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Altered molecular interaction between LRR synapse organizer and metabotropic
receptors as a core mechanism for neurodevelopmental disorders
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LRR

In this study, we aimed a better understanding of the disease core mechanism
underlying neurodevelopmental disorders including attention-deficit hyperactivity disorder. For
this purpose, we focused on the molecular interaction between LRR synapse organizer and metabotropic
receptors. Abnormalities appeared in the mice lacking these proteins were analyzed through
multidisciplinary approach. As a result, altered synaptic structure and function as well as altered
monoaminergic systems that control overall neuronal activities are found to be critically involved
in the pathophysiology.



25

SNAP25 4

GPCR
(mGIuR7, Lphn3, 2

ADHD

PICK1
ADHD
mGIuR7
Elfnl
ADHD

mGIuR7

Elfnl
FIrt3

Slitrk

leg( )
(GWAS)

Slitrk
Elfn, Slitrk

(LRR-SO)

LRR-SO

(1) Elfn Slitrk

(2) LRR-SO

(3) LRR-SO

(1) Elfnl C
ELFN1

ADHD
ADHD 37
REEEFH D RT-ADHDD 5 FikkE
G GPCR/LRR-SO {7y T TR MAEHE |
HERDESE %/Tj i’f‘»wﬂ‘éi u
3 IuR7, Lph SR =
) mG$” ’ '°$ "3¢J BEG. MR, BREE
Elfnl FIrt3 LRR-SO_U_)B_ET:':;E _____
mGIuR7 Elfn2? Lrfn2,Slitrk1-6 ¢ >PTPR |
T = Ak N
ADHD ADHD/R B & {=F | BEEEaT7? |
ADHD mGIuR7
mGIuR7
ADHD
LRR 1
OoLM
ELFN1
mGIuR7 Elfnl
ADHD
Elfn1/mGIuR?7 ADHD
ADHD GPCR Lphn3
LRR 1
GPCR LRR
ADHD
1 o Ptprd
Slitrk
Ptprd restless
LRR
LRR
LRR-SO
LRR-SO
mGIuR7
ELFN1



(2) Elfn2

Elfn2  Elfnl
Elfnl Elfn2
Elfnl Elfn2
(3) Slitrk
Slitrk
(4) Elfn
Slitrk Elfn
©) LRR-SO
Slitrk
Chemogenetics
(1) ELFN
ELFN
ELFN
(2) LRR-SO
Elfn Slitrk
ELFN1
CRISPR/Cas9 5
Elfnl
Elfnl ELFN1
Slitrk
ELFN1 ELFN2
(3) Lrfn2 (Morimuraet a., 2017)
LRR-SO Lrfn2
Lrfn2
28 - o 28
26 - 3 g 26 4
— 244 = L
2 22 ¢ 2 2] ¢
Lrfn2 § 204 E 204
T 184 T 18-
3 164 > 161
o 14+ . . B 144 s .
a 1o =0="WT in group housing @ 4o —C— WT in single housing
10 H —e— KO in group housing 10 4 —8— KO in single housing
I 3 s+—r—7—7—"+—"111
S .9“‘ aNptet gty @“k
Lrfn2
1 Lrfn2 (KO) (WT)
n=10 *p

<0.05; **P <0.01, t-test. Morimuraet a., 2017

Lrfn2



Lrfn2

) AMPAE!

Lrfn2 D P BN MR EEO
(i R OEN AMPAE!
=& ' w3 PSD-95 | YJILAIUE

Lrfn2 ZREOEH
o7
~PSD-9.
Lrfn2
— —
PSD-95 E& LREN2X 18
AL A 1E ARAhEL
Tyl a)L—LEIZS $hERICED
2 Lrfn
Lrfn2
CA1l AMPA
Lrfn2 PSD-95 AMPA
Lrfn2 AMPA
Lrfn2  PSD-95
Lrfn2
Lrfn2
LRFN2
LRFN2 LRFN2
LRFN2 PSD-95
(4 LRR-SO
AAV LRR-SO
LRR-SO
DREADD

Li Z et al. Molecular genetic studies of ADHD and its candidate genes: a review. Psychiatry Res.
2014;219(1):10-24. doi:10.1016/j.psychres.2014.05.005.

Yang L et al. Polygenic transmission and complex neuro developmental network for attention deficit
hyperactivity disorder: genome-wide association study of both common and rare variants. Am J
Med Genet B Neuropsychiatr Genet. 2013;162B(5):419-430. doi:10.1002/ajmg.b.32169.

Tomioka NH, Yasuda H, Miyamoto H, Hatayama M, Morimura N, Matsumoto Y, et a. Elfnl
recruits presynaptic mGluR?7 in trans and its loss results in seizures. Nat Commun. 2014;5:4501.
doi: 10.1038/ncomms5501.

Sansig G et al. Increased seizure susceptibility in mice lacking metabotropic glutamate receptor. J
Neurosci. 2001;21(22):8734-45.

O'Sullivan ML et al. FLRT proteins are endogenous latrophilin ligands and regulate excitatory
synapse development. Neuron. 2012;73(5):903-10. doi:10.1016/j.neuron.2012.01.018;

Takahashi H, Katayama K, Sohya K, Miyamoto H, Prasad T, Matsumoto Y, et al. Selective control
of inhibitory synapse development by Slitrk3-PTPdelta trans-synaptic interaction. Nat Neurosci.
2012;15(3):389-98, S1-2. doi: 10.1038/nn.3040.

Tekin M, Chioza BA, Matsumoto Y, Diaz-Horta O, Cross HE, Duman D, et al. SLITRK6 mutations
cause myopia and deafness in humans and mice. J Clin Invest. 2013;123(5):2094-102. doi:
10.1172/3C165853.



Schormair B et a. PTPRD (protein tyrosine phosphatase receptor type delta) is associated with
restless legs syndrome. Nat Genet. 2008;40(8):946-8. doi: 10.1038/ng.190.

Takashima N, Odaka Y S, Sakoori K, Akagi T, Hashikawa T, Morimura N, et al. Impaired cognitive
function and altered hippocampal synapse morphology in mice lacking Lrrtml, a gene associated
with schizophrenia. PLoS One. 2011;6(7):e22716. doi: 10.1371/journal.pone.0022716.

Matsumoto Y, Katayama K, Okamoto T, Yamada K, Takashima N, Nagao S, et al. Impaired
auditory-vestibular functions and behavioral abnormalities of Slitrk6-deficient mice. PLoS One.
2011;6(1):€16497. doi: 10.1371/journa .pone.0016497.

Katayama K, Yamada K, Ornthanalai VG, Inoue T, Ota M, Murphy NP, et a. Slitrk1-deficient mice
display elevated anxiety-like behavior and noradrenergic abnormalities. Mol Psychiatry.
2010;15(2):177-84. doi: 10.1038/mp.2008.97.

9
Tohmonda T, Kamiya A, Ishiguro A, lwaki T, Fujimi TJ, Hatayama M, Aruga J. Identification and
characterization of novel conserved domains in metazoan Zic proteins. Mol Biol Evol. 2018;

doi: 10.1093/molbev/msy122.
Odaka YS, Tohmonda T, Toyoda A, Aruga J. An Evolutionarily conserved mesodermal enhancer in

vertebrate Zic3. Sci Rep. 2018; 8: 14954. doi: 10.1038/s41598-018-33235-y.
Aruga J. Zic Family Proteinsin Emerging Biomedical Studies. Adv Exp Med Biol 2018;

1046:233-248. doi: 10.1007/978-981-10-7311-3_12.
Aruga J, Millen KJ. ZIC1 Function in Normal Cerebellar Development and Human Devel opmental

Pathology. Adv Exp Med Biol 2018; 1046:249-268. doi: 10.1007/978-981-10-7311-3_13.
Hatayama M, Aruga J. Role of Zic Family Proteinsin Transcriptional Regulation and Chromatin
Remodeling. Adv Exp Med Biol 2018; 1046:353-380. doi:

10.1007/978-981-10-7311-3_18.

Aruga J, Hatayama M. Comparative Genomics of the Zic Family Genes. Adv Exp Med Biol
2018; 1046:3-26. doi: 10.1007/978-981-10-7311-3 1.

Ishiguro A, Hatayama M, Otsuka M|, Aruga J. Link between the causative genes of

holoprosencephaly: Zic2 directly regulates Tgifl expression. Sci Rep 2018; 8:2140. doi:
10.1038/s41598-018-20242-2.

LRR BIO INDUSTRY 35:24-33.
2018

Morimura N, YasudaH, Yamaguchi K, Katayama K|, Hatayama M, Tomioka NH, Odagawa M,
Kamiya A, lwayamaY, Maekawa M, Nakamura K, Matsuzaki H, Tsujii M, Yamada K, Yoshikawa T,
Aruga J. Autism-like behaviours and enhanced memory formation and synaptic plasticity in
Lrfn2/SALM1-deficient mice. Nat Commun 2017; 8:15800. doi: 10.1038/ncomms15800.

10
Aruga J. LRR transmembrane proteins control the localization of glutamate receptors. 41% Annual
Meeting of the Japan Neuroscience Society, (Jul 26-29, 2018)

Nakamura M, Hatayama M, Nakagawa S, Aruga J. Role of Lrrn3, a brain-enriched transmembrane
protein in neural development. 18th World Congress of Basic and Clinical Pharmacology (Jun 1-6,
2018)

Ichise M, Katayama K, Sakoori K, Morimura N, Hatayama M, Aruga J. Altered monoamine
dynamics and abnormal behaviorsin Lrtm2-deficient mice. 18th World Congress of Basic and
Clinical Pharmacology (Jun 1-6, 2018)

MorimuraN, Yasuda H, Katayama K, Hatayama M, Y oshikawa T, Aruga J. Autism-like behaviors
and enhanced memory formation and synaptic plasticity in Lrfn2/SALM1-deficient mice. 18th World
Congress of Basic and Clinical Pharmacology (Jun 1-6, 2018)

Nakagawa S, Aruga J. Roles of sphingosine-1 phosphate in blood-brain barrier using in vitro and in
vivo ischemia reperfusion injury model. 18th World Congress of Basic and Clinical Pharmacology
(Jun 1-6, 2018)



ArugaJ (Ed), Zic family — Evolution, Development and Disease 2018, Springer Nature

o 0
o 0
@
@

YASUDA, Hiroki

NAKAGAWA, Shinsuke

HATAYAMA, Minoru



