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LncRNAg in the nervous system

LncRNAg show prominent expresgion in the nervous eyetem and have
been implicated in neural development, function and digease.

Remarkably large number of annotated IncRNAg (approximately 40%)
i expresged gpecifically in the brain (Derrien et al, 2012)

Ubiquitously expresged IncRNAg are generally expresged at high levels,
while cell type- or tiseue-gpecific IncRNAg, euch ag thoge in MNg, are
often expresged at lower levels (Jiang, Li,, et al, 2016)

IneRNAg have been linked to processes euch ag neuron development,
neurite growth, gynaptic trangmisgion, memory congolidation and ageing
(Mehler & Mattick, 2007 Mercer et al, 2008; Dereira Fernandeg
et al, 2018; Shi et al, 20[7)



Central nervoug eyetem

The brain is a complex organ that controlg
thought, memory, emotion, touch, motor ki,
vigion, breathing, temperature, hunger and every
process that regulates our body. Together, the
brain and gpinal cord that extends from it make
up the central nervoug gystem, or CNS.



Central nervoug eystem
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(Gray and white matter

Gray matter ig primarily composed of neuron gomag (the round central
cell bodieg), and white matter ig mogtly made of axone (the long stemg
that connecte neurong together) wrapped in myelin (a protective coating).
The different compogition of neuron partg ig why the two appear ag
separate shadeg on certain gcans. —

7| A
Each region gerveg a different role: o
- Bray matter ig primarily regpongible for processing and interpreting
information,
- White matter trangmitg that information to other partg of the nervous
system.



cerebrum

cerebellum

brainstem

At a high level, the brain can be divided into the
cerebrum, braingtem and cerebellum.

Adapted from: https://www.hopkinsmedicine.org/
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Brain

cerebrum

cerebellum

The CEREBELLUM (“little brain”) ig a fiet-gized portion of the brain located at
the back of the head, below the temporal and occipital lobes and above the
braingtem. Like the cerebral cortex, it hag two hemigpheres. The outer portion
containg neurong, and the inher area communicateg with the cerebral cortex. [t
function is to coordinate voluntary muscle movements and to maintain posture,
balance and equilibrium.

New studieg are exploring the cerebellum’s roleg in thought, emotiong and eocial
behavior, ag well ag its posgible involvement in addiction, autism and
schizophrenia.
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The long noncoding RNA Synage requlate:
- gynapse stability
- neuronal function in the cerebellum



A gynapse ig ajuncﬁo"n between two nerve
celle
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Neurong (or nerve celle) are gpecialized celle that trangmit and receive electrical gignalg in
the body.

Neurong are composed of three main parts:

-dendriteg,

-a cell body

-an axon.

Signalg are received through the dendrites, travel to the cell body, and continue down the
axon until they reach the synapse (the communication point between two neurone)



Cerebellum layers and cell fgpee

A Candelabrum cell Basket cell B : p
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[ A) Cell typeg and their location acrose the cerebellar cortical layers.
( B ) Cerebellum in-gitu hybridization image of Calbl. The different layers can be eagily

digeriminated. O - the Purkinie layer; G - the granular layer; M - the molecular layer; W -
the white matter.

Kirsch et al., 2012.. PLOS Computational Biology 8(12): e1002790. https://doi.org/10.1371/journal.pcbi.1002790



Synage is mainly expresged in cerebellum
and tegtig

IncRNAg enriched in Mouge brain (RNA-geq)
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Wang et al., 2021



mouge cerebellum gectiong

antisense
Enlarge 1

sense

Enlarge 2

Synage IncRNA ie mainly distributed in the
eytoplagm and dendrites of cerebellar neurons.

Hoechst

Calbindin

Green: Calbindin (a
Ourkinje cell marker)

Red: RNA-FISH uging a

biotin-labeled Synage
antigenge RNA probe

Blue: nuclei

Synage was localized
primarily in cytoplagm and
dendriteg of cerebellar
celle, including PCe

Wang et al., 2021



Synage congervation

Synage-homologoug geneg (LOCIOE995009 in rhegug macaque, and RPI-49IF9

in human) were congerved in termg of their LOCATIONS in the genomeg of mouge,
rhesus macaque, and human (adjacent to the Cbinl gene)

d Cbint _ Synage (Gm2694)
sSgRNA 1 sgRNA 2
e
N -« N -
F2 F1 R2 F3 R1

Synage IncRNA ig congerved in it genomic location (adjacent to the Cblnl gene) and
in ite DISTRIBUTION gpecificity in the cerebellum among mouge, rhesug maca- que,

and human.
Wang et al., 2021



Synage KO mice show significant cerebellar atrophy
and neuronal lose during cerebellar development

d Cbin1 = Synage (Gm2694)
sgRNA 1
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Synage KO mice phenotype

Between WT and Synage KO mice, there were no gignificant changeg in the body
appearance, body weight, or brain weight. However, the weight of cerebella relative to
body weight wag gignificantly decreaged in both female and male KO mice

I .
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Wang et al., 2021



Synage KO mice phenotype

[F staining for OCg¢ (using Calbindin, a gpecific marker for PCg) on cerebellar
gectiong of 2-month-old mice.

M Hoechst Calbindin
The number of PCg in adult KO

mice wag gignificantly
decreaged compared to thoge
of both WT mice and HT mice,
while it did not differ between
WT and HT mice.
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Regcue experiment in Synage KO mice

a m C = Hoechst Calbindin Enlarge 1 Enlarge 2
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Overexpregsion of Synage in the cerebellum regcued the number of BCg to the level of WT
mice at 35 weeke affer injection by injecting AAV-EFla- Synage into the cerebella of newborn
Synage KO mice (Fig. a-c).

Thege regulte supported that Synage is necesgary for cerebellar development and maturation.

Wang et al., 2021



Synage deletion leads to morphological and
functional defects in synapges

Synapses are indicated by red agterigke

Trangmiggion electron
microgcopy (TEM)
analyseg on cerebellar
cortex glideg in adult
WT and Synage KO

e

They found: gignificantly reduced f éﬂs‘gj 9§ o] e
numberg of both synapges and £ 2 6 5 E
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Wang et al., 2021



Motor behavior defecte in Synage KO mice

Aberrant cerebellar morphology often leads to motor behavior defects.

The ROTAROD TEST and the BALANCE BEAM TEST, well-establighed
methods to evaluate motor coordination in rodentg, showed that motor abilitieg
and motor-dependent learning and memory were severely impaired in Synage KO
mice. Taken together, their findinge of the decreage in cerebellar neurong and
synapges and the defects in neuronal eynaptic function in Synage KO mice all
strongly suggest that the gevere morphological and functional defects in neurong

and gynapses are regponsible for the observed motor dysfunction of Synage KO
mice.

TEST
I N

Balance beam

Wang et al., 2021



Synage IneRNA molecular function
maintaing etability and fun ction of cerebellar synapges
partially by requlating Cblnl mRNA

d Cbin1 Synage (Gm2694)

sgRNA 1 SgRNA 2

CBLNT, highly expresged in cerebellar granule cells, is a synaptic protein crucial for organization
of parallel fibers, that are the axonal extengiong of granule cells, with each fiber making gingle
synapges on hundreds of thousandg of Purkinje cell.

CBLM! protein ig secreted from cerebellar GCq 1o act ag a eritical eynapee organizer between
PFe and PCe

Since many IneRNAg regulate their neighboring protein-coding geneg, we agked whether
Synage IneRNA also modulates Cbinl expresgion.
Wang et al., 2021



The formation of mature neurong and stabilized
synapses during development ig a prerequisite for
proper nervous system tunctionality, which require
synaptic proteing. For ingtance, CBLNI, highly
oxpregsed in cerebellar granule cell layer (BCa), ie
a synaptic protein crucial for organization of
E}ara[lel fibere (OFg, axong of the GCe) and
urkinje layer (OCe)

Wang et al., 2021



* Injection of the Synage shRNAg into the cerebella of adult WT mice....
» Two weeks later...

d e Mouse Cerebellum f g
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Controlg

sgRNA 1 sgRNA 2
—

e - e -
F2 F1 R2 F3 R1

Given their gpatial proximity in the genome, we agked whether Synage KO inhibiting Cbln!
expresgion i¢ due to INADVERTENT EXCISION of some potential regulatory elementg
upstream of the Cbln! gene. They verified that Synage deletion did not affect the number of
nascent Chlnl frangeripts, although the total Cbinl mRNA and protein levels were significantly
decreaged in the cerebella of 2-month-old Synage KO mice. Thege data quggest that
Synage regulates Cbln! expresgion at the mRNA and/or protein levels.

Wang et al., 2021



Cell line

C8-DIA cell line (astroeyte type | cloned cell line from 8-day postnatal mouse cerebella)
difficult to trangfect.....

Looking for other celle expressing the Synage IncRNA...

Synage wag robugtly expressed in the HT-22 cell line, which is a mouge hippocampal
neuronal cell line, eagy to trangfect

coLv1 I <602

? 0.0004 all o 3 — ¢ Nl
S : o g >
2= G 42 o2, 2 ll random shRNA Q§ &
S5 0.00034 o | 2% = [JshRNA1 & a R
0- ~
% 0.0002] ; g 10 I shRNA2 b°<° & ¥ ¢
U = o4 shRNA1+shRNA2 L & & &
e ] S 2 % % %
2 £ 0.0001 I_.I | \ S Wi <
—_ u’ -
2 0.0000 =1+ | . l L g
x
59 o -Tubulin <
P 02 B ————— 50k D
" N\ 7 AT A\ o
(\b‘ (Q' (\b( %_(Q' (Q' (0' ‘% 0.0
) ° o »
Gl =&
&L )

The resulte indicated that the expreggion levelg of both Cbinl mRNA and protein
were significantly reduced upon Synage knockdown in the HT-22. cell line

Wang et al., 2021



Are Cblnl protein and
eynage able to interact?

Synage deletion exerted a strong influence on both the mMRNA and protein levelg of
Chlnl; however, the CBLNI protein wag not detected in in vivo RNA pull- down-MS

experiment ag a potential Synage-associating protein.

Congidering the finding that Synage ig localized in the cytoplasm of cerebellar celle, we
explored the pogsibility that Synage may function ag a COMPETING ENDOGENOUS
RNA by competing with miRNAg wag explored

&
—% P S
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the shared miRNA targete for Cblnl and Synage were predicted uging the miRNA- target
(MRNA/IneRNA) interaction modules of both Star- Bage v3 and DIANA-LneBage v2, which
identified a perfectly congerved eeed match, MMU-MIR-325- 3P, in the 3'UTR region of Chlnl
and the lagt exon of two igoforme of Synage

Wang et al., 2021



Luciferage ageay

AGO2 CLID-Qeq data

We found that AGO2 had multiple binding
giteg located in the Cblnl and Synage

AGOZ2-RIP-qPCR experiment

Synage acts ag a gponge for mmu-miR-325-3p to requlate Cblinl mRNA
expreggion, which leads to the change of the CBLNI protein levels.

Wang et al., 2021



CBLN1KO MICE chowed:
cerebellar ataxia and impaired performance accompanied by a gignificant reduction in the
number of PF-DC eynapses, ag well ag gevere impairment to synaptic function.

SYNAGE KO MICE exhibited phenotypes congistent with thege reporte including
synapse reduction and dysfunction, ag well ag motor defects, BUT otherwige showed
more gevere impairment than the phenotypes of Cblnl—/— mice, including DECREASED
SYNAPTIC VESCICLES, OBVIOUS NEURONAL LOSS, DECREASED
CEREBELLAR WEIGHT, AND REDUCED FERTILITY

The authorg speculated that both Synage and Cbinl likely have additional functiong that
are independent of one another. Synage probably modulates cere- bellar development
and function through other mechanigmg in addition to requlation of Chlnl expregsion.

Wang et al., 2021



Looking for other molecular pathwayg....

RNA pull-down-MS experiments

LRO[ and HSP9OAA! were the two etrongest
candidateg identified by MS in the cerebellum

LROL ie known to interact with PSD-95, through
which it modulateg gynaptic tunction

Synage IncRNA modulates cerebellar ggnapgeg by
orchestrating agsgembly of gynaptic LROI-HSP9OAAL-
PSD-95 complex

Wang et al., 2021



Interaction validation by RIP
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Interaction validation by FISH

g Synage PSD-95 LRP1

h Synage HSP90AA1 LRP1

Wang et al., 2021



b WT KO
1 2 3 1 2 3

LRP1 s sssn &N @IS Sy e <35 kDa

B-Tubulin " o gy awn gow @ <50 kDa
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GAPDH was esss aaun e s e < 36 kDa

PSD-O5 i D 4 & G @ <95 kDa
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Thege data quggest that Synage functions in synapse stability not by
reducing protein levelg per ge, but rather by comehow regulating

Synage-dependent aggembly of the LROI- HSP9OAAI-PSD-95
complex in the cerebellar cortex.

Wang et al., 2021



Parallel Fiber £~ Synage IncRNA
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Synage IncRNA requlates etability and function of cerebellar synapses via at leagt two

mechanigmg.

One ig through the function of Synage ag a gponge for mmu-miR- 325-3p 1o regulate Chln!
mRNA expresgion, which leads to the change of the CBLNI protein level.

The other function is to gerve ag a geaffold for orchestrating the aggembly of eynaptic LRO!-

HSP9OAAI- PSD-95 complex.
Wang et al., 2021



Motorneurong (MNe)

MNs are a group of neurong that have their cell
bodies:

- in the cortex (upper MNs)

- in the braingtem and gpinal cord (lower MNe)
and project axong into the braingtem, gpinal
cord or towardg peripheral mugcleg. Thege
projectiong control esgential functiong sueh
ag movement, breathing and swallowing.



ik 4 Motor neurong (MNs) featureg
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Motor Neurons (MNs)

/()

Visceral
MNs

Somatic 1\25

<> Upper MNs

MNs are classified in visceral and somatic MNs that
are in turn divided in upper and lower MNs.
In the end lower MNs are classified in alpha that
are able to interact with extrafusal fibers and beta
and gamma with the intrafusal fibers



Motor neurong (MNg) featureg

- Motor neurong are located in the central nervoue
ayetem (CNS), gpecifically in the motor cortex, braingtem
and gpinal cord.

- Motor neurong are aleo known ag efferent neurong,
meaning they carry information from the CNS to muscles,
and other peripheral gystems such ag organg and glands.
- Thie contragte with afferent neurong, or gengory
neurong, which carry information from gengory organg
and tiesueg back to the CNS.



Lower MNg

Motor neuron

Skeletal muscle
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Not surprising given their important functiong,
eelective degeneration of MNe ig g hallmark of
motor neuron digeageg (MNDs) such ag:

amyotrophic
gpinal mugeu

ateral aclerogie (ALS)

ar atrophy (SMA)



MN and ALS
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Motor neuron development

Progenitor Mature MN
®-0-®~x- %
ncRNA expresgion

Arole for IncRNAg in the gpecification of neuron gubtypes hag been propoged.



IneRNAg and motor neuron development

TABLE 2 Overview of the expression and proposed function of IncRNAs in motor neuron development

Name ncRNA Regulation Observation Mechanism References
Meg3 IncRNA Up-regulated; spatial Regulated throughout embryonic stem cells-motor neuron  Epigenetic regulation of Hoxa4:Hoxc5 Yen
regulation (ESC-MN) differentiation; enriched in the nucleus expression etal., (2018)
CAT7 IncRNA Up-regulated Regulated during early stages of human ESC-MN Regulation of polycomb repressive Ray
differentiation complex 1 (PRC1) associated genes etal., (2016)
Hoxb50s IncRNA Up-regulated Regulated throughout ESC-MN differentiation Thd Rizvi
etal., (2017)
Gm12688/Gm14204 IncRNA Cell type-specific expression Uniquely expressed in V1/V1 and V2b GABAergic Thd Rizvi
interneurons etal., (2017)
LncMN-1,-2,-3 and IncRNA Cell type-specific expression;  Specifically enriched in MNs; regulated during Thd Biscarini
Lhx1os up-regulated differentiation of mouse ESC (mESC)/ human-induced etal.,, (2018)
pluripotent stem cells (hiPSC)-derived MNs
Lncrps25 IncRNA Down-regulated Knockdown reduces swimming activity because of defects  Via olig2 (Thd) Gao
in primary MNs etal., (2020)
Malat1, Meg3, Rmst, Xist IncRNA Spatial distribution Specifically enriched in somatodendritic/axonal fractions Thd Briese
and Miat et al., (2016)
c-1,c-2,c-13,c-16,c-48, circRNA Up-regulated Regulated during mESC/hiPSC-derived MN differentiation ~ Tbd Errichelli
c-80, c-82, c-84, c-88 et al., (2017)
Human circSMN circRNA Multiple isoforms produced Primate specificity of SMN-derived circRNAs Thd Ottesen
et al., (2019)

Abbreviations: hiPSC, human-induced pluripotent stem cells; Meg3, maternally expressed gene 3; mESC, mouse embroynic stem cells; Thd, to be determined.

Vangoor et al. 2020



LncRNAg have been implicated in a wide range of functiong
in developing MNg

|- Transeription regulation
2~ Epigenetic modulation | 5- Tranglational control

3- Daragpeckle formaho _ : :
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Nucleus
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> enrichment of
/ | RNAg and
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Dendrite
Axon
7- miRNA and RBD trangport

—> Synapses
Adapted from Vangoor et al. 2020; Service medical art



circRNAg have been implicated in a wide range of functiong
in developing MNg

|- Transeription regulation
2-RNA procesging
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Adapted from Vangoor et al. 2020; Service medical art



IncRNAg have been linked to MN digeage

TABLE 4 Overview of the expression and proposed functions of IncRNAs in motor neuron disease

Name ncRNA
NEAT1 IncRNA
C90RF72-AS antisense RNA
ATXN2-AS antisense RNA
SMN-AS antisense RNA

ZEB1-AS, ZBTB11-AS antisense RNA

UBXN7-AS, ATG10-AS,
ADORA2A-AS

hsa_circ_0001173,
hsa_circ_0043138,
hsa_circ_0088036

antisense RNA

circRNA

Disease

ALS

ALS

ALS
SMA

ALS

ALS

ALS

Regulation

Up-regulated at early
stage

Up-regulated

Up-regulated
Up-regulated

Up-regulated in blood
samples (peripheral
blood mononuclear cells
[PBMCs])

Up-regulated in blood
samples (PBMCs)

Up-regulated in blood
samples (PBMCs)

Function

Regulates paraspeckle formation, increased NEAT1
expression leads to neurotoxicity

Forms RNA foci that recruit RBPs, DPR protein
formation via repeat-associated non-ATG-initiated
(RAN) translation leading to neurotoxicity

Repeat expansion RNA induces neurotoxicity

Recruits polycomb repressive complex 2 (PRC2)
complex to the SMN gene to suppress SMN
expression

Thbd

Thbd

Biomarker potential

Abbreviations: ATXN2, Ataxin-2; NEAT1, nuclear-enriched abundant transcript 1; SMN, survival motor neuron; Thd, to be determined.
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Starting from the the beginning...
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qRT-PCR analysie of the 2 IneRNAg
up-requlated during MN differentiation
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IneRNAg enriched in motor neurong
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IneRNAg enriched in motor neurong
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IneRNAg enriched in motor neurong
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Codogeneity graph
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E xpression profile of selected IncRNAg
during human MN differentiation from iPSCe.
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Alg...

ALS is an incurable adult-onset neurodegenerative disease, which affects upper and
lower motor neurons (MNs), and leads to paralysis and death in 3-5 years from
diagnosis. Several genetic alterations are associated with ALS, including causative

mutations in FUS, TDP-43 and expansions in C9ORF72 point to the essential role of
aberrant RNA metabolism in ALS pathogenesis



LneRNA expression in FUS-ALS MNe
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