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MicroRNAs (miRNAs) are small noncoding RNA and play an essential role in gene regulation. In this study,
we investigated regulation of gene expression during neuronal differentiation of mouse P19 embryonic
carcinoma cells and described a systematic pathway of gene regulation involving miRNAs. In the path-
way, downregulation of Lin28 involved in blocking the let-7 maturation and upregulation of let-7 occur

Keywords: following induction of the differentiation, thereby triggering suppression of the downstream High Mobil-
miRNA ity Group A2 (Hmga2) gene expression via activation of gene silencing mediated by let-7. Our data further
l;;r:;z suggest that miR-9, as well as miR-125b, participate in the reduction of the Lin28 expression. The gene
Lin28 regulation involving miRNAs likely contributes to a rapid and programmed change in gene expression

Neuronal differentiation

in neuronal differentiation of P19 cells.

©® 2009 Elsevier Inc. All rights reserved.

Introduction

MicroRNAs (miRNAs) are small noncoding RNA, with a length of
19-23 nt, which are processed from longer transcripts by digestion
with Drosha in a complex with DGCR8/Pasha and Dicer in the
nucleus and cytoplasm, respectively [1-3]. Hundreds of miRNA
genes have been found in various species [3-5], and their tissue-
specific expression has been detected [5-7]. Matured miRNAs are
incorporated into the RNA-induced silencing complex (RISC) and
function as mediators in gene silencing [8,9]. There are two types
of suppression of gene expression involving miRNAs: one is the
inhibition of translation of target mRNAs possessing partially com-
plementary sequences to miRNAs in their 3’ untranslated regions
(3'UTRs), and the other is the digestion of target RNAs which are
perfectly or nearly complementary to miRNAs, such as RNA inter-
ference (RNAi). The gene silencing involving miRNAs appears to
play an important role in regulation of gene expression in develop-
ment, differentiation and proliferation [4,7,10-12]. Recent studies
have further suggested significant association of miRNAs with var-
ious diseases[13,14].

The let-7 miRNA was found in Caenorhabditis elegans for the first
time as an RNA molecule that controls the developmental timing of
progenitor cell maturation [15]. In mammal, several let-7 members
have been identified and belong together to the let-7 family; and
the expression of the let-7 members appears to be developmentally
controlled [16,17]. Recent studies have revealed that the Lin28

* Corresponding author. Fax: +81 42 346 1755.
E-mail address: hohjohh@ncnp.go.jp (H. Hohjoh).
! These authors contributed equally to this work.

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.08.040

gene encoding an RNA binding protein is involved in processing
of let-7 [18,19] and that the High Mobility Group A2 (Hmga2) gene
encoding a non-histone chromatin protein is a target for let-7
[20,21]. In the current study, we investigated gene regulation
involving miRNAs during neuronal differentiation of mouse P19
embryonic carcinoma cells, and described a systematic gene regu-
lation involving the let-7, miR-9 and miR-125b miRNAs. Our data
suggest that the reduction of the Lin28 protein involving in part
gene silencing mediated by miR-9 and miR-125b, and the upregula-
tion of let-7 can trigger inhibition of the expression of the down-
stream Hmga2 gene via gene silencing involving let-7.

Materials and methods

Cell culture. P19 and Neuro2a (N2a) cells were grown and neu-
ronal differentiation of P19 cells were carried out as previously
described [22].

Preparation of oligonucleotides. DNA and RNA oligonucleotides
were obtained from BEX. For preparation of duplexes, sense- and
antisense-strand oligonucleotides were mixed and annealed as de-
scribed previously [23]. Sequences of synthesized DNA and RNA
oligonucleotides are shown in related parts below. Non-silencing
siRNA duplex (siControl; Qiagen) was used as the negative control.

DNA chip analysis. Total RNA was extracted from cultured cells
using Trizol reagent (Invitrogen). For preparation of cellular
miRNAs, small-sized RNAs containing miRNAs were isolated from
total RNA using the RNeasy MinElute Cleanup kit (Qiagen). The
isolated small-sized RNAs (~1 ug) were subjected to direct labeling
with a fluorescent dye using the PlatinumBright 647 Infrared
nucleic acid labeling kit (KREATECH), according to the manufac-
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turer’s instructions. After labeling, the labeled RNAs were purified
from free fluorescent substrates by KREApure columns (KREATECH)
and used in hybridization. Hybridization was carried out with the
Genopal®-MICM DNA chips (Mitsubishi Rayon) for detection of
mouse miRNAs as described previously [22,24]. After hybridiza-
tion, the DNA chips were washed twice in 2x SSC containing
0.2% SDS at 50 °C for 20 min followed by washing in 2 x SSC at
50 °C for 10 min, and then hybridization signals were examined
by means of a DNA chip reader adopting multi-beam excitation
technology according to the manufacturer's instructions (Yokoga-
wa Electric Corporation).

Construction of reporter plasmids. To examine the effects of
endogenous miR-9 and miR-125b on gene silencing against Lin28,
we constructed reporter plasmids with the psiCHECK-2 plasmid
(Promega) encoding the Renilla and Photinus luciferase genes. The
plasmid was digested with Xhol and Notl, and subjected to ligation
with synthetic oligonucleotide duplexes carrying putative binding
sites for miR-9 and miR-125b, which exist in the Lin28 3'UTR. The
resultant plasmids carry the target sequences in the 3'UTR of the
Renilla luciferase gene. The sequences of the synthesized oligonu-
cleotides are as follows:

mmLin28-miR9-Ss: 5-TCGAGTCTCCATGTTTACTGCTAGAAACCA
AAGCTA-3

mmLin28-miR9-As: 5'-GGCCTAGCTTTGGTTTCTAGCAGTAAACA
TGGAGAC-3’

mmLin28-miR125b-Ss: 5-TCGAGGTTCTCAGGTACATGAGCAAT
CTCAGGGATA-3’
mmLin28-miR125b-As:
CCTGAGAACC-3'

5'-GGCCTATCCCTGAGATTGCTCATGTA

We also used the reporter plasmids constructed in the previous
study [25]. The plasmids (using psiCHECK-2 as a backbone plas-
mid) carry perfectly matched target sequence (PMTS) and three
bulged binding sites (3xBBS) for let-7 in the 3'UTR of the Renilla
luciferase gene. :

Transfection and reporter assay. Transfection of the reporter plas-
mids using Lipofectamine 2000 transfection reagent (Invitrogen)
and luciferase assay with the Dual-Luciferase reporter assay system
(Promega)were carried out according to the manufacturer's instruc-
tions. The reporter plasmids were also transfected together with
Pre-miR miRNA precursor of miR-9 (PM10022; Ambion), miR-125b
(PM10148; Ambion) or negative control#1 (Ambion) into cells.

Introduction of the Pre-miR miRNA precursor of let-7a
(PM10048; Ambion), siRNA targeting Lin28 (siLin28) and non-
silencing siRNA duplex (siControl; Qiagen) into P19 cells was car-
ried out by means of a Nucleofector system (Amaxa Biosystems)
according to the manufacturer’s instructions. The sequences of
the synthesized siRNAs were as follows:

siLin28-ss: 5'-GGGUUGUGAUGACAGGCAAUU-3'
siLin28-as: 5'-UUGCCUGUCAUCACAACCCUU-3'

Western blot. Equal amounts of proteins were separated by
SDS-PAGE and electrophoretically blotted onto PVDF membranes
(Millipore). Membranes were blocked in blocking solution (5%
non-fat milk and 0.05% Tween-20 in PBS) and incubated with rab-
bit polyclonal anti-HMGA2-P3 antibody (59210AP; BIOCHECK),
anti-Lin28 antibody (ab63740; Abcom), or goat polyclonal anti-Ac-
tin antibody (sc-1616; Santa Cruz Biotechnology), followed by
washing in PBS containing 0.05% Tween-20, and then further incu-
bated with horseradish peroxidase-conjugated anti-rabbit or anti-
goat IgG. Antigen-antibody complexes were visualized using
chemiluminescent reagent (Millipore).

Fractionation of nuclear and cytoplasmic RNAs. Cells were washed
with phosphate-buffered saline solution (PBS) twice, harvested,

resuspended in cell lysis buffer containing 20 mM HEPES (pH
7.5), 150 mM NacCl, 10 mM MgCl,, 1 mM EDTA and 0.5% NP-40,
and placed on ice for 10 min. The cell extract was subjected to cen-
trifugation at 800g for 10 min. Total RNAs were extracted from the
sedimented pellet (containing nuclei) and supernatant {(a crude
cytoplasmic fraction) using Trizol reagent (Invitrogen).

Reverse transcription - (real time) polymerase chain reaction
(Q-PCR). Total RNA was treated with Turbo DNase I (Ambion) and
subjected to RT- (real time) PCR (Q-PCR). Q-PCR was performed
by means of the AB 7300 Real Time PCR System (Applied Biosys-
tems) with a TagMan Universal PCR Master Mix together with Tag-
Man® Gene Expression Assays or TagMan® MicroRNA Assays
(Applied Biosystems) or a SYBR Green PCR Master Mix together
with Perfect Real Time Primers (TAKARA BIO), according to the
manufacturer’s instructions.

End-point PCR analysis for let-7a, let-7g and 5sRNA as a control
was carried out by means of the GeneAmp PCR system 9700
(Applied Biosystems) with the mirVana qRT-PCR detection kit
(Ambion) and primer sets (Ambion) according to the manufac-
turer’s instructions. The resultant PCR products were electropho-
retically separated on 12% polyacrylamide gels and visualized by
ethidium bromide staining.

TagMan® Gene Expression Assays used in this study were as fol-
lows (Assay ID):; Gapdh (Mm99999915_¢g1).

TagMan® MicroRNA Assays used were as follows (Assay ID):
hsa-let-7a (377), hsa-let-7b (378), hsa-let-7¢ (379), hsa-let-7 g
(383) and snoRNA202 (1232).

Perfect Real Time Primers used were as follows (Primer-Set ID):
Hmga2 (MA066259-F/R), Lin28 (MA077408-F/R), and Gapdh (MAO5
0371-F/R).

We also synthesized the PCR primers for the let-7g primary
transcript and Hmga2 according to the previous studies [17,26],
and used the PCR primers for Pou5f1 in our previous study[22].

Results and discussion

Control of Hmga2 expression by gene silencing during neuronal
differentiation of P19 cells

P19 mouse embryonal carcinoma cells can be induced to differ-
entiate into neuronal cells by retinoic acid (RA), and the cells trea-
ted with RA show a dramatic change in expression of genes
including miRNAs [22,27]. In the current study, we examined the
expression of let-7 miRNA and its target gene, High Mobility Group
A2 (Hmga2) carrying seven putative binding sites for let-7 in its
3'UTR during neuronal differentiation of P19 cells using RT-PCR
and Western blotting (Fig. 1A). The results indicated that: (i) let-7a
markedly increased in its expression level during the neuronal dif-
ferentiation, (ii) the Hmga2 transcript and protein existed in undif-
ferentiated P19 cells (lane UD), (iii) the protein was detectable at
the beginning of RA treatment, but (iii) it was markedly reduced
on day 4 (96 h) and hardly detected in the completely differenti-
ated P19 neurons, and interestingly, (iv) the level of the Hmga2
transcript appeared to remain unchanged throughout the differen-
tiation. DNA chip analysis further demonstrated that not only
let-7a but also other let-7 members (let-7b-g and -7i) were mark-
edly increased during the differentiation (Supplementary Fig. s1);
and consistently, a reporter gene assay revealed that gene silencing
activity mediated by endogenous let-7 was enhanced after RA
treatment (Supplementary Fig. s2). To further confirm the results,
synthetic (exogenous) pre-let-7a precursor was introduced into
undifferentiated P19 cells expressing little let-7, and the expression
of the Hmga2 transcript and protein was examined. As expected,
the results revealed that the Hmga2 protein was reduced in the
presence of the pre-let-7 precursor, although the Hmga2 transcript
remained unchanged (Fig. 1B-E). The data presented here are
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Fig. 1. Expression profiles of let-7 and target Hmga2 gene during neuronal differentiation of P19 cells and inhibition of the Hmga2 expression by synthetic pre-let-7a
precursor. (A) Total RNA and protein were prepared from undifferentiated P19 cells (UD) at the indicated time points after induction of differentiation with retinoic acid (RA)
and completely differentiated P19 neurons, and then examined by RT-PCR and Western blot analyses. Examined RNAs and proteins are indicated. 5sRNA and Gapdh in RT-PCR
and Actin in Western blot were studied as controls. (B-E) Synthetic Pre-miR miRNA precursor of let-7a (Pre-let-7a precursor) and siControl (siCont.) were introduced into
undifferentiated P19 cells by means of a Nucleofector system (Amaxa Biosystems). Two days after transfection, total RNA and cell lysate were prepared. RNA levels of mature
let-7a (B and Hmga2 (C) were examined by Q-PCR and normalized by those of 55RNA and Gapdh, respectively, and then the ratios of the RNA levels were normalized against
the ratios obtained in the presence of siControl (siCont.). Data are the means of three repeated determinations. Error bars represent standard deviations. {D) End-point PCR
analysis of B was carried out as described in Materials and Methods. (E) Western blot analysis of Hmga2 was carried out as in A.

compatible with the previous results [20,21]. Taken together, the
evidence suggests that expression of the Hmga2 protein during
neuronal differentiation of P19 cells is probably regulated by gene
silencing mediated by endogenous let-7, which is further con-
trolled by the differentiation.

Relationship between Lin28 and let-7 during neuronal differentiation

Recent studies have shown that Lin28, a developmentally regu-
lated RNA binding protein, can block the processing of pre-let-7
miRNAs [18,19]. Then we examined the expression of the Lin28
transcript and protein together with the let-7g primary transcript
and mature let-7g during neuronal differentiation of P19 cells. As
shown in Fig. 2, mature let-7g was increased with decreased
expression of either the Lin28 transcript or its protein, whereas
the let-7g primary transcript appeared to remain unchanged over
the course of differentiation; the data are consistent with the pre-
vious studies [19,28]. To further investigate if there are any associ-
ations between Lin28 and the let-7 family members and between
Lin28 and miRNAs other than let-7, expression profiles of miRNAs

in Lin28 knockdown (Supplementary Fig. s3) and naive P19 cells
were examined by means of DNA chips and RT-real time PCR
(Q-PCR). The results indicated that all the let-7 family members
were significantly increased in the Lin28 knockdown P19 cells as
compared with those in negative control cells (Q-PCR data in Sup-
plementary Fig. s3D). As for other associations, neither significant
increase nor decrease in miRNAs other than the let-7 family mem-
bers was detected in the Lin28 knockdown P19 cells from our cur-
rent study (data not shown),

We next examined the Hmga2 transcript and protein in the
Lin28 knockdown P19 cells by RT-semi-quantitative PCR and Wes-
tern blotting, respectively. As a result, no significant difference in
either the RNA or protein was detected between the knockdown
and naive P19 cells (Supplementary Fig. s3A and C). Since the level
of mature let-7 in the knockdown cells was still rather lower than
that in RA-treated or pre-let-7a transfected P19 cells (Fig. 1B),
insufficient level of mature let-7 may account for the results.
Accordingly, it is conceivable that the reduction of Lin28 and also
the upregulation of let-7 are required for exerting gene silencing
mediated by let-7 in differentiating P19 cells.
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Fig. 2. Expression profiles of Lin28 and let-7g during neuronal differentiation of P19 cells. RT-PCR and Western blot analyses were carried out as in Fig. 1. Examined gene

products are indicated.

Contribution of miR-9 and miR-125b to the reduction of the Lin28
mRNA

Based on the present and previous studies, the reduction of
Lin28 appears to be necessary for triggering inhibition of transla-
tion of Hmga2 at a programmed time in differentiating P19 cells.
Then, how is the Lin28 gene expression regulated during the differ-
entiation? We investigated the Lin28 transcript in the nuclei and
cytoplasm of RA-treated P19 cells by RT semi-quantitative PCR.
As shown in Fig. 3, intriguing results were obtained: the level of
the Lin28 transcript in the cytoplasmic fraction decreased 48 h
after RA treatment, whereas the transcript in the nuclear fraction
was markedly reduced 72 h after RA treatment (Fig. 3); ie., the
initial degradation of the RNA occurred in the cytoplasmic fraction,
but not in the nuclear fraction. In contrast, the Pou5f1 (Oct3/4) RNA
studied as a control showed its initial reduction in the nuclear frac-
tion (24 h) followed by the reduction in the cytoplasmic fraction
(48 h), suggesting the loss of promoter activity as a possible pri-
mary cause, From the results, it is conceivable that not only pro-
moter activity (in the nucleus) but also post-transcriptional
regulation (in the cytoplasm) is involved in the reduction of the
Lin28 transcript in RA-treated (differentiating) P19 cells.

We focused on the reduction of the Lin28 transcript in the cyto-
plasm. The previous report suggested that miR-125b could regulate
the Lin28 gene expression through gene silencing [28]. Our current
study with miRNA expression profiles and the in silico analysis

Nucleus Cytoplasm

RA RA

UD 24h 48h 72h 96h UD 24h 48h 72h 96h

Lin28

Pou5sf1

Gapdh

Fig. 3. Expression levels of Lin28, Pou5f1 and Gapdh in nucleus and cytoplasm. Cell
lysate was prepared from P19 cells at the indicated time points after induction of
differentiation with RA and fractionated by centrifugation at 800g into the
sediments (containing abundant nuclei) and supernatants (a crude cytoplasmic
fraction). RNAs extracted from the sediments (nucleus) and supernatants (cyto-
plasm) were subjected to reverse transcription for synthesizing the first strand
c¢DNA with random primers and oligo(dT) primer, respectively, and examined by
semi-quantitative PCR using primers specific for indicated genes.

using the TargetScan program further predicted a candidate,
miR-9, other than miR-125b, having the potential for regulating
the Lin28 gene expression: putative binding sites for miR-9 and
miR-125b are present in the Lin28 3'UTR and their expression is
upregulated after RA treatment (Supplementary Fig. s1). To assess
the association between the miRNAs and Lin28, we constructed
reporter plasmids carrying the putative binding sites for miR-9
and miR-125b in the 3'UTR of the Renilla luciferase gene. When
the reporter plasmids together with synthetic pre-miR-9 or pre-
miR-125b precursor were introduced into naive P19 and Neuro2a
(N2a) cells, which hardly express both miR-9 and miR-125b, a se-
quence-specific gene silencing of the introduced miRNAs to the
target reporter genes was detected (Fig. 4A and B), suggesting that
the examined sequences (introduced into the reporter gene) carry
the authentic binding sites for the miRNAs. Then we introduced the
reporter plasmids into RA-treated P19 cells. The results indicated
that the expression of the reporter gene carrying the target se-
quences was significantly decreased in the cells (Fig. 4C), where
miR-9 and miR-125b appear to be upregulated (Supplementary
Fig. s1). It should be noted that the reporter gene carrying the
miR-9 target sequence (miR-9TS) looked like undergoing suppres-
sion stronger than the reporter gene with the miR-125b target
sequence (miR-125bTS) (Fig. 4C). Since miR-9 appears to be upreg-
ulated earlier and more abundant than miR-125b in RA-treated P19
cells (Supplementary Fig. s1), these may account for the difference
in suppression level between them. Consequently, Lin28 is likely
subjected to gene silencing involving miR-9 and miR-125b during
neuronal differentiation of P19 cells.

Systematic gene regulation involving gene silencing during neuronal
differentiation

The present and previous studies suggest that a systemnatic gene
regulation involving gene silencing takes place during neuronal
differentiation of P19 cells (Supplementary Fig. s4): (i) various
genes including miR-9 and miR-125b are upregulated after RA
treatment for induction of the differentiation; (ii) Lin28 blocking
the let-7 maturation is subjected to gene silencing mediated by
miR-9 and miR-125; and its promoter activity is also downregu-
lated; (iii) the reduction of the Lin28 protein permits processing
of let-7 and the let-7 genes themselves are also upregulated, there-
by accumulating mature let-7 in the cells; (iv) the matured let-7 is
incorporated into RISC; and (v) the resultant RISC initiates inhibi-
tion of the expression of the Hmga2 protein without reduction of
the Hmga2 transcript. Give that Hmga2 appears to participate in
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Fig. 4. Reporter gene assay. {(A,B) Reporter plasmids carrying the predicted miR-9
(miR-9TS) and miR-125b (miR-125bTS) target sequences in the 3'UTR of the Renilla
Iuciferase gene and an empty plasmid (empty) as a control were introduced together
with synthetic pre-miR-9 or pre-miR-125b precursor into undifferentiated P19 (A)
and Neuro2a {N2a) (B} cells. Twenty-four hours after transfection, cell lysate was
prepared and dual luciferase assay was carried out. Ratios of normalized target
(Renilla} luciferase activity to control (Photinus) luciferase activity are shown: the
ratios of luciferase activity determined with the plasmids carrying the miR-9TS and
miR-125bTS are normalized to the ratio obtained with the control (empty) plasmid.
Data are averages of three independent experiments. Error bars represent standard
deviations. (C) The reporter plasmids were also transfected into RA-treated P19
cells. P19 cells were treated with RA for indicated hours and subjected to
transfection thereafter. Dual luciferase assay was carried out as in A. Ratios of
normalized target luciferase activity to control activity are indicated: the ratios of
luciferase activity determined in RA-treated P19 cells are normalized to the ratio
obtained in naive (undifferentiated) cells, Data are averages of three independent
experiments. Error bars indicate standard deviations.

self-renewal and stemness [29,30], the gene regulation described
above may contribute to a swift silencing of Hmga2 and a rapid
differentiation of P19 cells.
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Three human ARX mutations cause the
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ARX (the aristaless-related homeobox gene) is a transcription factor that participates in the development of
GABAergic and cholinergic neurons in the forebrain. Many ARX mutations have been identified in X-linked
lissencephaly and mental retardation with epilepsy, and thus ARX is considered to be a causal gene for
the two syndromes although the neurobiological functions of each mutation remain unclear. We attempted
to elucidate the causal relationships between individual ARX mutations and disease phenotypes by generat-
ing a series of mutant mice. We generated three types of mice with knocked-in ARX mutations associated
with X-linked lissencephaly (P353R) and mental retardation [P353L and 333ins(GCG)7]. Mice with the
P355R mutation (equivalent to the human 353 position) that died after birth were significantly different in
Arx transcript/protein amounts, GABAergic and cholinergic neuronal development, brain morphology and
lifespan from mice with P355L and 330ins(GCG)7 but considerably similar to Arx-deficient mice with trun-
cated ARX mutation in lissencephaly. Mice with the 330ins(GCG)7 mutation showed severe seizures and
impaired learning performance, whereas mice with the P355L mutation exhibited mild seizures and only
slightly impaired learning performance. Both types of mutant mice exhibited the mutation-specific lesser
presence of GABAergic and cholinergic neurons in the striatum, medial septum and ventral forebrain
nuclei when compared with wild-type mice. Present findings that reveal a causal relationship between ARX
mutations and the pleiotropic phenotype in mice, suggest that the ARX-related syndrome, including lissen-
cephaly or mental retardation, is caused by only the concerned ARX mutations without the involvement of
other genetic factors.

INTRODUCTION thought to play an important role in forebrain development,

is conserved in vertebrates and the ARX protein contains a
The forebrain comprises a number of functionally and mor- prd-type homeodomain, four polyalanine tracts, an octapep-
phologically distinct types of neurons that, in coordination, tide and C-terminal (aristaless) domains (1,2). Located at
regulate various aspects of cognition and behavior. ARX, Xp22.13, the ARX gene is considered to be a causative
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factor for X-linked lissencephaly and mental retardation (3—
5), and more than 60 disease-related ARX mutations have
been identified (6—8). These mutations are classified into
two groups: one produces more severe lissencephaly and the
other less severe mental retardation symptoms. The former
group includes deletion, frameshift, nonsense and missense
mutations within the homeobox and is associated with malfor-
mation syndromes such as lissencephaly, agenesis of the
corpus callosum and ambiguous genitalia. The latter group
includes elongation of the first or second polyalanine tract
and missense mutations and is associated with syndromes
without obvious malformations such as mental retardation,
epilepsy and dystonia. The association of mental retardation
with epilepsy is incidental since the patients sometimes had
frequent and prolonged seizures, secondary neuronal injury
and side effects of anticonvulsant. 4RX mutations, however,
provide a direct model for genetic association between epi-
lepsy and mental retardation (9). Thus ARX is uniquely
involved in a wide spectrum of neurodevelopmental disorders,
ranging from mental retardation to lissencephaly.

Arx is expressed in the forebrain as well as in the testis, pan-
creas and skeletal muscles (3,10-12). It is involved in GABA-
ergic neuron development in the cortex and striatum, in
addition to cholinergic neuron development in the striatum,
medial septum (MS) and ventral forebrain nuclei (3,13-15).
Arx has both transcriptional activator and repressor domains
(16) and functions as a transcriptional repressor (17). A
portion of the genetic cascade of Arx in the forebrain has
gradually been uncovered, with DIx2 and Lmol/Ebf3/Shox2
having recently been identified as upstream and target genes,
respectively (18-20).

Important aspects to be addressed in the 4RX-related syn-
dromes, including lissencephaly and mental retardation, are
(a) whether the single ARX mutations per se can cause one of
the two syndromes and (b) whether there are specific causal
relationships between individual ARX mutations and disease
phenotypes. In the present report, we describe the generation
of mice with three different knocked-in mutations associated
with the ARX-related syndromes and show that the three
mutations are causally involved in the syndromes and that the
two mutations involved in the ARX-related mental retardation
cause seizure and behavioral impairments through the abnormal
development of GABAergic and cholinergic neurons.

RESULTS

Generation and general features of three ARX mutant mice

One of the mutations examined in this study was the mutation
of a proline (353 in human ARX) in the conserved YPD
(tyrosine—proline—aspartic acid) in the prd-type homeodo-
main of ARX. In humans, P353L develops X-linked myoclo-
nic epilepsy with generalized spasticity and intellectual
disability (OMIM300432), whereas P353R  develops
X-linked lissencephaly with ambiguous genitalia (XLAG,
OMIM300215) (4,7). We also studied the addition of seven
alanines to the first polyalanine tract, which leads to
X-linked infantile spasms syndrome/West syndrome
(OMIM308350) (4). We knocked-in the three mutations
using homologous recombination; i.e. to study the first two
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mutations, we changed the equivalent proline (residue 355)
of mouse Arx to either leucine or arginine, while seven
GCG-triplets were inserted at residue 330 of the mouse Arx
gene (Fig. 1A and B). Using Southern analysis of genomic
DNA from embryonic stem (ES) cells, we confirmed that
each mutation was correctly introduced into the Asx gene
(Fig. 1C and D). Hemizygous mice (4rx™) obtained by
crossing female heterozygous mice (4rx™™) with male wild-
type mice (Arx™"Y) were used in the subsequent experiments
[Arx™" mice: Arx™>* %Y (abbreviation: Ar"RY), ArxP33Y
(ALY, Ay BOMSGER Y Arx‘GCG)WYzmi cel.

Arx protein from Arx"™Y and AmTHY embryos was the
same length as that from the wild-type Arx, whereas the
protein from Arx@CD7Y embryos had a slightly higher mol-
ecular weight than that from the wild-type Arx owing to the
addition of seven alanines (Fig. 1E). We examined the
expression amounts of the mutated Arx transcripts and Arx
proteins using quantifative real-time PCR and semi-
quantitative western blotting, respectively. The amount of
Arx transcript from ArxPRY embryos was approximately
three times that of the wild-type Arx (this was also confirmed
by the endeoint PCR, unpublished data), whereas those
from Arx™" and Arx(GCOTY embryos were approximately
equal to that of the wild-type Arx transcript (Fig. 1F). The
amount of Arx protein in the Arx"™Y embryo was approxi-
mately the same as in the wild-type Arx, whereas the
protein from the Arx™™Y and ArxGCH7Y embryos was 40—
60% that of the wild-type Arx; lower levels of protein were
also found in another GCG mutant mouse, Arx*32435dup’yY
(Fig. 1G, unpublished data). The low levels may be based
on susceptibility to proteolysis of the mutated Arx, while
detailed analysis of the mechanisms responsible for expression
amounts of Arx transcript and protein in the Arx"™Y embryo is
required.

Arx™ mice died within 1 day after birth, as did Arx
deficient (4rx™") mice (3), whereas Arx"™™Y mice lived for
more than 6 months. Most of the Arx““9"Y mice died
within 3 months, but some of them survived for 5-6
months. Neonatal 4rx™®Y mice had smaller brains and olfac-
tory bulbs, which were also seen in 4rx ™Y mice (3), whereas
the neonatal brains of Arx"™Y and Arx““O"Y mice were
nearly as large as those of Arx™Y mice (Fig. 1H).

Disturbed development of GABAergic and cholinergic
neurons in embryonic and neonatal Arx™NY, 4y PLIY

and ArxC“"Y mice

Arx deficiency results in the loss of most of the tangential
migration, except for that along the subventricular zone (3).
The migration of GABAergic progenitor cells was examined
using mutant mice cross-bred with heterozygous glutamate
decarboxylase (GAD) 67-GFP (Aneo) mice, (GAD67°FF/+
mice) (21,22), which demonstrated that most of the GABA-
ergic interneuron precursors expressed Arx (Fig. 2A-D).
The migration modes in Arx"™Y and A=x™Y embryos were
very different from one another (Fig. 2B and C). Arx™ GABA-
ergic progenitor cells of ArxP™Y embryos failed to initiate
migration at E12.5 (Fig. 2B) and began to migrate only
along the subventricular zone of the cortex at E14.5 (inset of
Fig. 2B). The total number of Arx* cells was 28.5 4+ 3.4%
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Figure 1. Generation and general features of ArxPRY . 4r™YY and 4 CC97Y mice. (A and B) Schematic representation of the wild-type Arx allele (top), target-
ing vector (middle) for introducing either the PL or PR mutations (A) and the (GCG)7 mutation (B), and the mutated allele after homologous recombination
(bottom). The mutation points are indicated by (*). A new Xhol site is formed upon the introduction of the PL or PR mutations (A), whereas a Nofl site is
destroyed upon the introduction of the (GCG)7 mutation (B). (C and D) Southern blot analysis of the targeted ES clone with either the PL or PR mutations
(C) and the (GCG)7 mutation (D). Genomic DNA from the ES cells was digested with either £coRI for the PL/PR mutations (red bar in A) or Bg/lI for the
(GCG)7 mutation (red bar in B), and both digests were probed with a §'-probe (C and D). Genomic DNA was then digested with Kpal for the PL/PR mutations
(blue bar in A) or BamHI for the (GCG)7 mutation (blue bar in B), and both digests were probed with a 3'-probe (C and D). To confirm that each mutation was
introduced, genomic DNA was either digested with X#ol (green line in A) and probed with a Neo-probe for the PL/PR mutations (C) or digested with Bg/ll/Nol
(green bar in B) and probed with a §'-probe for the (GCG)7 mutation (D). (E) Western blotting of Arx protein from the forebrains of three mutant embryos at
E14. Arx protein from Arx™™Y and Ar™Y embryos was the same length as the wild-type Arx, whereas the protein from Arx'CC9Y embryos had a slightly
higher molecular weight than that from the wild-type Arx. (F) Quantitative analysis of Arx transcript by real-time PCR. All values of the Arx transcript were
normalized for Gapdh. The Arx transcript from Arx embryos was approximately three times that of the wild-type Arx, whereas the Arx transcripts of ALY
and ArxSC97Y embryos were approximately the same as those of the wild-type 4rx. (G) Semi-quantitative analysis of Arx protein by western blotting. All
values of the Arx protein were normalized for actin. Arx ,grotein levels from Arx™Y embryos were approximately the same as those from the wild-type
Arx, whereas Arx protein levels in ArxPY and 4 GCO7 embryos were 66.4 + 22.6% (P < 0.02, n = 5) and 48.4 + 16.4% (P < 0.001, n = 5) of those
in the wild-type Arx, respectively. (H) Dorsal views of whole brains of newborn mice. ArxP*Y mice had smaller brains and olfactory bulbs, whereas the neonatal
brains of Arx™™Y and A" mice were almost as large as those of 4™ mice.

(P < 0.001, n = 3) of that found in wild-type cells in the cor- at E12.5 (Fig. 2C and D), finally reaching 92.8 + 8.7% and
tical plate at PO (Fig. 2F). The Arx™ GABAergic progenitor 88.4 + 11.2% (P < 0.02, n = 3), respectively, of the number
cells of Arx™Y and 4rx9“9"Y embryos began to migrate of wild-type cells found in the cortical plate at PO (Fig. 2G
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and H). Thus, the PR mutation associated with XLAG resulted
in severe defects in cortical tangential migration from the
medial ganglionic eminence (MGE), whereas the PL and
(GCG)7 mutations associated with ARX-related mental retar-
dation resulted in only slight impairments.

Arx deficiency results in a thickened subventricular zone of
striatum and a loss of GABAergic interneurons in the striatum,
suggesting the inhibition of both the radial migration of
GABAergic projection neurons from the lateral ganglionic
eminence and the tangential migration of GABAergic inter-
neurons from the MGE (3,15). Arx* and MAP2™ ventricular
and subventricular zones of the striatum were thicker in the
Arx®Y mice at PO (asterisk in Fig. 2J1 and J2). Furthermore,
somatostatin (SST)™ cells, a subtype of GABAergic inter-
neurons, accumulated in the subventricular zone of the
ventral striatum (around the nucleus accumbens), but no
SST* cells were detected in the mantle zone of the striatum
(Fig. 2N). Thus, both radial and tangential migrations were
significantly suppressed in the ArxPRY mice, and a very
similar situation was seen with the 4rx~ 'Y mice (3,15).
Radial migration in the Arx™™Y and 4rxSC97Y mice, on
the other hand, was barely suppressed compared with that in
the Arx"™™Y mice at PO (Fig. 2K1, K2, L1, L2), whereas tan-
gential migration of striatal SST* cells was suppressed in a
manner dependent on each mutation (Fig. 20 and P). Thus,
the PR mutation induced severe defects in striatum formation,
which depends on both the radial and tangential migrations of
presumptive GABAergic neurons, whereas the PL and
(GCG)7 mutations caused impairments only in tangential
migration of interneurons to the striatum.

Arx induces Gbx1 and Lhx8, making it essential for the
development of cholinergic neurons; no cholinergic neurons
were detected in the forebrain of the Arx ™Y mice (15). In
Ard™Y and 4re'9C97Y mice, no Lhx8 expression was
found in the striatum at PO (Fig. 2R and T), and only a
slight reduction in LAx8 expression was detected in the stria-
tum of 4rx™™Y mice (Fig. 2S). ARX was expressed in the
MS and the vertical limbs of the nucleus of the diagonal
bands (DBv) of Arx™Y mice at PO (Fig. 2U), whereas no
expression was seen in 47"~ mice (Fig. 2V). Furthermore,
the Arx™Y and 499" mice showed much reduced
ARX expression in the MS and DBv (Fig. 2W and X).
These Arx expression patterns in the MS and DBv of the
three mutants were also seen for Lhx8 expression (data not
shown).

Arx ™'Y mice with a nonsense mutation that causes XLAG
show a thinner cortical plate without a severely abnormal
structure (such as inversion of cortical layers) at PO (3).
Arx™Y mice with the missense mutation that causes XLAG
also exhibited a thinner cortical plate compared with 4rx™'Y
mice at PO (85.2 + 4.8% of wild-type, P <0.01, n=23.
Fig. 3A and B) The ratio of Tbrl™ deep layer (23) to whole
cortical plate in Arx™Y mice was slightly higher than that
of the wild-type (Fig. 3G and H), whereas the Foxpl™
middle layer (24), located at the upper side of the cortical
plate, exhibited no clear middle layer structure compared
with wild-type (Fig. 3E and F). Furthermore, the Satb2™
cells (25) were packed together in the uppermost layer, result-
ing in a thinner Satb2* upper layer g\l:ig. 3C and D). Thus, the
abnormal cortical structure in A7x"™'¥ mice at PO suggests that
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fine regulation in both the proliferation of neuroepithelial cells
in the ventricular zone (3) and the inside-out mig\gation of
post-mitotic neurons may be perturbed by Arx™™Y protein
expression in the embryonic ventricular/subventricular zones.
Furthermore, this perturbation may be one reason why three
cortical layers are formed in the human cortex with XLAG
(26,27). No thin cortical Q}ate or abnormal layer structure
was observed in the Arx™Y and 4rx““P"Ymice containing
mutations that cause mental retardation (data not shown).

The addition of seven alanines to the first polyalanine tract of
ArX in vitro results in the formation of intranuclear inclusions
and increased a%)ogtosis (28,29), whereas the present in vivo
study using Arx9“D7Y embryos showed that no specific for-
mation of intranuclear inclusions occurs in the migratory
Arx™ cells from ganglionic eminence at E12 and in the cortical
Arx™ cells at PO (Supplementary Material, Fig. SIA-D). Fur-
thermore, no increased apoptosis was detected in the ganglionic
eminence at E12 (Supplementary Material, Fig. S1E and F).
These observations were also seen in another mutation type in
the GCG tracts, the duplication of polyalanine tract, ‘432-
455dup’ (unpublished data). The absence of intranuclear
inclusions in the present in vivo study could be based on differ-
ences in the in vivo and in vitro solubility/stability of Arx
protein with extra alanine tracts.

In summary, the phenotype of mice with the PR mutation
was entirely different from that of mice with the PL and
(GCQG)7 mutations; this strongly suggests that both groups of
mutations can cause specifically developmental abnormalities
in ARX-related lissencephaly (XLAG) or mental retardation.
In order to further understand mutation effects on ARX-related
mental retardation, we focused on the seizure, behavioral and
neuronal analysis of the Arx PXY and drx “““D7Y mice at the
post-natal stage.

PL/Y (GCHNY

Epilepsy in the Arx and Arx mice

Epilepsy is a common symptom in 4RX-related mental retar-
dation, and we examined the presentation of the epilepsy in
both the types of mice. In the behavioral monitoring exper-
iment, seizures were noted in 70% (7/10) of the Arx (GCO7Y
mice at Plm (l-month-old mice), and one of them (1/10)
died during status epilepticus. All seizures started with trem-
bling of the limbs and progressed to tonic clonic convulsions,
running fits and then complete loss of postural control and
movement (Supplementary Material, Movie). Some of the
mice exhibited hand-washing motions at the end of the sei-
zures. Histologically, ectopically induced NPY expression in
mossy fibers of the dentate gyrus was found in the brains of
Arx GO mjce presenting seizures (Fig. 4Al and A2).

In three pairs of Arx “““97Y mice and their wild-type litter-
mates, electroencephalographics (EEGs) were recorded in the
frontal cortex, hippocampus and striatum together with the
behavioral monitoring (Fig. 4B1 and B2). In all three
Ay (CCOTY mice, the ictal EEG showed abnormal activities,
although no spikes were found during the interictal period
(Fig. 4C). At the beginning of the seizure, EEG showed posi-
tive spikes in the hippocampus and negative spikes in the
frontal cortex and striatum, followed by diffuse spike bursts
(Fig. 4D). The first spikes in 26 of 29 seizures were seen sim-
ultaneously in the hippocampus, frontal cortex and striatum.
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Then 20-30 Hz spike bursts with waxing and waning
appeared in the hippocampus, and there were continuous
bursts of very high-voltage spikes in the striatum. Finally,
the bursts abruptly changed to long-lasting, low-voltage
activity with synchronous rhythmic theta waves. Seizures
often occwrred in clusters, and the spikes were found
between the seizure clusters.

In contrast, no 4 Y mice died during the behavioral moni-
toring. Only one tonic seizure was seen at P1m in the Arx™-'Y
mice (1/10), and the seizure was of shorter duration (30 s) than
those seen in the Arx©CCD”Y mice (146 + 57.9 s), but no sei-
zures were observed in Arx"™Y mice during EEG recordings.
To determine the threshold of seizure and the relationship
between age and seizure, the Arx™™'Y and 4™ mice were
challenged with bicuculline, a GABA, receptor inhibitor, at
P1 m and P3-5m at a relatively low dosage (1.5 mg/kg). Myo-
clonic jerks were observed in most of the mice with both geno-
types at both PIm and P3-5m, whereas generalized seizures
developed less frequently in the Arx mice at P3-5m
[Table 1(A)]. Furthermore, significant differences were noted
in the time from injection to onset of jerks and generalized sei-
zures as well as in the number of deaths at both PIm and P3~5m
[Table 1(A) and (B)]. Thus, the seizure threshold was signifi-
cantly lower in the Arx"™"Y mice than in the control 4rx™’Y mice.

Impaired learning performance in both the Arx™Y

and Arx‘“D™Y mice

Learning and memory of both types of mice were tested using
a step-through passive avoidance task and two tasks on the
eight-arm radial maze. A step-through passive avoidance
task determines whether mice can retain an aversive
memory of electric shocks. Naive ArxfYY and Are(CCO7Y
mice showed no significant difference in latency to enter a dar-
kened chamber compared with 4rx™Y mice (P = 0.098 and
P=0.7792, respectively, Mann—Whitney’s U-test), which
indicated that mobility and motivation for entry were not
affected (Fig. 5A and B). After the mice had experienced
shocks, latency for entry was significantly shorter in both
A and Are 99N mice than in ArxY mice P=
0.021 and P < 0.001, respectively, Mann—Whitney’s U-test),
with a greater reduction of latency seen in ArxS“®D”Y mice
(Fig. SA and B). These results indicated that neither type of
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mutant mouse could successfully acquire avoidance behavior
through aversive experience.

The win-shift task on the eight-arm radial maze is a well-
known hippocampus-dependent spatial learning task. To effi-
ciently obtain all eight pellets at the end of each arm, mice
must retain the spatial locations of pellet-retrieved arms
within a trial. Performance was evaluated for accuracy,
measured as the percentage of chosen arms that were baited.
ArxPHY mice showed significantly improved accuracy with
training, but their accuracy was slightly lower than that of
Arx™Y mice (genotype effect, F[1,17] = 9.12, P < 0.01; train-
ing effect, F[5,85]=33.1, P <0.0001; genotype x training
interaction, F[5,85] =0.702, P =0.624) (Fig. 5C). In
ArxSCDY mice, the accuracy was significantly poorer than
in 4™ mice (genotype effect, FLIT]=843, P<
0.0001; genotype x training interaction, F[3,51]= 10.8, P <
0.0001), as the Arx‘““D"Y mice showed no significant
improvement in accuracy with training (F[3,18] = 0.302,
P =0.824, one-way RMANOVA) (Fig. 5D). These results
indicate that both mutants showed inaccurate performance in
pellet retrieval, with the ArxCD7Y mice showing more
severe impairment than the Arx"™Y mice. Because neither
mutant used a non-spatial egocentric strategy by visiting
each of the eight arms in turn (Supplementary Material,
Fig. S2), disabled spatial learning was thought to underlie
the inaccurate performance of each type.

The win-stay task of the eight-arm radial maze is designed
to evaluate striatum-dependent procedural learning in rodents.
Mice can obtain a reward whenever they approach a lit arm.
The arrangement of four lit arms is changed for every trial
to avoid interfering with spatial memory. After acquiring a
manner of approaching lit arms, mice approach the unlit
arms less frequently. 4rx"™Y mice showed no significant
difference in the ratio of unlit arm choices to lit arm choices
compared with the 4rx™Y mice (genotype effect, F11,22]1 =
1.78, P =0.20; genotype x training interaction, F[7,154] =
0.43, P=0.88) (Fig. 5E). In contrast, 4rx‘°“@"Y mice
showed a significantly higher unlit-to-lit ratio throughout
training than the Arx™" mice did, although they did show a
significantly decreased ratio with training (genotype effect,
F{1,91=312, P<0.001; training effect, F[4,36] = 13.4,
P < 0.001; genotype x training interaction, F[4,36] = 0.19,
P =0.94) (Fig. 5F). Thus, we concluded that the 4rx(G¢D”

Figure 2. Characterization of the cortex (Cx), striatum (Str) and medial septum (MS) of embryonic and neonatal A" 4rx™Y and 4ry©C"Y mice. (A-D)
Cortical tangential migration in embryos (E12.5) crossbred with GAD67 %™+ mice. Arx™ (red)/GAD67-GFP* (green) cells in the Arx™Y embryos began to
migrate from the ganglionic eminence (GE) (A), whereas no migration from the GE was seen in the 4™ embryos (B). Only late migration from the GE
along the subventricular zone of the Cx was seen at E14.5 (inset of B). Arx™/GADG7-GFP™ cells in Arx™"" and 4rx““®Y embryos migrated normally,
although the number of cells was slightly reduced com\})ared with that in the Arx™Y embryos (C, D). (E-H) Arx* cells in the Cx at PO (E-H). Significantly
reduced numbers of Arx™* cells were seen in the Arx™Y mice, and some of them were clustered at the subplate (F). Arx* cells were only slightly reduced in the
Are™Y and A €YY mice (G, H). (11-L1) Anterior Str and (12-L2) posterior Str, ARX (red) and MAP2 (green) expression in the Str at PO. The Arx* and
MAP2™ ventricular zone of the anterior Str of Arx"™Y mice showed increased thickness (* in J1), whereas no increase was seen in Arx™™Y (K1) or Arx(GCOY
mice (L1). The thickening of the ARX™" and MAP2* ventricular zone was also seen in the posterior Str of Arx"™Y mice (* in J2), whereas no increase was seen in
the AmxPVY (K2) and ArxCCOMY mice (L2). (M~P) SST™ interneurons in the Str at PO. SST¥ interneurons were distributed throughout the Str of the ArxXY
mice (M), whereas they gathered in the thickened ventricular zone of the striatum of Arx™¥ mice (* in N) and were not present in the mantle zone of the Str (N).
On the other hand, a small number of SST™ interneurons were seen in the mantle zone of the Str of A7x"™"¥ mice compared with 47xY mice (0), whereas most
of the SSTY interneurons were seen in the ventricular zone of the Str in 4G9 mice (P). (Q-T) Lhx8 expression in the Str at P0O. L/x8 expression was seen
throughout the Str of 4rx™¥ mice (Q), whereas no ex(pression was seen in Arx"Y mice (R). Lhx8 expression was seen in the ventral half of the Str of ArxY
mice (S), whereas no expression was seen in the Axx‘““D7Y mice (T). (U-X) Arx expression in the MS and vertical limbs of the nucleus of the diagonal band
(DBv) at PO. ARX was expressed in the MS and DBv of the 4™ mice (U), but no expression was seen in Arx"™ " mice (V). Furthermore, significantly reduced
Arx expression was observed in the Arx"™Y and 4rx‘SC97Y mice (W, X). MGE: medial ganglionic eminence, GP: globus pallidus. Scale bars: A-D, 100 pm;
E-H, 250 pm; I1-T, 500 pm; U-X, 500 pm.
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Figure 3. Aberrant cortical layer formation in Arx™Y mice. (A and B) Cresy!
violet staining of the cortical plate of Arx™Y (A) and An™Y (B) mice at PO.

The thickness of the cortical plate was 85.2 + 4.8% of wild-type (P < O 01,

n=13), (C and D) Satb2 imaging of the up pper cortical layer of Arx™Y (C)
and Arx"™Y (D) mice. Sathb2™ cells in Ary mice were packed together
in the uppermost layer, resulting in a thinner Satb2™ upper layer than that
of the _wild-type. (E and F) Foxpl imaging of the middle cortical lgyel of
Arx™Y (B) and Arx™Y (F) mice. The Foxpl* middle layer of Arxd™Y mice
was located at the upper side of the cortical plate and exhibited no clear
middle layer structure compared to wild- type (\9 and H) Tbrl imaging of
the deep cortical layer of Ary™Y (G) and A" (H) mice. The ratio of the
Tbrl* deep layer to the entire cortical plate in Arx™Y mice (60.3 + 5.3%,
P < 0.01, n = 3) was slightly higher than that of Arx™¥ mice (48.3 + 3.8%,
P < 0.01, n=73). CP, cortical plate; UL, upper layer; ML, middle layer;

DL, down layer. Scale bars: A—H, 100 pm.

Y mice failed to acquire an association between the stimulus of
light and the response of approaching, indicating a deficit in
procedural learning.

In addition to several kinds of learning disabilities, we con-
firmed the 1mpa1red motor coordination in Arx™“ and
ArxSC9D"Y mice and the increased locomotor activity and

anxiety-like behavior in Arx‘““D”Y mice (Supplementa
PP Ty

Material, Figs S3 and S4). Increased locomotor activity and
anxiety-like behavior are thought to affect learning indices;
however, the above-mentioned results in learning tasks were
statistically independent from the increased locomotor activity
and anxiety-like behavior in Ar: x(OCDY mice (Supplementary
Material, Table S1).

Slight and severe reduction of GABAergic neurons
in the cortex and striatum, respectively, of Arx?
and Arx @Y mice at P1m

We examined the post-natal distribution of GABAergic and
cholinergic neurons based on the occurrence of seizure and
impaired learning performance. In addition to being expressed
during the embryonic period, Arx is expressed in each subtype
of GABAergic interneurons, such as the parvalbumin (PV)™,
SST* and neuropeptide Y (NPY)" cells and choline acetyl-
transferase (ChAT)" cholinergic neurons in the post-natal
period (Supplementary Material, Fig. S5). Furthermore, the
findings at P1m described in this and the following sections
were also confirmed at P2m (data not shown); thus, they
were not due merely to a developmental delay.

We examined the number of GAD67 ™" neurons and subtypes
of GABAergic interneurons in the somatosensory cortex of
AP and A9CD"Y mice at Plm. GAD67F, SSTT,
NPY™* and PV* interneurons exhibited no severe reduction
in the cortex of Arx™Y and 4 (GCO” mice, with some
exceptions, as suggested by the tangential migration of Arx™
GABAergic neurons during the embryonic and neonatal
stages (Supplementary Material, Fig. S6, Fig. 2C, D, G, H).
Tangential migration of striatal SST™ cells was suppressed
in a manner dependent on each mutation at PO (Fig. 20 and
P). This observation suggested that these subtypes may be
reduced at post-natal stages and there were clearly fewer
SST*, NPY™ and NOS (NO synthase)" interneurons in the
striatum of the Arx™™Y and Arx @YY mice (Fig. 6A-1,
M). On the other hand, there was only a slight reduction in
the number of PV interneurons in both mutants when com-
pared with the other subtypes (Fig. 6J-L, M). Furthermore,
we found that SSTT, NPY"' and NOS™ interneurons were
localized to the ventral region and were rarely detected in
the dorsal region of the striatum, whereas no regional differ-
ences were seen for PVT interneurons (Fig. 6A—-L). Thus,
the number of SSTH, NPY* and NOS™ interneurons in the
striatum of both mutants was significantly reduced when
compared with that seen in the cortex, suggesting that striatal
tangential migration was specifically suppressed in both
mutants. We also found a subtype-specific reduction in the
GABAergic interneurons in the basolateral amygdala of both
mutants (Supplementary Material, Fig. S7).

Figure 4. Presentation of seizures in Arx(G€97"Y

mice. (Al and A2) Ectopic NPY expression in mossy fibers of the dentate gyrus. Before seizure (Al), after

seizure (A2). (B1 and B2) Diagrams of the electrode configuration superimposed on a coronal section of the brain. Local EEG was simultaneously recorded from
the striatum (B1) and hippocampus (B2), together with the ipsilateral frontal EEG (B1). The recording sites were histologically verified in the cresyl violet stain-
ing sections. (C) Ictal EEG activity in three Arx (CCOY mice (#1, #2, #3). The seizure started (dotted line) simultaneously in the hippocampus, frontal cortex and
striatum, followed by diffuse spike bursts. Next, 20-30 Hz spike bursts with waxing and waning appeared in the hippocampus (bar). Then there were continuous
bursts of very high-voltage spikes (open bar) in the striatum, which abruptly changed into a long-lasting low-voltage activity with synchronous rhythmic theta
waves. All seizures started with limb trembling that progressed to tonic clonic seizures (closed trian Fle), runmng fits (arrow) and complete loss of postural control
and movement (open arrow). (D) Examples of EEG data at the beginning of a seizure in three Ary GCOTY mice (#1, #2, #3). The first spikes are simultaneously
seen in the frontal cortex, hippocampus and striatum. F-cx, frontal cortex; Hip, hippocampus; Str-1, lower electrode in the striatum; Str-u, upper electrode in the
striatum; Str-BP, bipolar in the striatum.
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Table 1. Seizure induction by bicuculline in Arx mice

(A) The number of mice displaying myoclonic jerks and generalized seizures and of deaths in the Arx

LY and 4™ mice

Post-natal month old Genotype Mice with myoclonic jerks/total Mice with generalized seizure/total Deaths/total
Plm Arx T3 6/6 6/6 6/6
P3-5m Ary™ 6/6 4/6 1/6

P 1 0.4546 0.0152*
P3-5m ApxPISLY 8/8 8/8 8/8

Arx™Y /8 3/8 2/8

P 1 0.0256* 0.0070**

(B) The onset of myoclonic jerks, generalized seizures and death from injection in the Are™Y and 4rx™Y mice

Post-natal month old Genotype Time myoclonic jerks start (min) Time generalized seizure start (min) Time of death (min)
Plm AT 2.82 + 0.60 3.58 +0.97 17.00 £ 9.69
Ar™Y 5434 0.81 6.97 + 1.83 18.00 + 0
P 0.0039** 0.0105*
P3-5m ArxTPEY 334 40,51 454 + 1.62 9.00 + 1.69
Ary™™ 6.57 + 4.16 9.53 + 5.17 15254 1.06
P 0.0038** 0.0143*

Values are mean + SD.
*P < 0.05.
=P < 0.01.

Reduction of cholinergic neurons in the striatum/, MS and
ventral forebrain nuclei of Arx*™"Y and A4rx“C97Y mice at

Plm

Striatal ChAT™ cholinergic interneurons were reduced by
50.1 + 6.8% (P < 0.001, n=3) in the Arx"™"" mice, whereas
no ChAT" interneurons were found in the Arx9“D™Y mice,
as expected from the LAx§ expression at PO (Figs 2S, T and
7B, C). Arx*3*4358Y mice also had no ChAT™ interneurons
in the striatum (unpublished data). This observation suggests
that migration and differentiation of cholinergic interneurons
are fully suppressed by the elongation of the first and second
polyalanine tracts and only partially by the PL mutation.
Forebrain cholinergic projection neurons are found in the MS
(Ch1), DBv and DBh (Ch2 and Ch3) and the basal magnocellular
complex (Ch4), which is composed of the magnocellular preoptic
nucleus (MCPO), substantia innominata, ventral pallidum and
basal nucleus (NB). Chl and Ch2 provide major innervation to
the hippocampus; Ch3 innervates the olfactory bulb and Ch4
innervates the cortex. ChAT™ projection neurons were signifi-
cantly reduced, to 53.2 4+ 4.8% of the wild-type level in the MS
of the Arx™Y mice (P < 0.001, n = 3, Fig. 7E), and were even
more severely reduced in the Arx'SCOTY mice (23.8 £ 4.0%,
P < 0,001, n=23, F1§ 7F). Furthermore, the ChAT neurons of
Arx™Y and Arx@C9Y mice were reduced more severely in
the DBv than in the MS (Fig. 7E, F). GAD67* neurons, another
component of both the MS and DBv, were reduced in the Arx™
Y mice and were not found in the A=x““D"Y mice, except for
some expression in the most anterior MS and DBv (Fig. 7H, I
and inset of I). The number of ChAT™ neurons in the MCPO of
both mutants was decreased to ~70% of the wild-type level
(80.1 + 8.5%, P < 0.01, n =3 for Arx"™" mice, 68.4 + 7.5%,
P <0.001, n=3 for Arx““D"Y mice, Fig. 7J-L), and the
number of neurons in the NB of both mutants was also reduced
(data not shown). Furthermore, we detected acetylcholinesterase

(AchE)* axonal arbors of cholinergic projection neurons in the
hippocampus and cortex, which are innervated by cholinergic pro-
jection neurons in the MS and basal magnocellular complex,
respectively. A clear reduction in the AchE" axonal arbors was
noted in the hippocampus and somatosensory cortex of Arx™""
mice (Fig. 7N, Q, S) compared with Arx™"¥ mice, in addition to
a severe reduction seen in Arx©@“9"Y mice (Fig. 70, R, S).
These data indicate aberrant formation of the Ch1/Ch2 (septohip-
pocampal) and C4 systemis in both mutant strains.

DISCUSSION

Diversity of ARX mutations and XLLAG and mental
retardation with epilepsy

One question to be addressed regarding the diversity of ARX
mutations in the XLAG and mental retardation is whether
the conditions are caused by individual mutations without
involvement of any other genetic factors. We addressed this
topic by introducing PR, PL and (GCG)7 mutations into the
mouse genome. We found that phenotypes of 4rx™Y mice
are very similar to those of Arx~'Y mice with a truncated
ARX mutation in XLAG (3,15). The abnormal cortical layer
formation, abnormal structure of the striatum and deficiency
of GABAergic neurons in the cortex and striatum caused by
PR mutation closely mimic XLAG (5,26,27). Still, the mech-
anisms underlying the abnormal cortical formation specific to
XLAG are not yet clear due to the perinatal death of both
mouse models of XLAG (30,31). On the other hand, two struc-
turally different mutations associated with 4RX-related mental
retardation, including the single amino acid replacement (PL)
and elongation of polyalanine tract [(GCG)7], also caused a
common phenotype of 4ARX-related mental retardation with
epilepsy. Thus, the present study strongly suggests that PR
and PL/(GCG)7 mutations independently cause lissencephaly
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