recorded
the repetitive firing of spontaneous action potentials (Fig. 5g; current
clamp). Such intrinsic excitability is a characteristic of dissociated
Purkinje cells33.

Another intriguing characteristic of mature Purkinje cells is that the
NMDA-type glutamate receptor makes no significant contribution to
their synaptic responses®!, unlike many other neurons. In Mg?*-free
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external solution, which unmasks synaptic currents mediated by the
NMDA receptor (regardless of AMPA receptor activity), the NMDA
receptor antagonist p(-)-2-amino-5-phosphonovaleric acid (AP5)
did not significantly affect the amplitude or time course of inward
synaptic currents (Fig. 5r), although these currents were suppressed
completely by CNQX with AP5 (Fig. 5r) and by CNQX alone (data
not shown). These results are consistent with the inward synaptic
current of SFEBq/FIC-induced Purkinje cells being mediated pre-
dominantly by the AMPA receptor and not the NMDA receptor, again
showing similar electrophysiological properties to native Purkinje
cells in primary culture.

Orthotopic integration of ES cell-derived Purkinje cells

The postnatal cerebellum consists of the cortex and the DCN
(Supplementary Fig. 6). The stratified cortex consists of the molecu-
lar layer, which contains parallel fibers and Purkinje cell dendrites,
the Purkinje cell layer, the granule layer (containing granule cells),
and the white matter (Supplementary Fig. 6).

For the transplantation study, Neph3* cells derived from GAD-GFP
ES cells were sorted on day13, and then microinjected into the sub-
ventricular space of the E15.5 mouse cerebellar plate in utero (Fig. 6a
and Supplementary Fig. 6; 10,000 cells per fetus). The majority of
grafted GAD-GFP* neurons found in the host cerebella expressed
Calbindin and L7 at 1 and 4 weeks after transplantation (Fig. 6b-d
and data not shown; for example, 87.3 £ 4.2% of GAD-GFP* cells were
L7+ at the 4-week point; Fig. 6e; the ratio of the surviving GFP* cells
per the total injected cells was ~3%; Supplementary Fig. 6), indicat-
ing that the ES cell-derived purified precursors differentiated into
mature Purkinje cells in vivo. This was unlikely to be due to fusion
with host cells, as we found no GFP labeling in grafted Purkinje cells
generated from red fluorescent protein (RFP)-labeled ES cells (not
carrying GFP), when we used the L7-GFP mouse as a host (five mice,
each containing >200 grafted Purkinje cells; Supplementary Fig. 6).
Most of the GAD-GFP* neurons were located in the Purkinje cell
layer (Fig. 6b-d.f), suggesting that the ES cell-derived Purkinje cell
precursors could undergo orthotopic integration.

Most of the integrated grafted Purkinje cells (>90%, 4 weeks after
transplantation) showed normal cell polarity, and had well-developed
dendrites growing outward in the molecular layer (Fig. 6d,g). High-
resolution confocal imaging showed that their primary dendrites
frequently received multiple VGluT2* patches (in a string-of-beads
appearance; Fig. 6h,i), which reflect the presynaptic inputs of the
climbing fibers®. In addition, in the periphery of the dendrites,
the GluR32* spines were closely associated with the localization of
cerebellin (Cblnl), which is specifically found at the presynaptic
termini of parallel fibers in vivo®®?7 (Fig. 6j-1). The grafted Purkinje
cells had a long axon extending through the granule layer (Fig. 6g
and Supplementary Fig. 6) and white matter toward the DCN
(Supplementary Fig. 6).

The DCN contains large (magnocellular) projection neurons that
express SMI-32 (a glutamatergic marker; Supplementary Fig. 6) and
small SMI-32" neurons (arrows in Supplementary Fig. 6). The GAD-
GFP axonal terminals from the graft-derived L7* neurons extended
to the DCN in 15-45% of the grafted cerebella (Fig. 6m-o), where
they formed large synaptophysin* synaptic boutons that were found
preferentially on the soma or the proximal dendritic roots of SMI-32*
magnocellular DCN neurons (Fig. 6m-o).

This projection of Purkinje cell axons onto the magnocellular
DCN somata is characteristic of the normal DCN38 (Supplementary
Fig. 6). A quantitative comparison showed that L7 axons from
both endogenous and ES cell-derived Purkinje cells terminated
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predominantly on magnocellular SMI-32* DCN neurons, rather
than on small SMI-32~ ones (Fig. 6p; analysis based on the location
of L7*/synptophysin* boutons). Together, these findings show that
ES cell-derived Purkinje cells can integrate orthotopically, project
their axons to the correct DCN targets and form apparently normal
synaptic connections in vivo.

DISCUSSION
In vitro cerebellar development by self-induction
Making the best use of the emerging knowledge on early cerebellar
development*2528 we successfully recapitulated the in vivo micro-
environments of the cerebellum’s developmental field in ES cell
culture. Our three-step method (Supplementary Fig. 5) produced
a substantial improvement (up to ~30-fold) over the previously
reported frequency of Purkinje cell generation!8-20,

Each specification step is highly efficient and reason-
ably mimics the in vivo developmental process. For instance,
>80% of the SFEBq/FI-cultured ES cells expressed En2 in the

o
-
=)
3

FN
o

n
[=]

Figure 6 Orthotopic integration of ES celi~derived
Purkinje cells into the cerebellum. (@) Schematic
diagram of the method for in utero transplantation.
(b—d) Integration of multiple grafted GFP* cells
into the Purkinje cell layer of the host cerebellum.
Immunostaining showed that grafted GFP* cells
expressed calbindin (b,c) and L7 (d) at 1 week (b,c)
and 4 weeks (d) after transplantation. (e) Percent-
age of GAD-GFP* neurons expressing L7 in

the cerebellar plate on the indicated days after
transplantation (3 mice each). (f) Percentage

of integrated GFP* cells in each layer of the
cerebellar cortex (5 mice). (g) Integration of a
grafted GFP* cell with proper polarity. The GFP*
axon (arrowheads) extends in the white matter
along other L7* axons. (h,i) Confocal images of
grafted GAD-GFP* dendrites. Puncta positive

for the glutamate transporter VGIuT2 were seen
along the dendritic shafts of GFP* neurons

(h, distal; i, proximal portion of dendrite).

(j-1) High-magnification confocal images of grafted
GAD-GFP* dendritic spines, immunostained for
GIuRS2 (j), Cbinl (k) and GIuRS2 + Cbinl ().
(m-0) Section of an SMI-32* large glutamatergic
DCN neuron. Graft-derived GAD-GFP* axons
terminate at the soma and express synaptophysin
(n; at their terminal boutons) and L7 (o).

(p) Percentage of neurons surrounded by
synaptophysint GFP* boutons in the DCN.

The majority of synaptophysint L7-GFP* axons
terminated on SMI-32* large glutamatergic
neurons {closed column) in L7-GFP mice (left;

3 mice). Similarly, GAD-GFP* axons in grafted
mice terminated predominantly on SMI-32*
neurons (right; 6 mice). Scale bars: 100 pm (b);
50 um (c,d); 200 pm (g); 10 pum (h,i,m-0);

2.5 um (j,k); 2 um (1). Error bars represent s.e.m.

oL7-
L7+

o

3d 1week 4 weeks

gaéae;ﬁmns MHB-region specification step (Fig. 1h),
M SMI32+ and >70% of those were of the isthmus/
0 SMi132-

rhombomere 1 type. Furthermore, 75% of
the neuroepithelial rosettes were positive
for Neph3*/Ptfla* (Supplementary Fig. 4).
Following FACS sorting, around 90% of
the Neph3* progenitors differentiated into
Corl2* Purkinje cell precursors in 2 days
in vitro (Fig. 5e).

The selective induction of En2* progenitors (which are present only
in a small region of the developing brainin vivo) was unexpected, given
that it was triggered by only a simple and transient treatment with
Fgf2 in the presence of insulin (Fig. 1i-1). We infer that this phenom-
enon reflects a special characteristic of MHB development, involving
self-inductive regulation. One reasonable interpretation is that the
combination of two weak caudalizing signals (Fgf2 and insulin) was
just sufficient to ‘prepattern’ the aggregates for a broad mid-hindbrain
regionalization without interfering with the endogenous self-inductive
program mediated by signals from the isthmic organizer. Subsequently,
endogenous Wntl and Fgf8 signals (and related signals) could have
formed a robust self-inductive system that led to MHB development
and the concurrent generation of the appropriate cell types for the
neighboring tissues (Supplementary Fig. 1). The existence of such
prepatterning and self-development was also supported by a previ-
ous explant study showing that the embryonic neuroectoderm at the
mid-streak stage is already prepatterned for tissue-autonomous En2
expression, far before its onset at the early somite stage®.
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In this view, it is reasonable that the direct application of exogenous
Fgf8 and Wntl, which could perturb their endogenous signaling
counterparts, could have resulted in relatively less efficient induction
of En2, unlike the simple Fgf2 treatment, which is thought to cause
little interference with the subsequent self-inductive processes. The
use of chemically defined medium was probably also helpful in this
highly selective differentiation, because it avoided undefined factors
that could complicate these signaling interactions. Indeed, the addi-
tion of KSR (knockout serum replacement), which is commonly used
in ES cell culture, reduced the efficiency of En2 induction (data not
shown). In addition, selective neural differentiation in SFEBq culture
occurs without obvious mesodermal differentiation?>22 (even in the
presence of Fgf); this might also help to simplify the cellular interac-
tions for the self-inductive development of the MHB.

Generally speaking, in the developing brain, the rostral-caudal
determination occurs earlier than decisive dorsal-ventral patterning.
In our system, the dorsal specification into the cerebellar plate identity
was achieved by using the hedgehog inhibitor cyclopamine (Fig. 2)
from day 7. This method of passive dorsal specification proved to
be better for the generation of Purkinje cell progenitors than was
active dorsalization using the strong dorsalizing factor BMP4, which
preferentially induced the differentiation of glutamatergic Math1™*
granule cells and Tbr1* DCN neurons (Fig. 2i,m). This differential
effect can be explained, at least in part, by the fact that Purkinje cells
arise from a broad area of the dorsal (alar) plate of rhombomere 1,
whereas granule cells and DCN neurons originate exclusively from the
dorsal-most tip of the neural tube. In accordance with this interpreta-
tion, treatment with both cyclopamine and BMP4 was less effective
for inducing Purkinje cell progenitors than cyclopamine treatment
alone (Fig. 2v, lanes 4 and 5).

Remaining questions and future applications
SFEBq/FIC-generated cerebellar progenitors were efficiently iso-
lated by FACS using an anti-Neph3 antibody. The day of culture
on which cells were sorted was a key parameter for obtaining
Purkinje cell-generating progenitors. Progenitors purified from
day 13 in culture (but not day 15 in culture) differentiated into
Corl2* Purkinje cell precursors (postmitotic) at high frequency in
dissociation culture (~90%; Fig. 5d,e). In contrast, the generation
of Pax2* cells (which generate non-Purkinje GABAergic neurons
such as Golgi cells; Supplementary Fig. 5) from Neph3™* progeni-
tors was more efficient with cells sorted on day 5 than on day 13.
This differential relationship was consistent with our birth-dating
analysis (Fig. 4r) and the expression profile of E-cadherin (which
is expressed more strongly on day 13 than on day 15) as well as with
the timing of cerebellar development in vivo.

In a co-culture system of sorted Neph3* progenitors with rhombic
lip-derived granule cells, ~40% of the ES cell-derived GABAergic
neurons (GAD-GFP*) were L7* Purkinje cells (Fig. 51). Although this
percentage, seen after long-term co-culture (25 d), was fairly remark-
able, it was still lower (about by half) than the percentage (83-90%) of
Corl2* precursors generated from Neph3* progenitors in dissociation
culture 2 days after sorting (Fig. 5d). This reduced efficiency might
reflect the moderate dilution of the Purkinje cell population by non-
Purkinje GABAergic neurons that were also generated from Neph3*
progenitors after the Purkinje cell production was finished (also note
that a portion of Pax2* cells are initially mitotic; Supplementary
Fig. 4). The contribution of biased apoptosis remains elusive, as our
preliminary study detected only low percentages of ES cell-derived
apoptotic cells (<1% positive for active caspase 3) regardless of L7
expression (not shown).
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Purkinje cell loss is associated with cerebellar degeneration, par-
ticularly of the SCA6 type?. Unfortunately, cell transplantation is
hindered by a technical issue: exogenous cerebellar neurons have
historically had low integration efficiency. In this study, we injected
Neph3* progenitors into the cerebellar plate of E15.5 mice. Four
weeks later, the numbers of surviving grafted GAD-GFP* neurons
was typically ~3% of the grafted neurons, although most (>90%) of
the integrated neurons were L7* Purkinje cells. We also found low
integration efficiency in our grafting study of endogenous cerebellar
progenitors from GAD-GFP mice (<2-3%; Supplementary Fig. 6),
indicating that this problem is not limited to the ES cell-derived
cells. The integration efficacy was even lower when cells were trans-
planted into the postnatal cerebellum (postnatal day 3 to week §;
Supplementary Fig. 6), consistent with previous studies*!. In con-
trast to the fetal transplantation, GAD-GFP* cells that were injected
postnatally did not integrate into the postnatal cerebellar cortex but
mostly stayed in the white matter, and did not express L7 or calbindin
(Supplementary Fig. 6). We have attempted to improve the neuronal
integration in the adult mouse by using a cerebellar degeneration
model line*?, but so far the integration rate remains low, suggest-
ing that it is not simply due to the lack of a niche or free space. We
infer that successful cellular integration during the early period after
transplantation is an important decisive factor, as both the number
of surviving GAD-GFP* cells and the percentage of L7* cells among
them were much the same a few days and four weeks after grafting
(Fig. 6e and Supplementary Fig. 6). In the future, intensive efforts
to create permissive in vivo conditions for the improved survival of
grafted cerebellar neurons will be essential for the functional recovery
of cerebellar degeneration by cell replacement.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/natureneuroscience/.

Note: Supplementary information is available on the Nature Neuroscience website.
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ONLINE METHODS

ES cell culture. Mouse ES cells (EB5) were maintained as described"’. To gener-
ate GAD67-GFP knock-in ES cells, we obtained E3.5 blastocysts from pregnant
female 129x1/Sv] mice mated with heterozygous GAD67-GFP (neo) mice'®
and subjected them to ES cell derivation on mouse embryonic fibroblasts. For
SFEBq culture, ES cells were dissociated to single cells in 0.25% trypsin-EDTA
and quickly reaggregated in differentiation medium (3,000 cells per 150 pl per
well) in 96-well low-cell-adhesion plates (Lipidure Coat, NOF). The basal dif
ferentiation medium used during days 0-11 was gfCDM (modified from ref.44),
consisting of Isocove’s modified Dulbecco’s medium/Ham’s F-12 1:1, chemically
defined lipid concentrate, penicillin/streptomycin, monothioglycerol (450uM),
apo-transferrin (15 ig mi™!) and crystallization-purified BSA (5 mg mI™!, >99%,
Sigma). The medium was supplemented with insulin (7 jig mI™!) on day 0 (the
starting day of differentiation culture) unless otherwise noted. Recombinant
proteins were purchased from R&D Systems. Cyclopamine was purchased from
Toronto Research Chemicals.

Immunohistochemistry. Inmunohistochemistry was performed as described!’.
For quantitative analysis, 16-24 aggregates were examined for each experiment,
which was repeated at least five times. Antibodies to the following proteins were
used at the indicated dilutions: En2 (goat 1:100, Santa Cruz), Otx2 (goat 1:100,
Santa Cruz, rabbit 1:100, Abcam), Pax2 (rabbit 1:200, Zymed, mouse 1:1,000,
Abnova), Tbrl (rabbit 1:1,000, Chemicon), 5HT (rabbit 1:1,000, Protos), tyrosine
hydroxylase (sheep 1:100, Chemicon), Lhx5 (goat 1:100, Santa Cruz), Calbindin
(mouse 1:1,000, Swant, goat 1:100, SantaCruz), Neph3 (Kirrel2) (goat 1:2,000,
R&D Systems), E-cadherin (rat 1:50, Takara), N-cadherin (mouse 1:1,000, BD
Transduction), Ki67 (mouse 1:200, BD Pharmingen), aPKC (PKCL, rabbit 1:100,
Santa Cruz), pH3 (mouse 1:500, Cell Signaling), GluR82 (goat 1:100, Santa Cruz),
Synaptophysin (rabbit 1:400, Zymed), SMI-32 (mouse 1:200, Covance), Meis1/2
(goat 1:100, Santa Cruz), Parvalbumin (mouse 1:2,000, Sigma), VGluT2 (guinea
pig 1:1,000, Chemicon), Cbln1 (rabbit 1:200, Abcam), Neurogranin (rabbit 1:1,000,
Chemicon), Corl2 (ref. 25) (rabbit 1:200), Ptf1a?* (hamster 1:2), Neph3 (ref. 28)
(hamster 1:100), Math1 (ref. 18) (guinea pig 1:3,000), L7 (ref. 18) (rabbit 1:5,000).
DAPI was used for counterstaining the nuclei (Molecular Probes). NeuroTrace
was used for Niss!’s staining (Molecular Probes). NEO-STEM was used for labe-
ling of grafted cells (Biterials). Stained sections were analyzed with LSM710 con-
focal microscope (Zeiss). Images were assembled by Adobe Photoshop CS2.

Quantitative PCR. Quantitative PCR was performed using the 7500 Fast Real
Time PCR System (Applied Biosystems) and data were normalized to GAPDH
expression. The primers used for gPCR are listed in Supplementary Table 1. The
values shown on graphs represent the mean * s.e.m. For quantitative analysis,
24-48 aggregates were examined for each experiment, which was repeated at
least five times.

Neuronal differentiation culture. For the SFEBg/FIC culture, Fgf2 (20 ng ml™!)
was added on day 1, and cyclopamine (10 M) on day 7 to the insulin-containing
¢fCDM medium (Fig. 3a). On day 11, the cell aggregates were transferred to a
collagen-coated membrane (Transwell-COL, Corning) in DMEM/F12/N2/
10%FBS supplemented with 7 g I'! glucose.

FACS sorting. For FACS analysis, cells were counted with FACSAria (Becton
Dickinson), and the data were analyzed with the FACSDiva software (Becton
Dickinson). The cells were dissociated to single cells by Accumax (Chemicon)
treatment and analyzed at 4 °C. For the Neph3* cell isolation experiments, the
cells were dissociated with Accumax on day 13 or day 15 and filtered through a
Cell Strainer (BD Biosciences). The cells were then incubated with an anti-Neph3
monoclonal antibody and labeled with a PE-conjugated secondary antibody (BD
Biosciences). Sorted cells were collected in ice-cold DMEM/F12/N2/10%FCS and
quickly reaggregated in low-cell-adhesion 96-well culture plates (1 x 10? cells
per well). Sorted Neph3-positive and -negative cells were reanalyzed by FACS
and gPCR to confirm the quality of sorting. For forced neuronal differentiation,
DAPT (10 uM) was added after the sorting.

Birth-dating analysis. For the in vitro birth-dating analysis, aggregates were
treated with EAQU (5 ug ml~%, Invitrogen) on days 10, 11, 12,13, 14, 15 or 16, and

rinsed with medium after 12 h, to remove the EdU. On day 19, the cell aggregates
were fixed and cryosectioned. Sections were immunostained for EdU and each
cerebellar neuron marker. The percentage of EQU* cells that expressed Corl2 or
Pax2 was quantified. For the quantification, 16-24 aggregates were examined for
each experiment, which was repeated at least three times.

Dissociation neuronal coculture. For cocultures of granule cells with cerebel-
lar Purkinje cells, the upper rhombic lip (rhombomere 1) was strictly dissected
from E15.5 mice and dissociated with Accumax. The cells were sorted on day 13
in vitro, reaggregated, and the reaggregated Neph3* cells were dissociated again
on day 15 (2 days after the sorting). The sorted cells were mixed with the dis-
sociated mice rhombic lip cells at a ratio of 1:3, and the mixed cells were plated
onto poly-D-lysine/laminin-coated cover glasses at a density of 2 x 10° cells per
100 pl per cm? in DMEM/F12/N2/10%FBS/penicillin-streptomycin. After a 3-h
incubation in a CO, incubator, culture medium was added to each dish to reduce
the concentration of serum. The culture medium consisted of DMEM/F12/N2
supplemented with tri-iodothyronine (T3, 0.5 ng mI™!). The cells were fed once
a week by replacing half of the old medium with fresh medium that was supple-
mented with BSA (100 g mI™!) and cytosine arabinoside (Ara-C, 4 uM)*.

Electrophysiological analysis. Electrophysiological analysis was performed as
described?$. Whole-cell patch-clamp recordings were made from dissociated
cultured cells at room temperature (~21-25 °C). The extracellular bath solution
consisted of (mM): 145 NaCl, 5 KOH, 2 CaClz, 1 MgClz, 10HEPES and 10 glucose
(pH 7.3). The patch pipette solution consisted of (mM): 140 p-glucuronic acid,
7 KCl, 155 KOH, 5 EGTA, 10 HEPES, 2 Mg-ATP and 0.2 Na-GTP. The membrane
potential was held at -70 mV unless otherwise stated. The junction potential was
offset. The signal was filtered at 2.9 kHz and digitized at 20 kHz. Only recordings
with an input resistance of more than 100 MQ and a series resistance of <25 MQ
were accepted. In some experiments, bicuculline (20 pM) or CNQX (10 pM)
was applied to the bath solution. To record evoked EPSCs, a voltage pulse (10V,
2 ms) was applied to the soma of a granule cell through a glass electrode in
a bath solution lacking Mg?** and including 1 M glycine. In this experiment,
QX-314 (5 mM) was added to the internal solution to block action potentials. AP5
(100 uM) and CNQX were used to suppress AMPA-type and NMDA-type gluta-
mate receptor-mediated currents, respectively. When synaptic potentials were
suppressed, the resting membrane potential of the ES cell-derived Purkinje cells
was —57.5+ 3.0 mV, and the amplitude, half-height width and frequency of the
action potentials were 52.4+ 7.9 mV, 1.8+ 0.8 ms and 8.4 £ 4.5 Hz, respectively.

In utero injection. The transplanted cells were GAD67-GFP ES cells that were
prepared by FACS sorting on day 13. The Neph3* cells were aggregated in vitro
for 2 days, and then dispersed with Accumax (no DAPT treatment was given,
as it was less beneficial for long-term survival). To perform the transplantation,
pregnant mice (on day 15.5 of gestation; the cerebellar anlage at this stage conr
tained 8.2-9.1 x 10% cells, and 1.8-2.0 x 10* of these cells were Neph3* by flow
cytometry) were deeply anesthetized with an intraperitoneal injection of sodium
pentobarbital. The uterine horns were exposed, and 2 ul of cell suspension
(5 x 10 cells per pl) was injected into the cerebellar plate and throughout the
fourth ventricle of each embryo with a glass micropipette. The cerebellum was
dissected at indicated time-points, sectioned at a 50-um thickness, and the
sections were immunostained.

Mice. Female 129x1/Sv] mice, pregnant C57BL/6-Tg(CAG-EGFP) mice, C57BL/6
and ICR mice were purchased from Nihon-SLC. B6;FVB-Tg(Pcp2-EGFP)2Yuza/]
mice (described as L7-GFP mice) were obtained from Jackson Laboratory?t.

43. Tamamaki, N. ef al. Green fluorescent protein expression and colocalization with
carletinin, parvalbumin, and somatostatin in the GAD67-GFP knock-in mice.
J. Comp. Neurol. 467, 60-79 (2003).
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45, Tabata, T. et al. A reliable method for dissociated mouse cerebellar cells enriched
for Purkinje neurons. J. Neurosci. Methods 104, 45-53 (2000).
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Interaction of ataxin-3 with huntingtin-associated
protein 1 through Josephin domain

Yukio Takeshita®®, Ryutaro Fujinaga®, Keiji Kokubu?, Md. Nabiul Islam?,
Mir Rubayet Jahan® Akie Yanai® Akira Kakizuka® and Koh Shinoda®

Huntingtin-associated protein 1 (HAP1) is an essential
component of the stigmoid body (STB) and known as a
possible neuroprotective interactor with causative proteins
for Huntington’s disease, spinal and bulbar muscular
atrophy, spinocerebellar ataxia type 17 (SCA17), and
Joubert syndrome. To clarify what other causative
molecules HAP1/STB could interact with, we cloned
normal causative genes for several neural disorders from
human brain RNA library and evaluated their subcellular
interaction with HAP1/STB by immunocytochemistry and
immunoprecipitation after cotransfection into Neuro2a
cells. The results clearly showed that HAP1/STB interacts
with the normal ataxin-3 through Josephin domain and
polyglutamine-expanded mutants derived from SCA3 as
well. The findings suggest that HAP1/STB could modify the
physiological function of normal ataxin-3 and pathogenesis

Introduction

The stigmoid body (STB) was first identified as a distinct,
spherical-to-ovoidal, nonmembrane-bound inclusion (0.5~
3 um in diameter) in the cytoplasm of neurons in the limbic
and the hypothalamus of healthy rats [1-3]. The STB has
none of the aggresomal characteristics, such as being
ubiquitinated and surrounded by vimentin, indicating that
the STB is a physiological entity distinct from pathological
aggresome [4]. Huntingtin-associated protein 1 (HAP1)
induces the formation of STB by its complementary DNA
(cDNA) transfection into HEK293 cells [5] and it is
detected in the STB of the rat brain [6]. In the mouse
brain, the STB and HAP1 messenger RNA have a similar
distribution [7] and the STB formation is suppressed in the
brain of Hapl (+/-) mice [8]. This evidence has led to
the suggestion that HAP1 is an essential component, hence
a marker, of STBs [3].

HAP1 interacts with huntingtin in polyglutamine(polyQ)-
dependent manner [9] and has a protective effect on
neurons against apoptosis induced by polyQ-expanded
huntingtin [7,8]. HAP1/STB also interacts with polyQ-
expanded androgen receptor (AR) in polyQ-dependent
manner through a ligand-binding domain, and it suppresses
apoptosis induced by a polyQ-expanded AR derived from
spinal and bulbar muscular atrophy (SBMA) [10]. In
addition, HAP1/STB is associated with TATA-binding
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protein [11], the polyQ-expansion of which causes spino-
cerebellar ataxia type 17 (SCA17), and Abelson helper
integration site 1 [12], mutations of which are linked to
nontriplet neuropsychiatric diseases including Joubert
syndrome and schizophrenia [13]. The line of data suggests
that HAP1/STB could play a protective role in Hunting-
ton’s disease, SBMA, SCA17, and Joubert syndrome,
leading to the ‘HAPI1/STB protection hypothesis’ that
HAP1/STB expression raises the threshold of vulnerability
for neurodegeneration and renders more beneficial stability
to neurons with HAP1/STB than without it [7]. It remains
to be determined, however, how far the hypothesis can be
applied to other neural disorders.

In this study, to screen what other neural-disorder-related
molecules are possibly involved in the interaction with
HAP1/STBs, we cloned causative molecules in several
representative neural disorders from normal human brain
RNA library and evaluated their subcellular interaction
with HAP1/STB in Neuro2a cells.

Methods

Plasmids and Cell culture

Plasmids used here were PCR-amplified using the primers
listed in Supplementary Table 1 (Supplemental digital
content 1 Auzp://links.lww.com/WNR/A106). As target molecules,
we choose amyloid precursor protein (APP) in Alzheimer-
type dementia, o-synuclein, ubiquitin carboxy-terminal
esterase L1 (UCH-L1) in Parkinson’s disease, transactive

DOL: 10.1097/WNR.0b013e32834505f4



response  DNA-binding protein of 43kDa (TDP-43) in
amyotrophic lateral sclerosis, ataxin-1 in SCAI, ataxin-3 in
SCA3, and monoamine oxidase A (MAO-A) in schizophrenia.
HAP1 ¢DNA obtained from Full-length Human Clone
Collection (Invitrogen, Carlsbad, California, USA) were
cloned into the EwRI-Xkol-digested pcDNA3 vector (In-
vitrogen). The isolation of ataxin-3Q27 and ataxin-3Q79
¢DNAs has been described earlier [14] and was used to
reconstruct  FLAG-tagged ataxin-3Q27 and ataxin-3Q79
using Gateway technology (Clontech, Mountain View,
California, USA). Ataxin-3 deletion mutants were amplified
from ¢cDNA encoding ataxin-3 by PCR. The ¢cDNAs of the
other target molecules were obtained from human brain total
RNA (Clontech) by reverse transcriptase-PCR and were
used to construct p3 x FLAG-CMV-10 vector (SIGMA,
St Louis, Missouri, USA) using Gateway technology. The
plasmids cloned in this study were verified by sequencing,
The mouse neuroblastoma (Neuro2a) cell culture was done
as described earlier [10].

Western blot analysis, fluorescence
immunocytochemistry, cell count, and

statistical analysis

Western blot analysis and immunocytochemistry with
rabbit anti-HAP1 polyclonal antibody (HAP1 H-300,
Santa Cruz Biotechnology, Santa Cruz, California, USA)
and mouse anti-FLAG monoclonal antibody (FLAG-MS,
Sigma-Aldrich, Tokyo, Japan) was performed as described
earlier [3,10]. Image analysis, cell count, and statistical
analysis was performed as described earlier [10].

Immunoprecipitation and quantitative analysis
Immunoprecipitation was performed using the FLAG
Immunoprecipitation kit (Sigma-Aldrich) according to
the manufacturer’s instructions. Quantitative analysis was
performed as described earlier [10].

Results

The expression vectors of HAP1 and FLAG-tagged ataxin-
1, ataxin-3Q27, a-synuclein, UCH-L1, APP, TDP-43, and
MAO-A were constructed and singly transfected. Western
blot analysis of these transfected cell lysates showed
distinct bands corresponding to their expected molecular
weights (Fig. 1a and b). Most of the cultured cells trans-
fected with HAP1 were observed to form HAP1-immuno-
reactive solitary inclusions in cytoplasm (HAP1/STBs) as
reported earlier [4,5,7] (see Figure 1a Supplemental digital
content 2 Auzp://links.lww.com/WNR/A107). Immunofluores-
cence cytochemistry showed that ataxin-1 or TDP-43 was
localized mainly in the nucleus (see Figures 1b and f
Supplemental digital content 2 Azzp://links.lww.com/WNR/
A107), whereas ataxin-3Q27, APP, or MAO-A was expressed
mainly in the cytoplasm (Fig. 1c, see Figures le and g Sup-
plemental digital content 2 /zp://links.lww.com/WNR/IAIOT).
UCH-L1 and a-synuclein showed diffused expression in
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both nucleus and cytoplasm (see Figures 1lc and d
Supplemental digital content 2 Aup://links.kww.com/WNR/
A107).

To evaluate the intracellular relationship between HAP1
and the abovementioned target molecules, the expression
vectors of HAP1 and each causative molecule were
cotransfected. Cotransfection of expression vectors of
HAP1 and ataxin-3Q27 induced distinct cytoplasmic
aggregations that were HAP1/ataxin-3 double positive
(Fig. 1g—i). In contrast, the other molecules did not
interact with HAP1-immunoreactive inclusions (Fig. 1d-f
and j—x) and their intracellular localizations in single
transfection were unchanged even after cotransfection
with HAP1/STB.

To determine the region of ataxin-3 crucial for interaction
with HAP1, the expression vectors of three kinds of ataxin-
3-deletion mutants were created (Fig. Za). They included
c¢DNAs encoding Josephin domain (ATX3 1-510), ataxin-3
lacking Josephin domain (ATX3Q27 511-1083), and ataxin-
3 lacking Josephin domain and ubiquitin-interacting motifs
(ATX3Q27 781-1083). In western blots, cell lysates from
the transfected cells showed the expected molecular
weights of all these mutants (Fig. 2b). Immunofluorescence
cytochemistry showed that a single rtransfection of
ATX3Q27 511-1083 or ATX3Q27 781-1083 resulted in
entirely diffused expression (Fig. 2c and d), whereas ATX3
1-510 was expressed ambiguously in nucleus and part of the
cytoplasm (Fig. 2e).

Cotransfections of the expression vectors of ATX3 1-510
and HAP1 induced the formation of prominent HAP1/
ATX3 1-510 double-labeled cytoplasmic aggregations
(Fig. 2l-n). In contrast, cotransfection of HAP1 and
ATX3Q27 511-1083 or 781-1083 did not result in HAP1
double-labeled cytoplasmic aggregations (Fig. 2f-k).
Then, the coimmunoprecipitation experiment was car-
ried out to biochemically investigate the interaction of
the HAP1/STB and ataxin-3Q27 or Josephin domain (Fig.
20 and p). In cells coexpressing HAP1 and ataxin-3Q27 or
ATX3 1-510, HAP1 coprecipitated with ataxin-3Q27 and
ATX3 1-510. However, HAP1 did not coprecipitate with
ATX3Q27 511-1083. The results clearly show that the
Josephin domain itself is an essential region for associa-
tion with HAP1/STB.

A FLAG-tagged-ataxin-3 (ataxin-3Q79) was created
(Fig. 3a). In western blots, cell lysates from the transfected
cells showed the expected molecular weights (Fg. 3b).
Most of the cells were observed to express ataxin-3Q79
diffusely in the nuclei and cytoplasm in fluorescence
microscopy (Fig. 3c). Immunofluorescence cytochemistry
showed that the HAP1/ataxin-3 double-labeled cytoplas-
mic-aggregation (Fig. 3d-f). To clarify the difference in the
frequency or strength of association with HAP1 between
ataxin-3Q27 and ataxin-3Q79, the HAP1/ataxin-3 double-
labeled cytoplasmic aggregation formation (HA3-CAF)
ratios (HA3-CAF cell number/total cotransfected cell
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Fig. 1
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Cotransfection of huntingtin-associated protein 1 (HAP1) and target molecules. (a and b) Western blots for nontransfected (NT) cells and cells

transfected with HAP1 (a) and FLAG-tagged target molecules including ataxin-1, ataxin-3Q27, a-synuclein, ubiquitin carboxy-terminal esterase L1
(UCH-L1), amyloid precursor protein (APP), transactive response DNA-binding protein of 43 kDa (TDP-43), and monoamine oxidase A (MAO-A) (b).
Molecular weights (kDa) are indicated on the left side. (c) Fluorescence immunocytochemistry for ataxin-3Q27-transfected cells. (d~x) Fluorescence

microscopic images of cells cotransfected with HAP1 (Alexa488: green) and target molecules (Alexa594: red). Arrowheads indicate ataxin-3Q27
was associated with HAP1/stigmoid body (f) (bar=10 pm).
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