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Table 3
Immunoblot assay of ganglioside GM1 amount.
4 weeks 8 weeks 6 months
Age-matched non-treated (range) 2.65-3.55(n=3) 4.98-5.28 (n=13) 758 (a=1)
Treated with uncultured FBC Mouse 1 Mouse VI Mouse X1
Rt: 1.42° Rt: 2.30° Rt: 6.18°
, Lt: 1.80° Lt: 2.44° Lt: 6.40°
Treated with MSC Mouse 11 Mouse VII
Rt: 1.82° Rt: 5.30
Lt: 1.31* Lt: 5.23
Mouse III Mouse VIII
Rt: 1.40° Rt: 4.40°
Lt: 1.34° Lt: 4.73°
Treated with mixed MSC and FBC Mouse IV Mouse IX
Rt: 1.33° Rt: 4.55°
Lt 1.34° Lt: 4.78°
Mouse V Mouse X
Rt: 1.78¢ Rt: 4.45°
Lt: 1.62° Lt: 4.58°

Values are ratios to those for age-matched control mice. Each sample was tested in duplicate for three times and results are mean values. Rt, right

hemisphere; Lt, left hemisphere.
* Remarkable decrease.

® Slight decrease of ganglioside GM1 compared with non-treated mice.

was found in the mice of every group. However, at 8
weeks, decrease was detected only in the mouse treated
with FBC. Efficacy was still noted at 6 months after
injection in FBC-treated mouse. These findings were
consistent with those for X-Gal staining (Fig. 1) and
B-galactosidase activity (Table 2).

4. Discussion

Two therapeutic methods, HSCT and ERT, are clin-
ically available for LSDs. However, neither is markedly
effective in the brain. A number of experiments in ani-
mal models have been carried out on the treatment of
brain in LSDs. Each revealed some efficacy in the brain,
though it was transient and incomplete. Sufficient
enzyme expression throughout life is needed in the
brain. Thus, permanent engraftment of enzyme-secret-
ing cells in the brain, or permanent expression of an
exogenous gene with a vector or as an integrated gene
might eliminate the brain involvement in LSDs.

However, the immune responses of host animals are
among the most difficult problems to overcome in this
respect [31-33]. Although the brain, which is sequestered
from systemic immune responses, is thought to exhibit
little immune response, elimination of cells expressing
a therapeutic transgene occurs in the brain. We specu-
late that innate inflammatory immune responses are
stimulated to kill such cells, not necessarily with the
induction of a linked adaptive immune response. When
host brain cells express a therapeutic transgene mediated
by a viral vector, the host cells themselves will be elimi-
nated, possibly resulting in acceleration of neuronal cell
death in neurodegenerative disorders. Transplantation
of cells having the same genetic information as the host

animals with LSD except for expression of a deficient
enzyme protein would thus be a good method of treat-
ment for avoiding the elimination of host neuronal cells
and curing diseased host cells.

We performed cell transplantation into the brain of
B-galactosidase-deficient mice to study the usefulness
of long-term engraftment for supplementation of defi-
cient enzyme protein. To minimize the immune
responses in the recipient B-galactosidase knock-out
mice, we used cells of mice with the same genetic back-
ground as the recipient except for possession of copies of
the human f-galactosidase gene.

Initially, in the transplantation experiment, we used
FBC from transgenic mice expressing the human f-
galactosidase gene. The cells could grow in an envi-
ronment similar to that of the recipient organ in
which they were originally growing. The cells spread
into the brains and the cell number increased at least
until 4 weeks. They grew very successfully for at least
8 weeks and survived for 6 months or more. However,
the number of engrafted cells had decreased signifi-
cantly at 6 months, while the size of the brain had
increased. The decrease in ganglioside GM1 accumula-
tion was also marked until 8§ weeks after transplanta-
tion. However, at 6 months, this decrease was far less
pronounced, with re-accumulation of ganglioside
GM1. After the cells were engrafted and the cell num-
ber was increased by the cell division in the recipient
brain, they were depleted. The mechanism of depletion
of transplanted cells involved immunological rejection,
although the transplanted cells were very similar
genetically and physiologically to the recipient,

Next, we performed a transplantation experiment
using MSCs obtained from the bone marrow of the
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Wild-type mouse

Non-treated mouse

FBC-treated mouse
Right hemisphere

FBC-treated mouse
Left hemisphere

Fig. 2. Immunoblot assay of ganglioside GM1 in brain homogenate at
8 weeks after treatment. Performed in duplicate as shown in two slots
for each sample. (a) Wild-type mouse; (b) Non-treated mouse; (c and
d) Right and left hemisphere, respectively, of a mouse treated with
FBC. The immunoreactivity against ganglioside GM1 antibody in the
treated brain (c and d) was less than non-treated brain (d). The
accumulated amounts of ganglioside GM1 were calculated in the ratio
to the age-matched wild-type mouse (a) from the densitometric
quantification signais. These values were shown in Table 3.

same mice expressing the human B-galactosidase gene.
MSCs were obtained using the method of plastic adher-
ence. This relatively crude procedure produces a hetero-
geneous population including multipotential MSCs.
These crude cells were used to avoid depletion of poten-
tially important cells and for ease of preparation for
clinical application. The cells spread into the brains
and the cell number increased similarly to FBC trans-
plantation experiment until 4 weeks. However, decrease
in number of engrafted living cells and efficacy in pre-
venting accumulation of ganglioside GMl1 were
observed in the examination of 8-week-old treated mice.

A number of studies on neural transdifferentiation
have been reported [34-37]. Some have reported that
neural transdifferentiation of MSCs is induced by cell
fusion with host neuronal cells [38-41] We therefore
used mixed FBC and MSC cells to stimulate cell fusion.
More engrafted cells were found in the deep areas of the
mouse brains treated with mixed cells than in the brains
treated with MSC alone. However, no fused cells could
be identified. The long-living cells were probably trans-
planted FBC themselves.

Decrease of ganglioside GM1 was observed even
though the increase of the p-galactosidase activity
was so small. Similar efficacy was shown previously
in our gene therapy experiment [2]. On the other
hand, we observed a general depletion of the trans-
planted cells over time in the BKO mouse brains.
The transplanted cells survived in early stage and
the number increased by cell division, then, died. This
was likely caused by immunological rejection, even

though we used fetal brain cells (FBC) from mice with
the same genetic background for transplantation. We
speculated that immunological reaction occurred
because these cells expressed the therapeutic enzyme
protein which the host animals did not have. The
same has been reported in the transplantation of
autogenous cells expressing an exogenous therapeutic
gene [33]. The grafted cells were gradually depleted
because of immunological rejection by the host
animals. To avoid deleterious immune attack and to
achieve sufficient long-term efficacy in brain, develop-
ment of methods to steer the immune response away
from cytotoxic responses or to induce tolerance to
the products of therapeutic genes is needed [42,43].
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this disorder.

Mucolipidosis Il and Iii are progressive lysosomal storage disorders caused by a deficiency of N-acetylglu-
cosamine-1-phosphotransferase, leading to massive accumulation of undigested substrates in lysosomes
(inclusion bodies) in skin fibroblast. In this study, we demonstrated accumulation of autolysosomes and
increased levels of p62 and ubiquitin proteins in cultured fibroblasts. These autophagic elevations were
milder in mucolipidosis IIl compared with mucolipidosis Il. Mitochondrial structure was fragmented and
activity was impaired in the affected cells, and 3-methyladenine, an inhibitor of autophagosome forma-
tion, restored these. These results show for the first time autophagic and mitochondrial dysfunctions in

® 2009 Elsevier Inc. All rights reserved.

1. Introduction

Mucolipidosis (ML)* 11 and Il are autosomal recessive diseases
caused by a deficiency of UDP-N-acetylglucosamine:lysosomal en-
zyme N-acetylglucosamine-1-phosphotransferase (GlcNAc-phos-
photransferase) and is characterized clinically by developmental
delay and dysostosis multiplex, which overlap partially with muco-
polysaccharidoses [1]. GicNAc-phosphotransferase is composed of
six subunits 03857, The o and B subunits are encoded by a single
gene GNPTAB and the vy subunit by GNPTG {2,3]. Mutations in GNPTAB
cause both severe type ML (ML II alpha/beta, MIM #252500) and
attenuated type ML (ML I alpha/beta, MIM #252600), and muta-
tions in GNPTG cause only attenuated type ML (ML Il gamma,
MIM #252605) [3-6]. GlcNAc-phosphotransferase acts in the first
step of synthesizing the mannose 6 phosphate (M6P) recognition
marker on lysosomal enzyme proteins, which is recognized by
MB6P receptor for targeting to the lysosome {7]. In ML patients, lyso-
somal enzymes lack M6P residues and are hypersecreted into the
extracellular space and body fluids instead of being targeted to the
lysosome. One of the most characteristic features of these diseases
is the presence of numerous phase-dense “inclusion bodies” in

* Corresponding author, Tel.: +81 6 6879 3932; fax: +81 6 6879 3938,
E-mail address: norio®ped.med.osaka-n.ac.jp (N. Sakai).

1 These authors contributed equally to this work.

2 Abbreviations used: ML, mucolipidosis; GlcNAc-phosphotransferase, UDP-N-ace-
tylglucosamine:lysosomal enzyme N-acetylglucosamine-1-phosphotransferase; M6P,
mannose 6 phosphate; LC3, microtubule-associated protein 1 light chain 3; Lamp-2,
lysosomal associated membrane protein-2; 3-MA, 3-methyladenine; DMEM, Dul-
becco’s modified Eagle’s medium; PBS, phosphate-buffered saline; BSA, bovine serum
albumin; Ub, ubiquitin.

1096-7192/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
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patients’ skin fibroblasts, which are thought to be lysosomes filled
with undigested compounds. However, their contribution to the
pathology of ML If and Il are still unclear.

Macroautophagy (hereafter referred to as autophagy) is a lyso-
somal degradation pathway that is essential for cellular survival
[8]. Autophagy not only provides nutrients during fasting but also
maintains inner cellular routine turnover by degrading misfolded
proteins and damaged organelles such as mitochondria, peroxi-
somes and endoplasmic reticulum. Recent reports show abnormal
lysosomal storage blocks the autophagy pathway and the ubiquitin
pathway in lysosomal storage diseases [9,10], but the connection
between inclusion body formation and the autophagy pathway in
ML 11 and IIl cells is not known. In this study we found accumula-
tion of autolysosomes followed by mitochondrial dysfunction in
ML fibroblasts, and impaired mitochondrial function was restored
by 3-MA, an inhibitor of autophagosome formation. Moreover,
these autophagic aberrations indicated some correlation with the
severity of clinical phenotypes.

2. Materials and methods
2.1. Cell culture

Human skin fibroblasts from a normal control and ML II, ML 11
patients were cultured in Dulbecco's modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
Antibiotic-Antimycotic (GIBCO, Grand Island, NY, USA) with the
informed consent of patients. ML II skin fibroblasts had homozy-
gous mutation of ¢.3565C>T (p.R1189X) in the GNPTAB gene,
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and ML Il had compound heterozygote mutations of ¢.1120T>C
(p.F374L) and ¢.3565C > T (p.R1189X) in the GNPTAB gene. These
mutations are common in Japanese patients, as reported in the pre-
vious paper [11].

2.2. Antibodies and reagents

Polyclonal anti-LC3 (PD014), polyclonal anti-p62/SQSTM1
(PM045) (MBL Co. Ltd., Nagoya, Japan), polyclonal anti-beclin-1
(H-300), monoclonal anti-Ub (P4D1), polyclonal anti--tubulin
(H-235), monoclonal anti-Lamp-2 (H4B4), polyclonal anti-cathep-
sin B (S-12), polyclonal anti-cathepsin D (H-75) (Santa Cruz Bio-
tech. Inc., Santa Cruz, CA, USA), monoclonal anti-Tim23 (611223)
(BD Biosciences, San Jose, CA, USA), monodansylcadaverine
(MDC), and 3-methyladenine (3-MA) (Sigma-Aldrich, St. Louis,
MO, USA) were purchased.

2.3. Protein extraction and immunoblotting

Protein extraction from cultured human skin fibroblasts and
immunoblotting was performed as described previously [12].
Briefly, equal amounts of proteins (10-20 ng) were electrophore-
sed in acrylamide gels and subjected to immunoblotting. After
incubation with HRP-conjugated secondary antibodies, the mem-
branes were developed using ECL plus reagent (GE Healthcare)
and images were captured using X-ray film (RX-U; Fujifilm Co., To-

kyo, Japan).

A Control

24. Fluorescence staining and microscopy

Immunofluorescence staining was perfoxrmed as described pre-
viously [12]. Briefly, cells on coverslips we re incubated with pri-
mary antibodies against LC3 (1:100), Lamp-2 (1:100), beclin-1
(1:100), ubiquitin (1:100), p62 (1:500), or Tim23 (1:100) for
60 min at room temperature (RT) or 4 °C overnight, and bound
antibodies were detected using Alexa Fluor-conjugated secondary
antibodies (1:2000 dilution with 0.1% BSA in PBS) for 60 min at
RT. For autophagic vacuole labeling, cells were incubated with
50 uM MDC for 10 min at 37 °C. For lysosoxne staining, cells were
incubated with LysoTracker Red DND-99 (100 nM, Molecular
Probes Inc., Eugene, OR, USA) for 60 min at 37 °C. For mitochondria
staining, cells were incubated with MitoTracker Red CMXRos
(100 nM, Molecular Probes Inc.) or JC-1 (3 pM, Molecular Probes
Inc.) for 20 min at 37 °C. All fluorescence images were acquired
using a fluorescence microscope (Leica DMIRE2; Leica Microsys-
tems, Wetzlar, Germany) or a confocal lase r scan microscopy sys-
tem (Leica TCS SP-2; Leica Microsystems).

2.5, Cathepsin B enzyme activity

The activity of cathepsin B was measwred using Magic Red
Cathepsin B detection kit (Immunochemistry Tech. LLC, Blooming-
ton, MN, USA). Briefly, cells were prepared on the 96-well cultured
plate and incubated with fluorogenic substrate for cathepsin B
{MR-(RR)y). Fluorescence was measured using a fluorescence mul-
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Fig. 1. Elevation of autophagosome formation in ML fibrablasts. (A) Anti-LC3 and beclin-1 immunoblotting of lysates from control, ML I1 and ML i skin fibroblasts.
Densitometric image analysis shows 1.479, 13,862 and 9.672 for LC3-JIJLC3-1 (average intensities of at least two independent examinations), and 1.028, 0.938 and 0.954 for
bectin-1/B-tubulin {average intensities of at least three independent examinations), in contro}, ML I and ML 1}, respectively. (B) MDC staining.( C and D) Immunoftuorescence
of cellular distribution of LC3 with LysoTracker (C) and LC3 with Lamp-2 (D). Bar= 10 um.
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Fig. 2. Accumulation of p62 and ubiquitin-positive inclusions in ML fibroblasts. (A) Immunoblotting analysis with anti-p62. (B) Immunofluorescence showed significant
accumulation of ubiquitin-positive inclusions colocalized with LysoTracker in ML cells. Bar = 10 um.

Control - ML I ML il

MitoTracker

Fig. 3. Mitochondrial impairments in ML fibroblasts. (A) Morphological analysis with MitoTracker-labeled mitochondria. (B) Fluorescence staining with anti-LC3 and
MitoTracker revealed that the proportion of tubular-shaped mitochondria was decreased in LC3-positive vesicle rich regions in ML cells. Bar = 10 pm.
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ti-well plate reader (excitation 550 nm/emission 640 nm; PerSep-
tive Biosystems, Framingham, MA, USA).

3. Results
3.1. Increase in autophagosomes and autolysosomes in ML fibroblasts

First, the level of autophagy was assessed in ML fibroblasts.
Using Western blotting analysis, the level of LC3-II protein, a mem-
brane bound specific autophagosome marker [8], was found to be
increased markedly in the lysate from ML II fibroblasts compared
with that in control fibroblasts (Fig. 1A). A modest increase in
LC3-H expression was also observed in the lysate from ML III cells.
However, the level of beclin-1, a regulator of autophagy, was not
elevated in ML II or III cells. The elevation of autophagosome for-
mation was consistent with the observation in ML fibroblasts la-
beled with MDC, a selective marker for autolysosomes (Fig. 1B).
The subcellular localization of autophagosomes was examined
using confocal microscopy, and it was found that the number of
LC3-positive structures was increased in the cytosol of ML II and
1lI cells, and these LC3-positive structures, especially large vesicles,
partly colocalized with LysoTracker and Lamp-2 positive vesicles
(Fig. 1C and D). These large circular LC3-positive structures were
often seen in ML II cells compared with control and ML I cells.

3.2, Accumulation of ubiquitinated proteins and p62 proteins in ML
skin fibroblasts

Recently, p62 protein has been suggested to interact with ubig-
uitinated proteins and LC3, which may regulate the selective auto-
phagic clearance of protein aggregates {13]. Next, we examined the
levels of p62 and ubiquitinated proteins. Immunoblotting analysis
showed p62 protein accumulated in the lysates from ML fibro-
blasts (Fig. 2A). Immunostaining confirmed that ubiquitin (Ub)-po-
sitive aggregates were co-labeled with LysoTracker-positive
structures in ML cells (Fig. 2B).

3.3. Mitochondrial dysfunction and its restoration by inhibition of
autophagy in ML II and Ill fibroblasts

Autophagic delivery to lysosomes has been shown to be the ma-
jor pathway in mitochondrial turnover [8)]. It was hypothesized
that constitutive activation of autophagic formation could affect
mitochondrial turnover and impair its function. To address this
hypothesis, morphological analysis was performed using MitoTrac-
ker Red CMXRos, a membrane potential-dependent fluorescent
dye. As shown in Fig. 34, thick tubular structures of mitochondria
were stained by MitoTracker in control cells, whereas thinner tu-
bules and fragmented structures were observed ML I and Il fibro-
blasts (Fig. 3A). These results were the same as in the previous
report [14]. When cells were stained using MitoTracker and anti-
LC3, MitoTracker-positive tubular structures were decreased near
LC3-positive granules in the cytosol of ML fibroblasts, although
these did not colocalize (Fig. 3B).

To determine whether the suppression of autophagy recover
mitochondrial impairments in ML cells, the effect of 3-MA, an
inhibitor of autophagosome formation {15}, on ML skin fibroblasts
was investigated. When cells were treated with 5 mM 3-MA for
16 h, MitoTracker-labeled mitochondria morphology showed no
significant difference from the control cells, whereas thin or frag-
mented mitochondria seemed to be restored in ML cells (Fig. 4A).
Impaired mitochondrial membrane potentials in the affected cells
were repeatedly confirmed by staining with JC-1, another mito-
chondrial membrane sensor, and they recovered significantly after
incubation with 3-MA (Fig. 4B).

3.4. Cathepsin B and D in ML Il and Il fibroblasts

In normal human fibroblasts, cathepsin B and D proteins were
transported from the Golgi complex to the lysosome via M6P-
dependent pathway [7]. Immunofluorescence analysis showed that
cathepsin B and D proteins were colocalized with Lamp-2-positive
structures in contro} fibroblast, whereas these proteins were ob-
served diffuse and partly in the perinuclear, Golgi patterns

o)

(arbitrary units)

Mitochondrial potential

3-MA +

ML i

Fig. 4. Restoration of mitochondrial activity by autophagosome inhibitor. Cells
were cultured with or without 5 mM 3-MA for 16 h and stained using MitoTracker.
DMSO was used as a vehicle (A) MitoTracker staining. (B) The ratio of green and red
fluorescence was determined from 10 independent images each of JC-1 labeled-
cells. Values are means £ SEM by paired t-test. p<0.05.

Control ML HI
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(Fig. 5A). The activity of cathepsin B clearly decreased in ML II and
Il cells, compared to the control (Fig. 5B). Inhibition of autophagy
by 3-MA had no effects on subcellular localization of cathepsin B
and D proteins (data not shown) and the activity of cathepsin B.

4. Discussion

In this study, accumulation of autolysosomes was observed in
ML II and III skin fibroblasts using immunoblotting analysis and
immunostaining with anti-LC3. Colocalization studies with LC3,
LysoTracker, and Lamp-2 showed that fusion of autophagosomes
with late endosomes/lysosomes was not blocked in ML cells. In
addition, the accumulation of p62 and ubiquitinated proteins in
ML cells suggested a decreased ability to degrade endogenous sub-
strates for autophagy. These findings indicated the impairment of
the clearance of autolysosomes in ML II and Il skin fibroblasts.
Autophagic impairments have been reported in other lysosomal
storage disorders [16]. However, the induction of autophagy
(marked by beclin-1 activation) differs between these diseases.
Elevation of beclin-1 expression has been observed in several cho-
lesterol and sphingolipid storage diseases [17] but not in ML Il and

w
!

P
!

Cathepsin B activity
(arbitrary units/mg protein}
N e
1 i

0

1II skin fibroblasts. Beclin-1 is thought to be a positive regulator of
the autophagic pathway and it has been shown recently to have
multiple functions by forming three different complexes with
Vps34 [18]. ML Il and U skin fibroblasts have many inclusion
bodies filled with undegraded substrates, and these contents have
been partially characterized [19]. It is possible that these storage
materials complicatedly involves in the downstream pathways of
autophagy.

Autophagy is a degradative pathway with major roles in the
quality control of bulk cytosolic organelles at steady state {8]. In
the present study, the numbers of enlarged vesicles, regarded as
autolysosomes, increased remarkably in affected cells. Mitochon-
drial fragmentation and loss of membrane potential was observed
in ML cells, and mitochondrial structure seemed to be excluded
especially in autolysosome rich regions from the morphological re-
sults. There was a possibility that mitochondria are directly im-
paired by increased autophagosome formation, because
inhibiting the formation of autophagosomes by treating with 3-
MA for 16 h lead to the recovery of mitochondrial structure and
membrane potential. Mitochondrial impairment in lysosomal
storage diseases is considered as a secondary accumulation of

Cathepsin D

3MA - +

i

Control

ML I ML i

Fig. 5. Subcellar localization and activities of cathepsin B and D. (A) Immunofluorescence of cellular distribution of cathepsin B and D with Lamp-2. Bar = 10 pm. (B) Enzyme

activity for cathepsin B. Values are means = SEM by paired t-test.
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abnormal mitochondria caused by the defective autophagic degra-
dation pathways [16]. It is suggested that temporary mitochondrial
recovery by blocking autophagy finally results in mitochondrial
dysfunction over long periods through the secondary accumulation
of abnormal mitochondria followed by cell death.

Cathepsin B and D are the main lysosomal aspartic proteases,
which are translocated from the Golgi complex to the late endo-
somes and lysosomes via M6P-dependent manner [20]. In this
study we showed defective cathepsin B and D in ML fibroblasts.
Previous studies have reported that autophagy was involved in
the pathogeneis of the mouse model of neuronal ceroid lipofusci-
noses, which is caused by the mutation in cathepsin D or B/L gene
[21]. We propose that the mechanism leading to autophagosome
accumulation in ML fibroblasts may at least in part share the com-
mon pathway in neuronal ceroid lipofuscinoses, It is also indicated
that the 3-MA effect to mitochondria is not derived from the re-
stored cathepsins’ activities nor normalization of targeting of
cathepsins to lysosomes.

Mitochondrial dysfunction is associated with neurodegenera-
tive and neuromuscular diseases [22,23]. According to these path-
ological conditions, mitochondrial dysfunction ultimately leads to
apoptosis. However, cytochrome-c oxidase deficiency, aberrant
mTOR signaling, or active cell death were not detected in steady
state cultures of ML cells (data not shown), probably because cul-
tured fibroblasts can dilute accumulating cytosolic contents by cell
division. On the other hand, ML skin fibroblasts show very low via-
bility against freezing stock. There is a possibility that mitochon-
drial function is partially compensated for by regular cell
proliferation. Further studies are essential to examine the physio-
logical relevance of these results in ML.

Furthermore, it was also found that the elevated levels of LC3,
p62, and ubiquitinated proteins correlated with the clinical find-
ings, though lysosomal enzyme activities or phosphotransferase
activities did not correlate with the clinical phenotypes [24]. Re-
cently, enzyme replacement therapy and bone marrow transplan-
tation have been developed as possible therapies for lysosomal
storage disorders [25,26]. The present findings may provide signif-
icant new insights regarding cellular phenotype and clinical phe-
notype correlations.

In conclusion, the present provides the first characterization of
autophagic impairments accompanied by mitochondrial altera-
tions in cultured ML Il and 1II skin fibroblasts and these impair-
ments were temporarily rescued by blocking autophagy. These
findings raise the possibility of exploring new therapeutic options
by modulating of inclusion body formation and autophagic impair-
ments in ML I and ML III patients.
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The neocortex and the hippecampus comprise several specific
ariginate from progemitors at specitic devalopment times, under ti
patterning mechanism. Although many molecules are known to regulate this cell-division patterning process,
its details are not well undersicod. Here, we show that, in the developing cerebral cortex, the RP58
transcription repressor proteils was expressed both in posumitotic glutamatergic projeciion nedrons and in
their progenitor cells, but not in GABAergic interneurons. Targeted deletion of the RP5S gene led to dysplasia
of the neocortex and of the hippocampus, reduction of the number of mature cortical neurons, and defects of
laminar organization, which reflect abnormal neuronal migration withir: the cortica plate. We demonsirate
an impairment of the celi-division patierning during the late embryenic stage and an enhancement of
apoptosis of the pestrmtotic neurons in the RP53-deficient cortex. These results suggest that RP58 controls
cell division of progenitor cells and regulates the survival of postimitotic cortical nevrens.

ayvers containing distinct neurons that
: contral of an adequare celi-division
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Inteoduction

Glutarnarergic cortical neurons are generated from progenitor calls
in the cortical germinal zone and migrate radially in an tozide-to-
outside gradient, The earliest neurons form the preplate (together
with the Cajal-Retzius cells) and the neurons borr subsequently
migrate past the earliest-born neurons to intercalate within the
preplate. divide ir into the marginal zone {MZ; iayer 1) and the
sutiplate {layer Gb}, and form the lewer lavers of the cortical plate
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{CP). Late-born neursns thea migrate past the sarly-born neurons o
form the upper layers of the (P beneath the MZ In contrast,
GABAergic neurons and Caial-Retzius cells are generated from
progeniter cells outside the neocortex. in the ganglion eminence
and in the cortical hem, respectively, c,nd mxgratm ngentiatly into the
neocortex (& ¥ * : 1044

ar and Shatz, 1954

3. The radial glial progenitors (RGPs) in the
ventricuiar zene (VZ) give rise to certical neurons, while the
progenitor cells it the subveatricular zone {SVZ) produce a sub-
sranhal number of llppﬁ—laya neurous ( mact & 0
i ot al., 2“01 .x,.. ]
pmgemmnelh are intermediate progefuror* ’{MPS) which originate
from the VZ and preduce neurons by dmCm hmxted rimes ( §x

4

7
3
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mpus, pyramidal neurons of the Comu I\mmoms (CA) are
generated from the VZ of the hippocampus, whereas the precursors of
the granular neurcns of the dentate gyrus (DG) eriginate in the
neuroepithalium near the cortical hem, migrate towards the anlage of
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the DG, continue to divide, and underge further migration to the
granuie laver of the DC (Forster et al, 2008, L and Pleasure ;

These cortical progenitor cells genelate & vast
terminally differenriated neuronal phenotypes. The balance hetween
axit from and reensry into the cell cycle is important for the formation

of thesp celi tyneﬁ at aprmpnatv Umes, ﬂnwe\z-e., the 'nmecqlar

{Pahay

We hava prevm fy descr"wd a nove! DNA binding protein, RP58
{also knoewn as ZNF238), whict: shares homology with the POZ
domam of a number of zine finger {ZF) proteins, which are termed

3Z-ZF proteins {Aoki ot 3 3}, RP58 exhibits a sequence-specific

ansc*iptlanal Epressor activity ( A
by binding to the DNA methyltransferase Dnmt3a, which associates
with histone deacetylase and acts as a corepressor (Fuks ¢ 28015
POZ-ZFs are important for many biological processes, which include
8-cell fate determination, DNA damage responses, cell-cy e progres-
sion, and 2 multitude of developmental events (?(L‘{’v and Dan
133, Amoeng the POZ-ZF proteins, the promyelocytic leukemia zine
finger {PLZF) is essential for stem cell self renewal in the murine testis
{Busas 2t ek, iova et al 2004, Mizl plays an essential roie in
control of the exit from the cell ¢ycle during the hair cycle
rdt et al, znf“ 7 aqd 7EN’JN is mvoivec. in th-= mamtemnCc of

We uemmmcned that RP38 rranscripes are highly expressed in the
ve—era. cortex in the embryonic mouse br 6 (O WM
E Y. dn addition. RP3S is expressed w~ak1v in mr‘ \/é and
intenasely in the SVZ, intermediate zone {IZ}, and CP in the embryounic
cortex, which suggests that RPSS (s important for the early develop-
ment of cortical feurons. in aduit cerebral cortex, the expression of the
RP58 transcript is maintained in glutamatergic neurcns, bt not in
GABAergic neurons,

In the presect study, we investigared the role of RP38 in the
devalopment of the cerebral cortex by generating and anaiyzing RP58-
deficient mice, Our results demonstrate that RP58 deficiency causes
enhanced apeptosis and impairs the cell-division patterning in the V)
during late development, which suggests that RP58 is anovel regulator
of glutamatergic neurcn suivivai and of progenitor cell division.

Materials and methods

Ceneration of RP58-deficient mice

Sunitarly to what iz cbserved for the human RPHE gene, the
sequence of the mouse RP58 gene that encodes the functional protein

uninterrupted over its entire 4.2 kb length {#eng et
vene targeting construct was prepared by deletion of the entire exon

5.4 b}, The resuiting RIP58 targeting vector {Supplementary Fig 14},
whuh was constructed from a mouse strain 129 tibracy {Stratagene}
and consisted of 2 4.2 kb homelogy arm derived from the 5 end of the
exon. a PGK prometer-neomycin expression cassette, and a 2.7 kb
homotogy arm from the 3' end of the exon, was linearized with Xbat
and iatroduced inte GSi ES cells {derived from the 128/5%] mouse
strain} by eleciroporation. Colonies that survived after selaction were
picked and expanded for DNA analysis. Targeted ES celis ware injected
into the blastocoei cavity of C57/BLE embryos using a plezo-driven
micromanipulator {PrimeTech, Tsuchiura, Japan) to generate chimeric
mice, which were then -rossnf* with C57/BLE fernales to obtain
neterozygous APSR™'T mutant animals. These mice were, in turn,
tnterbred to produce howmozygous RPSE™ T mice at the expected
Mendeiian frequency.

Southern blot amhsﬁ of genomic DNA isolated fron the tails of
ambryonic day {E} 18.5 fetusas confirmed the h-)momgou.mtegratmv
of the target wutol \S-.‘ 1t . which resuited in the
replacement of the entire RP3E exon (5.:‘: kb} with the neomycin

V200G A
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v of

+ and probably acts

tal RNA extracied fforr.

g,cfmt\'ped emblvnn bf.m*s (5,‘ H 1. 10) showed that th

RP3E transcript was present ondy in wild-type and »1e*erozvgou*
embryos. {n homozygous mutant embryos, no RPS8 transcript of any
size was observed. Embryonic brain extracts were incubated with
anti-RP38-conjugated Sephatsse 4B beads. The beads were washed
extensively and boiled in SDS sampie buffer. After centrifugation, the
superaatant was analyzed for the presence of RP58& by immunobiot-
ting, as described previously 2002} Te confirm the
specificity of the interactions between the antigen and the antibody,
the peptide (CLFTVRDWTLEDSSQEIWEK) used for the generation of
the anti-RP58 antibedy was added during the imrunoprecipitaticn
experiment. Antibodies specific to RP58 detected the protein in brain
extracts from wild-type, but not homszygous rmutant, ermbryos
{Su 1}). The day after the mating was designated

A

EC.S.

plementarny ¥

Imimunohistochemistry

Heads of embryos were remioved, fixed in Bodian's fixative (
formaldehyde, 80% ethandt), embedded in paraffin, and sectioned at
an 8 wn thickness. A faw embryos were perfused with 4%
Jdrler‘TmldEthe and sectioned using a cryestar {10-25 wn thicke
ness}. 0 mest cases, the antigens in these sections wers reactivated by
heating in 10 mM citrate buffer {adjusted to pH 6.0) using a
microwave or an autoclave,

We used the following antibodies: rabbit anti-mouse RP58 (1:500,

hashi ot ), mouse anti-reelin (1:200, Chemicon), rabbit
anti-MAP2 {1:500, Chemicen). rabbit anti-Torl {1:500, Chemicen),
rabbit anti-Prext (1:1000. ovance), chicken anti-Tujl {1:200.
Chemicon), mouse anti-BrdU {1:50, Becton-Dickinson), rar anti-
BrdU {1:200, Abcem*) mouse anti-c-synuclein, mouse anti-f-synu-
clein {1:200, BD Transduction Lab), rabbit anti-Paxs (1:200. Chemi-
conj, mouse anti-PCNA (1:200, Chemicon). mouse anti-nestin (1:200,
Rat-401), mouse anti-NeuW (1:100, Chemicon), mouse ant-Ki67
1:100, Novecastra), rabbit anti-Ki67 (1:500. Novocastra), goat anti-
NeuroD (1:100. Saata Cruz Bmtechrulogy., guinea pig aati-Dix2
{1:1000, gift from: Dr. Yoshikawa; {irwajima ot sl 2006), mouse anti-
NeurogeninZ (1:5, gift from Dr. Anderson}, rabbis anti-phosphohis-
*one HB ’P H:») 1: 200, Upstate), rabbit anti-neurofilamenr (1:500,
¢ ai, 19%7), rabbit anti-ssDNA (1:400, DAKO), rabbit anti-
acthc caspaae {1:480, R&D}, and goat anti-Unc5d (1:200, R&D).

Anti-igG :.ntmodies' conjugamr‘ to biotin {Vector, 1:200), Alexa
489, Alexa 546, Alexa 555, Cy3, or £y5 {1:500) (Molecular Probes or
lackson Laboratories) were used as secondary antibodies and the ABC
kit (Vecter) ot the TSA Flusrescence Syster {PerkinElmer) were used

. After nuclear staining with DAPL and Tepro3, the

o detect bietis

sections ware mounted with PermaFiuor (Jramunon) or were
dehydrated and mounted with Entellan Neu {Merk). A iaser-scanning
confocal ricroscope was used to image {lucrescence signals.

Pax6 and RP58/Tbr2 doubie labeling using rabbit
we used the TSA or TSA Plus Huorcscencs

To perform RP5
neiyclonal antibodies,
Systern {PerkinElmer}, according to et et 2008 Set‘tivn
were firstincubated with diluted anti-RP58 antibody (1:3000), for th
TSA Plus Fluorescence Systerm, ;\Pd were then 'nrunaterj v»ht*l laDLl*
aati-PaxG antibody {1:200), anii-The2 antibody {1:206), ¢ no
antibody {negative control). Er‘r RP 8/P-H3 double labmmg, sections
were first incubated with anti-RP58& antibody {1:3060}, for the TSA
Fluorescence System, and were then incubated with rabbit anti-P-H3
antibody (1:200}. For Pax6/Tbr2 double iabeiing, sections were first
incubated with diluted anti-Paxb antibody (1:300003, for the TSA Plus
Fluorescence Syster, and were then mr_ubated with rabbit anti-Thr2
antibody {1:200). For Paxia/Thel/Unc6d wripie labeling, sections were
first incubated with diluted anti-Pax8 antibody {1:15000}, for the TSA
Plas Fiuorescence System, and were then incubated with rabbit anti-
Thie2 {1:200) and anti-Uncd3 (1:200) aaribodies
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RNA in sttu hybridization

-labeled RNA
IA (app”oxmatelv

We used single-stranded digoxigenin «I‘!\ -UTe
probes generated from the mouse RP58 ¢
1.6 kb}), mouse ER8f {a "if* f'rcnn D' i

mouse RORR {a gift from I

a gitt from Dr. '1arabykm
Aizawa; Shiis
c-crysiatiine (a gift from Ur "‘lnat\lx. 3
gift fromy Dr. Boul
miSarlA; mou%t—(’r

zakielal,

; HESS rDNA {a glft rmm l,, Gui m‘mrr
Sume urub% were hydrolyzed to a length of about
in situ hybridization was performed on Bodian’s-

200-500 bp. RNA
fixed ndrafﬁr sections, ac cordm g to the method of Oht

et al {2007}, and on p‘uafeimdldehyde -fixed im/er sections,
accnrdmg o the methed ot Sugttani 21 . in some cases, the

counterstaining was performed using Nuclear Fast Red {Kernechtrot).

Brd{i- and MU-labeiing experiments

Bromodeoxyuridine {BrdU} or indodeoxyuridine (1d13 {50 mg/kg
of body weizht) were injected intraperitoneally inte pregrant mice at
various deveioproental stages. To estimate the rates of ceil-cycle axit,

randomly selected Brdl-pasitive celis {about 50 celis) were examined
for PCNA or Pax5 immunoreactivity 24 h after the incorporation of
Brdl. tn partiruiar the rates of cell-cycle exit were estimated in the
lewer region {which corresponded to the VZ) and in: the upper region
3 embryos . vmlch

3

(which corxesponde('- to the SVZ and 17} of Ei16.5
BedU was incorporated on E15.5, The total number of Brdli-pos
cells was counted and examined for Paxd imrnunoreactivity { whxrh
cocresponds to 0.09 mm of the ventricular surface}. The SVZ was
identified by staining with Unchd/Svetl.

To estimate the production of progenitor cells, randemly selected
Kib7-positive celis were examined for Brdl) immuncereactivity 0.5 h
after the incorporation of BrdU.

The estimation of cell-cycle kinetics was pecformed accordiag to
was esnmated “Jy ((-untmg the total

5.

- Il
W 3,*:; i

Apoptosis was detected using 3 TUNEL assay kit (Dead End
Flucrometric TUNEL system, Promega;. Deparaffinized sections were
treated with proteinase X (26 ug/mi) in 100 mM Tris-C and 50 oM
EDTA (pH==8.0} for 15 min at rocom tpmpﬂraturn (’{T) followed by
rreatment with FITC-nucleotide containing TdT or H20 {as a negative
contral}, and counterstaining usiog propidium iodide.

Resuits

Targeted disruption of the RP58 gene

To study the role ¢f RP58 in the development of the central nervous
system, we disrupted the RP58 gene in embryonic stem cells mmg the
target vector (see Suppie 1A and "Matayi 1l 45"
section), Heterpzygous (RP3E™' 7} mice were phenotyp:calljy' indis~
tinguishable from thelr wild-type iitterrnares, whereas all homo-
zvgous (RP58 77 ) mice, which were generated from intercrosses of
the heterczygotes, died shortly after birth. The cause of the death
remains unknown and is currently under (nvestigation.

Because RPR8 transcripts are
the wild-type mice (RP587 7

Develonmenta! Bialogy 337 (2609) 140-151

RP587"" mice die shortly after birth, we performed histoiogical
anaiyses of brains isolated from sull, heterozygous, and wiid-type
animals at neonatal and embryonic stages. We observed hypoplasia of
the neccortex and hippecampus in RP58™ ™~ mice, whereas the brains
ofRP58"" ” roice appeared to be fl-'.)rma‘ (¥

1E-M]. Therefore. we compared RPSS
or RP587 7 mice in subsequent upenmm“

;he neou:m,\ of
RP587'" mice displaved a reduced thickness and its layers were
disorganized. Furthermore, the VZ appeared to expand radially in the

mutant cortex (asterisk in £ig. 1. In the mwutant hipporampus, the
pyraridal celi layer and the rypical V-shaped granule cell laver of the DG
were not evident {Fig. 1 ). Additionally, the cerebellum of RP58 '~ mice
facked the typical foliation observed in wiid-type and heterozygous
Is (see Suppismenizry Figs 1¥-M). In the present study, we

focused our analysis on the neocortex and hippocampus of muzant mice.

Reduced numbers of mature neurcns in the mutant neocartex
and hippocampus

Double staining of the neccertex with MAP2 and 3-U-[ubulin
{Tujl} showed that postmitotic neurons were present in the
mutant neocortex: however, the subplatz layer was incompletely
fermed in the medial region of the mutant neocortex {arrowheads
in Suppleserary Figs. “h

o further
examirned the
subplate neurp
\L (J?) winch

characterize this abnormality of the neoceriex. we
2 Ypression of various layer markers. The number of F19
s positive for the connective tissue growth factor
b l< miturm,‘, subpiate neurons in layer &b

des (uas i all"

H d 20635,

.v,.f-\ ar;d 8). To -.1etect [ht: suLplate neurorls at the cafhc.
srined the staining for B-syouciein, which is an tahibitor

Fig. 1. Defects in bram fmmahnn i RESS™ 7 mice at PG Nissl-stained coronal sections
of forebrains from [A type | Y and {B) RP53-deficient [ -- /- mice showed
cytoarchitectural 5 in hP nrocortex and hippocampus of the mutant
an he ﬂ'fod“t ths thickness of the neocartex was reduced and the ventvicular
zone ‘VZ) {marked with an asterisk; was expandzd. Cresyl violet staining. Scale bar,
T A B
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Fig 2. Dysplasia of the neacortex and hipgocampus in RPS8™ "~ mice. A-L} The disorganized laminar structures of the neo:: rtP\ and hippacampus of the mutant were
I

desnonstated by various layesspecific mavkers at £13 {A and B} or 125 {C-L) in the wild-type (= =) and RPS8-deficient |
neursns, {C and D} reefin-labeled laver 1 Cajal-Retzius neurons and Thrl-labzled layer & cor

iayer 4 cortical neurons, {{ and }) mBorlA-labated la
sharply reduced in r:umtmr {A and B}, (ajal-Retzius
compated with the wild

} neocortex. (A and B} CTGE-labeled suhplate
£ and ¥} ER81 :m--enla/s-racor,xral neurons, (G and H} ReRp-iabeied

REUrNnSs, {

v 773 cortical nevrons, and (I and L) Dix2-labeled GABAergic neurens. In the motant neocortex, the subplate neurons were
urens were normal {Cand D), Thri-positive celis were shifted meore supa 2
e (C and D), ER81- and wSorLa-pesitive calis were jocared diffusely and in reduced numbers {arrows in F and }), the expression jevel of Rof% was

!

iy ana were more widely scattered w!

dramatically reduced ’L and ll» and Dlxi-pesitive cells were roughly nermai (K and L). Scate bar, 0.1 mm {A-L).

of the aggregation of a-synuciein {i : ¥}, as a marker
for subplate neurons. Since P-synuclein is most'\' '-:‘I cted in the
deepest region of layer 6, idewified with Torl immuncreactivity. B-
synuctein-positive cells correspond to the subplate neurons m tnP
wud -type cortex at E16.5 {arrows in Suppl K o

stant neocortices, the number of subplate neurons was sevs
uducec‘x and a part of the surviving subplate neurons was displaced
superficially at E16.5 {Supplementary Figs. 20-F). In addition, i the
RP52 mutants, a fraction of the neumﬁ ament-positive thalamocor-
tical fibers {Kawane 2t ai., 1895}, which use subplate neurons for thelr
pattfindiag, a'i)nmmaﬂy projected towards the sur
neocortex {Fig 2).

Reetin-positive Cajal-Retzius neurons {3gaw.
oped nr‘r"nallf inlayer 1 in the E18.5 mutant{ {
the E12.5 mutant cortex. the majority of the [brl—pusitlve Cc’la was
iocated ia the deeper part of cortical plate {Fig. L
4%y however, many of these cells were ahc- dexcte(: dlfﬂxsel
throughout the CF {Fig. ZD 4 Fig. 273 ER81, which i
fayer 5 roarker {Sugl 23, was -*‘(pre“ se(. ir many cells :.
the wild-type CP (¥ig. Z£}; in contrast, this marker was expressed in
only a few celis in the E18.5 mutant CP {arrows in Fig. 2F). Cells in the

mutant cortex were ouly faint positive for RORR, which labels layer 4
3 '“) ’hg: 2G and H). mSorlA labels iayer
L 2002 Harme BrEL 2
': mS orlA—posm\,e ceil< in 'he mutant cortex were dh'ruaelv
dlstnbuted and dramatically reduced in number {arrows ic Fig. 3]} in
contrast, GCABA-positive {data not shown) and Dix2-positive {§ i
and L) inhibitory interneurons of the mutant neocortex did not display
any distinct abnormalities, although their distribution pattern
appeared slightly disturbed. These resuits suggest that mature
subplate neurons and mature CP neurons, which forrn the future
cortical layers 2--5, wera reduced in number in RP587/ mice.

The diffuse distribution of Thri-positive and other cortical neurons
in the rnutant cortex raised the possibility that the RP58 deficiency
impaired the inside-out layer formation. To examine this possibility,
we perfor'ned double labeling by injecting iododeoxyuridine (1dU} at
£12.5 and 5-bromo-2-deoxyuridine {BrdlJ} at Ei4.5, followed by
examination of the brains at E19 {Figs. ZM-N"}. Most late-born cortical
neurons (Figs. 2 and N, VEHOW) crossed over early-born cells (Figs.
ZMoand N, ved) in the wild-type cortex, while many late-born
neurons were abnormally [ocated beneath early-born cells in the
riutant correx, The defects of faminar organization observed in the

3718 .,}?Ol":)((“
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Fig. 3. Abnormality of the thalamocorticsl pathway formation in the RP58-deficent
cartex. Coronal sectiens from £18.5 wiid-type (A A’} and RFSE s stasned
with anti-neurcfilament {NF) antibodies and TOPRO3 (nuclear stain} (A, B). In the wiid
type, thalamacortical axons that were immuncreactive for nevrofilament ran wong the
subpiate bepeath the cortical piarﬁ {arrowheads n A), while in the &P387° brain,
some labeled axons ran al he subplate beneath the cortizal plate (arrowheads in Ju
whereas the other axons invaded the cortical piate towards the pial surface {arvows in
B1. Scale bar, C.1 mm {A-B').

RP5& mutant cortices suggest that RP38 may play a role i aneuronal
positioning or migration.

The RP58-deficient hippocampus was reduced in size and had o
identifiabie CA pyraroidal layer or DG grauular layer in sections
statned with Nissl {Fig. 7,,Nr’uN ¥ v
MAPZ and Tujl double stain {see t h )

ajai-Retzius celis play an imp( r*"mf role m the normal layer
formaum': of the hippocampus. The Tbrl/reelin doubie stammg
reveated that Cajal-Retzius celis {Nakajima e 2l 1997), some of
wihiich were Tori-positive, were preseat in the mutant {Fig. 2P}, The
hippocarapal fissure, which is characterized by Reeiin-positive celis,
was poarly developed (asterisi in 20 and P}. In the developing
p737’ " hippocampus, the most striking abnormality is the absmre of
the hippocampal fissure, which suggests a role for p73 in cortica
folding {Mever ot 3l Therefore, p/? and Reelin expression
were examined at the cortical hem {see Supplementary Fig. 43, which
reveaied that the expression of p73 and reelin was both normal in
RP58-deficient cortical hem. We nex\ examined the €A and DG, The

KA1

£18.5 «-Crystallin

A

+4

S

mment in the luppocampus of RPS8-deficent £18

¥ig 4. ?iel-.! fication impai
the wild-type brain {awows in A}, whereas it was detected in th
n i) was almost ot detected in the mutant brain Jan arraw i
while it was not detectad in the mutant brain {4}

.Inthe wild-type bra:

i, Developmenta!

mice. ce-crystathne. which is a pan-hi
ore dorsal region in the RESS-deficient brain {arrows in £). The expression of the CA3
SCIPwas expressad in €3 sector of the hippecampus {arrows in C) and in the adjacent cortex,
. NT2, whichUis a cingulare neopalliurm rarker {an arrow in D), was not derected in the mutant (R

Bistogy 231 (2003} 145151

pan-hippocampal plate marker, a-coystalline (Funatzs et al, 2004,
was expressed ‘n a rmore dorsal cortical region in the mutant thaa in
the wild type {arrows in Figs. 4A and E}. Since a-crystaliine is aiso
expressed i the neocortex as weil as in the hippocampus, we used
another hippocampal marker, o~synuctein, together with the DG
marker, Prox]. We found that o-synuclein was expressed in the
hippecampal region and its staining did not overlap with the Prox1-
positive region in the wild-type brain. In coutrast, although
synuclein expression was detected in the more dorsal cortical region
in the mutant brain, it dxd not overiap wirh the Prox1-positive dentate
region {see Supplaimen SA-B"). These results suggested that
the hippocampus was farrmd in a more dorsal region in the mutant,
probably because of an insufficiency in hippocarnpal folding: however,
the basic positional relationship between the CA and DG remained
intact.

Furthermore, we examined whether specific bippocampal sub-
fields were generated in the RP58-deficient mice. The expression of
the CAZ-specific marker KA1 {Grik4) {Betrier et al | 1590) was aimost
undetectable {an arrow in 48 and F). The CAl-specific marker
SC iP { “qu y{rrantz i ; arrows in Fig 20 was not detected
NT3, wl :L*l is exuressed in the cingulate neopallivao

25 {; an arrow in Fig. 4D), was also
1}. To examine the DG, we used
wm cir are mar kers of immature

not detected in tha mutam {f
Proxt aad NeuroD {
dentate granule celis :
the wild type, Proxi- and '\Ieurou ,msmvr— celis formed 2 ‘«'»s'napec
structure, which is typical of the DG, whereas in the mutant they
formed an inverted V-shaped structure {arrowhead in Figs, 20-T). The
DC region that was positive for Prox1 appeared to exrerci throughout
the RPS8 mutant hippocampus {Supplementary Fig. 8), suggesting
that loss of RP58 function may result in an increase in the number of
Prox1-positive deatate granule cells. It is teported tnat Tort is
expressed after onset of NeuroD expression { ).
Thel was expressed in many NeuroD-pesitive dP!]tdfe gfanule cellsin
the wild type, whereas its expression was severely reduced in the
mutant {¥i 25 and T), suggesting that the preduciion of mature
aeurons is impaired in the mutant dentate granule celis. These resulss
suggest that, although major areas of the hippocampus were probably
vetained in the mutant, the CAl, A3 flelds, the cingulate cortex, and
DG were not, indicating that the hippocarmpal neurons had matura-
tion defects like those seen in the neocortex.

).

P Al
N2 13 ah,

Expression pattern of RE58 protein

The abnormality of aeurons generated in the mutant
indicates that RP38 functions dur

cortex
ing the development of the nescortex

SCIP NT3

p-‘-r:c.ﬁ‘zpal maarker, was detected i the hippecampal region of

ific marker KAL (anarrow

3 Seale bar, 1 mm {A-H.
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and of the tippecampus. To further understand the function of RPSS postmigratory glutamatergic neurons, which are impaired in the
we examined the expression pattems of the RPS8 protein using an mutant, whereas RPS8 is aot expressed in the Cajal-Retzius cells and
RP58-specifc antibody (T hY 2008 ). The imununostainiag GABAgrgic neurons, which are not impaired in RP58-deficient animals,

pattern obtained was almost 1dert,cm 1o that of the RP58 mRNA in situ as shown in Fig. 7. Interestingly, RP5% is also expressed in the
fybridization pattern {Figs. BA and B). The specificity of the RP58 progeniter cells in he VZ. laterestingly, sorne celis in the VZ expr
amtibody was confirmed by immunostainiag of an RF58™ ™ brain (Fig. neRP;..pmtem atahighlevel {arrowsin fig. SH; Suppiementary o
5C). Double staining using the nuclear marker TOPR3 showed that ?A~£7). and other cells expressed this crotem at a low 15'\7f=1
RP58 was localized in the nucleus and that it was absent from the {arrowheads in Supp ataty figs. 7A-87) As all of these celis
vioplasm {Supplementary Fge 78 and 7). At E12.5, RP58 was were positive for Km7anuc learprotem exprassed only in cycling
detected in preplare neurons and i sorne celis in the VZ {arrows in fig. this result suggests that RPSB is expressed by neurat progenitars.

=D). At E16.5, RPS8 was present {n the CP, 12, S5VZ, and in som:

Isin Te examine whether the VZ cells that exprass RPS3 are RGPs and !

the VZ {arrows in Figs, 3€ and E'), but not in cells of the MZ {Fig. SE}. or IMPs, we performed double labeling of RP52 with Pax6 {whichis an
Double staining vmh B-synuciein or Reelin indicated that 'l%’ﬁB was RGP marker) and ThrZ (which is a pan-IMP roarker). Most of the
expressad in subplate neurons {arrows in Fig. SF), but not in Cajal- RPS’ -pasitive cells in the VZ were Thr2-positive {arrows in Suppi

f/»;

Retzius celis (£15.5 : ! whernac some RP58-positive cells were Paxs-
Dlx2-positive cells {arrows in Fig. 51), which corraspond to GABAergic ,Josnflw (dm‘ws in S ppien

ShiRed

rUChY

b B and the others were
nearons. tn the E15.5 hippocampus. RP58 was detected in most dyfunesatlve\anow‘]ead : 37 '* oY Rprg,qu
developing neurons and in seme progeaitor cells in the VZ ( :
£18.5, kP58 was detected in migrating neurons, pyramidal i xa»e. cel sof in ‘me apical region of the VZ {Suppias was al_«,o
the CA, and dentate granuie celis (Fig 5K, which were identified by detected in some of l‘vgn;pc:ltrw ce.l o ¢ Fig 1.
immunoreactivity for NeurabD {§ L and L. RP58 was not detected These resuits suggest that the onset of RP“3 expression happens
in reelin-positive Cajal-Retzius celis ia the hippot'ampai fissure during the transition from PaxG-pesitive cells to Yor2-paositive calls, or,
{asterisk in Fig. 5K). Therefore, RPS8 is expressed in migrating and in other words, at the initial stage of [MPs.

oy "

¥ "3 i), RPSS

RPS8 mRNA TOPROS

KP5S8 protein

S/ Dixz

=} RPSS protem eurnid NeroD

Fig. 5. RP58 expression patterns in the wild-type cerebral cortex. (A RNA sin hybridization analysis shows that RPS& transcripts were strongly expressed in cortical cells in the (7,
12.SV2. and wealdly in the VZ of E15.5 wild-type mice. |B and £} RP38 protein was detected at ugh levels in the CP, [Z, and 3VZ, and weakly i in the VZ of £15.5 wild-type mice (B). No
signai was detected in RP58™ '~ brain {C}. {D, E, and E'} KP5S8 promn was mbensaly 2xpressed in deveicping n the preplate (prt} atE12.5 (D). in the (P.IZ, and SVZ at 155
JEY and in progenitor celis i the VZ at E12.5 (sriows m [1, and F16.3 (avrows in  and £, (F-1) RPS& was detected m d-syncclein-posiive >l‘.hpldfﬁ neurons at B13.5 (F) and was nor
detacted in the raelin-positiva Cajai-Retzius cells at E16.5 (G). Ki67. which is a cell cycling marker. was detected in XPS8-positive cells in the VZ at E15.5 (H}. A highe i
view of the region marked by an arrow with an a<tPrsk = indicates that RPS3 protein was expressed in Kis7-positive progenitor calls. RP58 was not detected 1n positive
GABAstgic neurons in the £18.5 neocortex (T (3} RP58 was nxpreﬁsed in: progenitors cells in the VZ {arrows in [} and in the developing neur 16.3 hippocampus. (K-U') RPS8
was not detected in reelin-positive Cajal-Retzius cells in the hippocampa fissure { {asterisk. I3 at £18.5. RPSB was detected in NeuroD-paositive DG granule celis (L L7} at E18.5, Scale
bars, T mm (A=-C): .8 mm (D and £, (B} and (=10 and 0.05 mm {F, G and I, (H).
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Eithanced apoptosis in the RP58-deficient cort

Next, we examined whether enhanced cell death or reduced
production of cartical neurons in the mutant cortex were responsibie
for the fewer numbers of mature subplate and specified CP neurons
abserved in the mutant cortex. A larger number of TUNEL-positive
cells were found in the postmitotic zone of the mutant neocortex at
E15.5 and E18.5 when compared with the wild type, but o differences
were nbser\e(e in the proliferative zone {figs. GA, B. E, and F;
fig. 12). The mutant hippocampus displayed a
significant increase in the number of TUNEL-positive cells at £i8.5
\ctive-caspase3
—'C. D, {,and ]} and

the hippocampus

£19 {Figs. f,(:. H, (,, and P)in f‘otl‘ the neomrtH and
of the mutant mice, which 5uvgests that caspase-dependent apoptosis

is eql mmed i the mutant. Apoptosis was detected in the anterior and
posterior neocortex to the same degree {data not shown). Further-
more, single-strand DNA (ssDNA) staining using an anti-ssDNA
antibody documented the presence of fragmented DNA {Figz &K
and L), which confirmed the results of the TUNEL analysis. These
results suggest that RP3§ deficiency enbiances caspase-depeadent
apoptosis in the cerebral co
mature cortical peurons

Neocortex E155-E16.5
TUNEL

+i+

Hippcampus E18.5
active Cospaned

salN&

+H+

rtex, which may reduce the number of

aotber Daspases

Deveiapmental Siotogy 337 (2003) 140-151

Expunsion of the VZ/SVZ in the RP58-dsf

cient corfex

In addition to enhanced apoptosis, we found that the VZ was fikely
to be expanded in the postnatal day (P} 0 mutant cortex (asterisk in
f1g. 1B). We therefore examined the eypxessmn of several markers of
the VZ, which included Pax6 (Esgiund et al, 2008). Pax6 G expression
expanded radially in the mutant cortex at E’.O when compared with
the distribution of this protein in the wild-type cortex at £19, as did
PCNA immunoreactivity {Figs. 7A-B"}. Furthermore, the expression of
HESS, whicht is a basic nehx luop helix transcription repressor
expressed in the VZ (Gh et 2i, 20604), and ofTaliless which 15
an orphan nuclear 1erﬂptur restricted to the VZ (M
1895}, was also enhanced in the routant neocortex (Figs.
VZ was expanded in the hippocampus as weli as in the neocortex, as
det xmmec: n,v double staining of Pax6 with PCNA or Ki67 at £18.5

k) « "

I
Nex‘, we examined whether IMPs were increased in the mutant.
Tbr2-positive cells, which are detected in IMPs and postmitotic
zmmamre nPL.mns Engiuad et at, 2005), were increased {a the £18.5
mutant { {er 144 and £}, The phosphohistone H3 {p-
3] ~,Josxtu1e ‘mitotic cells i m the SVZ, which correspond 1o mitotic ceils
of iMPs were ah(‘ increasad, together with PCNA-positive cells (sea
tary Fi Z-£7), These results suggest thar IMPs w re

E18.5-E19

TUNEL active Caspased

E18.5- E19
TUMEL

agtlve Cssnaasd

Fig. b. Enhanrenﬁnr of apepiosis 1 the RPE8-deficient cortex. {A-H} In the mutant neccortex. the number of TUNEL- positive celis was higher than mwild type at E15.5 {A and B} and

E1B3(E 3
and 7 and ss[N‘\ -D08iE
B, E F M. and N}, (£, D G H, O and P), and (I-1).

and F}, and the nurnber of active-caspass 3-posisive celis was higher st E16.5 (Cand T) and E13 (G and H}
ve cells (I and L) wereincreased at £18.5 and TUNEL-pesitive cells and active-caspasz a—j\osiﬁve czlls were alse increased at £18.5 [M~P). Scale bars, 8.1 mm

. {1-P} Int the muntanc hippocampus, active-caspase 3-positive calls [
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£10

+i4

Fig 7. Expansion of the ventricuiar zone v the RP5&-deficient cortex. {A-B") PCNA-positive ceils and Paxé-positive cells were increased in the RESS™

Developmentat Bislogy 321 {2009} 140151 147

HESS Tailiess

T cortex (A-R") and most Paxb—

positive cells werz immunaraactive for PONA {A” and B”). (C-F) The RP38™ ~ cortex (D and F) exhibited more EES5-positive cells {C and [} and Tailless-positiva calis F and F ) than
It L H p \

the wild-type cortex (C and B} Scale bar, C.1 mm (A-TF).

increased in the mutant. Te examine the developmental stage of IMPs,
we performed double staining of Tht2 and Pax6 (Fig. §). a5 Pax6+/
Thri+ cells and Pax6—/ThrZ+ cells are eariy-stage [MPs and late-
stage IMPs, vespectively - al, 2008). The double staiaing
revealed that, in the E18.5 mutant, ThrZ-positive cells and Pax6-
positive celis were increased i aurnber, that both Pax6+4 /Tbr2— cells
and Pax6+/Thr2+ cells were also increased, whereas Pax6--/Thr2+
celis were not {Fig. §). This result suggests that RGPs and early-stage
MPs were increased (o the mutant, wheraas late-stage IMPs weare not.
To examine the identify of the SVZ, we preformed Svetl in situ
nybridization near the section of the Pax6/Tbr2 doubie staining from
£15.5 to E18.5, which reveaied that impairment of the mutant VZ/SVZ
progressed from E15.5 to E18.5 {4 smentaty 15). In particuiar,
a tripartite appearance of inner Pax6-dominant/interraediate Thi2-
dominant/outer Pax6-deminant zones was observed in the mutant in
iater developmental stages {Suppiementary Figo 13) To directly
associate these zornes with Svetl expression, we performed a triple
staining ¢f Pax8, Thrl, and Unc3d that corresponds to Svetl (Sasaki et
. nentary fig. 16). UncSd/Svet! staining was
detectad in the uppe. region of the The2-positive zoue in the wild
type, while it was also detected, albeit weakly and diffusely. in the
upper region of the inrermediate Tbr2-positive zone and contained
the outer Paxé-do mmant zones in the E16.5 mutant mice {Supsie

; .18 A~%), which suggests that the outer Pax6- dommam
zone was located in the SVZ. In the E18.5 mutant, the expression of
Uncsd/Svetl was more diffusely detected in the outer Paxf-
dominant/intermediare Thr2-dominant zone, which suggests that
the mutant VZ/3VZ was severaly impaired in the Iate development
stages of the mutant {Supplementary Figs, 16 ¢

,1\4(,\ (D

The impairment of celi-cycie exit in the RP53-deficient VZ/5VZ during
late development

we next examined whether the expansion of the VZ/5VZ of the
murant cortex was due to enhanced proliferation and/or impairment
of celi-cycie exit. To examine celi proliferation, we counted the
auraber of BrdU-labeled cells in a random selection of 50 Ki67 (which
is a profiferating cell marker}-positive celis {which are considered to

be progenitor celis} after a 30 min pulse of BrdU. The peccentage of
progenimr cells labeled with BrdU was not altered in ‘he mutant
cortex at E15.5, which suggests that proliferation was aot altered in
the mutant cortex {Figs. 3A-C). To examine the poubl!.ty that the
division pattern of progenitor cells was impaired in the mutant cortex,
we counted the number of PCNA-negarive and Pax5-negative cells i
3 random selection of 50 BrdU-labeled cells, after a 24 h pulse of
BedU; this corresponds to the fraction of cells exiting the celi cycle.
At E16.5, we found that the PCNA—/BrdU+ and Pax8—/BrdU+
ratios were zbout halved in RP5& mutant progenitor cells when
compared with their normat counterparts, which suggesrts that ¢
cycle exit is tahibited in the mutant VZ progenitor celis in both the
medial and laterai neocortices {Figs. 8D-1). This was confirmed by
examining the total number of BrdU-positive ceils in an area of
0.25 mm®, which showed an increase in the number of PCNA— or
Pax6+- cells; this suggests that reentry into the ceil cycle is enhanced
in the mutants (Supglementary Fie 7). Fucthermore, as the
characteristic outer PaxG-deminant zone was chserved in the mutant
cortex {Suppiementary Fig 18B), we examined whether the cuter
Pax6-dominant zone was involved in the reduction of cell-cycle exit.
‘The Pax6--/BrdU+ ratic was dominantly reduced in the upper region

{1Z/SVZ}, which contained the abnormal ourer Pax6-dominant, whea
compared with the lower region {(VZ) (Gupplemenisry Fig 18
Therefore, it is possible that the abnormal outer Paxé-dernirans
zone observed in the mutant refiects the reduc*mn of celi~ cyde exit. -n
contrast, neither proliferation at £12.5
nor celi-cycle exitar E13.5 {Sunp .
These results suggest that cell- cyde exit is reduae(z in m(—. mutasu
cortex at iate neoceriicogenesis. The reduction of the celi-cycie exit
causes an increase in VZ progenitor cetls and thereby leads to the
=xpansion of the VZ. Therefore, it is likely that the reduction of cell-
cycle exit, in addition to the enhanced apoptosis, decreases the
aumber of differentiated late-born neurons in the mutant CP.

s cell-cycle kinetics may affect cell-cycle exit, we estimated the
duration of the S-phase {15} and of the toral celi-cycie time {Tc} using
a Brdu/idy double .ab»!mgpna(hgm {dda tal, 20033, which
wvealed no ob\/xrm dlrferencea in T5. Ic, and 15/ ic between wild-type
ntary Fig 20) however, because this
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Fig. 8. Both Paxi-positive and Thr2-positive cells were incieased in the RP38-deficient cortex. Double staining (A, B7) of'

showad that both PaxS-pesicve and Thr2 -positive c2

Pax6+/Tbr2+ Pax6+/Tbr2- Pax6-/Tbr2+

Cax6 (A B) and ThrZ (A" B) with the TOPROZ nuclear stain (4™, B™}

were jncreased in the RPS8-deficient cortax. Scale bars, 0.1 mm (A-B7). (€} The nuriiber of Paxb -, Thr2 +-, Paxt -,/ Torz -, Paxs --;

Thr2—, and Paxé—/Thi2~ cells was counted in a GO0 mim” ares of the wild-wpe {open columng and of the mutant nescoitex (gray columng. Fant stsining of Faxé was tegarded a3

negative. SixX regions of

astirpation rested on the assummption that all celis ta the VZ are
proiiferating and that the precursor cells consist of a smgle

profiferating population with the same cycling Kinetics (#ars
st al, 2005), further analyses may be pecessary tc asses

possibility that RP38 is invoived in cell-cycle kinetics.
Discussion

ln the present study, we characterized mice carrying disrupted
alletes for the POZ/ zinc finger transcriptionai repressor gene. RP58. We
found that homoezygous mutants display severe hypoplasia of the
rerebrat cortex and of the hippocampus, in association with enhanced
apoptosis and expansion of the VZ/SVZ. We showed that RP58 is
specificaily reguired for the maturation and survival of the excitatory
nenrons of the cerebral cortex. Furthermors, the present study
dernonstrated that RP58 is a niovel factor that conrrols the balance of
cell division of neuronal progenitors, which remains poorly under-
stood to date.
in the RPS8 null mutans, the VZ was expanded and the docsal
cortex appearad like a wild-type younger brain. Therefore, the
possibility of developmentai delay cannot be excluded. We examined
pression of Thri in the mutant cortex at E13.5, E15.5, and E18.5,
at there is no clear time lag in the Thrl expression
fig. %) In add:txon. the Tc may cause a
developmeniai delay - was not alterad in the RP58-deficient
mice {Supsi entary Fig, 203, These resulis do not support the
contention that developmentat delay mainly occurs in RP58 nuli mice.

pattern {Supgiame

threa mutant brains were compared with six regions of thrae wild-type brains. The data are prasznted as means z: SD. **£<0.01 {Student's 1 tast).

it seerns more likely that reduction of preduced matured nevrons and
enhancement of apoptosis causes the impairment in cortical devel-
opment observed in these anirmnais.

One of the main phenctypes in the #P58-deficient cortex was
reduction in the nurnber of mature cortical neurons. in addition to
substaatial reduction in the number of neurons in the subplate and
iayers 2-5 of the CP in the neocortex, Tbrl expression was strongly
suppressed throughout the cortical anlage, with the exception of the
Cajai-Retzius cells in the hippocampus. The pyramidat layer of the CA
was absent and Tbrl expression was severely reduced in NeuroD-
positive granule cells of the DG, NeuroD is expressed after Paxs, but
before Tori {Hevnerer al, 2008}, which suggests that RP58 deficiency
suppresses the production of mature dentate granule neurons.

It the eadly embryonic stage, RP58 deficiency did not imupair cell-
cycle exit, although apeptosis was enhanced in the mutant neocortex
215, Therefore, the decreased number of mature subpiate neurons
produced at early embryounic stages could be caused by enhanced
poptosis. On the other hand, the VZ was expanded at later embryonic
tages in the mutant, the cell-cycle exit was inhibited in RGPs, and the
level of apoptosis remained high, which suggest that enhanced
apoptosis and/or defective celi-cycle control reduce the production of
matuee cortical neurons at later deveiopment stages.

Transgenic mice expressing fi-catenin precursors also show
reduced cell-cycle exit and develop enlarged brains with reduced
cortical thickness (Chean and Walsh, 20082). In contrast, RP58™ 7 muice
showed no enlargement of the brain, although the thickness of the
neocortex was reduced. This discrepancy may be due to the reduction
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fig. 8. Impairment of cell-
and mutant (B) caudal neocortex at 1
regions of the mutant cortex. (C
brains wese compared with six regions of three wild-type brain

exit i the RPS8-deficient cortex in late neocortical development. |
.5 h after BrdU incorporation. The fraction of BrdU-pos
1 which suggasts that proliferation is net atfected in the mutant cortex. F fty
TD-1 Brdi was incorperated at B
PCNA (D and E) or Paxe {Fand G) in the Jateral region of the wild-type ([ and F) and the mutant {E
the BrdU-positive cells was reduced in the caudal &P38-deficient cortex in both the medial and jateral regmmcf the sutant
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€} Double labzling with Brabl and Ki67 in the lateral region of the wild-typ= (A}
rive cells among [he Kiﬁlposiije cells was not altered in the medisl and laterai

gicn of the Laudal nerﬂ' rtu was f!oubm rained for BrdUi and
ction of PCNA-negative ceils and Pch«neva‘rivs celisamong
hat celi-cycle

e7it was reduced. Fifty BrdU-pesitive cells were randomly #xamined. Three regicns of three mutant brains were compared with three regicns of three wild -type bra ns. Scale bar,

15um (A-D, G, and H). The data are presented as means 4

of celi-cycle exit only at late embryonic stages and/or the presence of
high {evels of apoprosis in the RP587™ cortex. We consider RP58 2
candidate molecule for the control of the aumber of mature cortical
neurons, as KP58 deficiency decreased the number of mature neurcns
because of enthanced apoptosis and of defects in cell-cycle exix

A delicate balance in cell proliferation and subsequent call-cycle
withdrawai and differentiation into specific neurons is essential for
corticogenesis. The present study indicates the possibility that RP58
regulates this balance, at least at the late embryonic stage. in the wild-
type E15.5 VZ, sorne RP58-positive cells showed weak Paxs immuno:-
eactivity, and almost all RP58-positive calls exhibited Tbr2 immunos-
eactivity {Suppiementary Fig. @3, which suggests that the onset of
RP58 expression happens in IMPs, at the initial stage, when Pax6 and
Thr2 may be coexpressed {Engiond ot al.

Paxb+- celis were increased in the RP58 null mutant, as were both
PaxG—+,/ThrZ — and PaxG+/Thr2 <+ cells. The increase in the number of
PaxB-+/Thr2-— ceils in the mutant is explained by the raduction of
yeie exit of VZ progenitors. It is fikely that there are extrinsic
actiotis that allow RPS8 to activate the expression of extrinsic factors
that control celi-cycie exit, because RP5% is not detected in most
Paxis+ celis. In fact, it is reported that the generation of projection

| H05),

DL *P<002, ~P<D.0! (Student's ¢ test).

neurens {rom cortical progenitors appears to be governed by both
celi-intrinsic and environmental cues (Mizutam and Gaiang, 2008
however, we cannot exclude the possibility that a few Pax6+ celis
abnormally proliferated in the mutant, as RP5% was detected in
sorae Pax+ ceils in the wild type.

PaxG-/Thr2-- and Pax6+4/Thr2+ cells were increased in the
mutant VZ/SVZ, whereas Pax6-/Tbr2+ cells were not increased.
Therafore, it is possible that Paxb is ectopically exprassed in Thr2+
IMPs in the mutant, and that the transition from Paxg+/Thr2+ celis
0 Paxt—/ThrZ+ celis was inhibired in the mutant, which raises the
possibility that RP38 may be an imporram' molecule for ¢
miaturation of IMPs. It was repor‘r’d that {1} Sveti is a spliced intronic
sequence from Uncsd (Sasald 2} and {2) Sth]fJnv.fl
staining is a specific marker of late- stagP iMPs. It is likely that Svett/
Unc5d expression was reduced in the mutant, which supports the
possibiiity that RP58 is most imporzant for mataration process from
eariy-stage IMPs to late-stage IMPs; however, as the expression of
Svetl/Unc54d is also observed in young neurons (Kawagu
1008), the possibitity that the reduction of Svett/Unc5d signal in the
mutant reflects the reduction of the number of generated neurons
cannot be excluded.
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