Long non coding RNAg
(IncRNAg) in motorneuron (MN)
development and digeage

julie.martone(@uniromal.it

Stanza 30



mailto:julie.martone@uniroma1.it

LneRNAg show prominent expresgion in the nervoug eystem and have
been implicated in neural development, function and digease.

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

Ubiquitously expressed IncRNAg are generally expressed at high levels,
while cell type- or tiseue-gpecific IncRNAg, such ag thoge in MNs, are
often expresged at lower levels (Jiang, Ui, et al, 2016)

IneRNAg have been linked to processes such 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)



Motorneurong (MNe)

MNs are a group of neurong that have their cell

bodieg:

- in the cortex (upper MNe)

- in the braingtem and gpinal cord (lower MNe)
and project axong into the braingtem, gpinal
cord or towardg peripheral mugcles. Thege

projectiong control esgentia

ag movement, breathing anc

functiong eueh
swallowing,
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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)
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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
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IncRNAg have been linked to MN digeage

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

Name ncRNA Disease Regulation Function References
NEAT1 IncRNA ALS Up-regulated at early Regulates paraspeckle formation, increased NEAT1 Clemson et al., (2009); Nishimoto et al., (2013)
stage expression leads to neurotoxicity and Suzuki et al., (2019)
C90ORF72-AS antisense RNA ALS Up-regulated Forms RNA foci that recruit RBPs, DPR protein Cheng et al., (2019); Mizielinska et al., (2014);
formation via repeat-associated non-ATG-initiated Mori, et al. (2013); Sareen et al., (2013); Swinnen
(RAN) translation leading to neurotoxicity et al., (2018) and Wen et al., (2014)
ATXN2-AS antisense RNA ALS Up-regulated Repeat expansion RNA induces neurotoxicity Li, Sun, et al. (2016)
SMN-AS antisense RNA SMA Up-regulated Recruits polycomb repressive complex 2 (PRC2) d'Ydewalle et al., (2017) and Woo et al., (2017)
complex to the SMN gene to suppress SMN
expression
ZEB1-AS, ZBTB11-AS antisense RNA ALS Up-regulated in blood Thd Gagliardi, et al. (2018)
samples (peripheral
blood mononuclear cells
[PBMCs])
UBXN7-AS, ATG10-AS, antisense RNA ALS Up-regulated in blood Thd Gagliardi, et al. (2018)
ADORA2A-AS samples (PBMCs)
hsa_circ_0001173, circRNA ALS Up-regulated in blood Biomarker potential Dolinar et al., (2019)
hsa_circ_0043138, samples (PBMCs)

hsa_circ_0088036

Abbreviations: ATXN2, Ataxin-2; NEAT1, nuclear-enriched abundant transcript 1; SMN, survival motor neuron; Thd, to be determined.




IncRNAg have been linked to MN digeage; three

exampleg
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Given the prominent role for defects in RNA biology in ALS, it is not
surpriging that IncRNAg aleo contribute to the development of ALS and

other MNDa.

Adapted from Vangoor et al. 2020; Service medical art
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NBg are non-membrane bound structures in the nucleoplagm that fulfill the following requiremente:

| - they are microgcopically vigible (at least during some periods of the cell eycle);

2~ they concentrate gpecific nuclear factorg, namely proteing and RNAg

3- they congtantly exchange their componente with the eurrounding nucleoplagm.
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Different functiong of nuclear bodieg
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Evolutionary congervation of motor neuron
IncRNAg

Name ncRNA Reported species References

Meg3, Rian and IncRNA All mammals Ogata and Kagami, (2016) and
Mirg Yen et al., (2018)

CAT7 IncRNA All mammals Ray et al., (2016)

Hoxb50s IncRNA Mouse and human Papaioannou et al., (2019)

Gm12688/ IncRNA Mouse, human (NA) Rizvi et al., (2017)
Gm14204

LncMN-1,-2,-3 and  IncRNA Mouse and human Biscarini et al., (2018)
Lhx1os

Lncrps25 IncRNA Danio rerio and Gao et al., (2020) and Ulitsky

human etal., (2011)

Malat1 IncRNA All mammals Ulitsky et al., (2011)

Rmst IncRNA Birds and mammals Chodroff et al., (2010)

Xist IncRNA All mammals Johnsson et al., (2014)

Miat (Gomafu) IncRNA All mammals Chodroff et al., (2010); Sone

et al., (2007)

FUS-linked circRNAs  circRNA Mouse and human Errichelli et al., (2017)

SMN circRNAs circRNA Mouse and human Ottesen et al., (2019)

NEAT1 IncRNA Mouse and human Clemson et al., (2009)

BDNFOS IncRNA Primates Lipovich et al., (2012)

TFEBa IncRNA Human Davis et al., (2003)

Myolinc IncRNA Mouse Militello et al., (2018)

SATIII IncRNA Drosophila Chung et al., (2018)

melanogaster and
human

Vangoor et al. 2020



Neatl

NEAT! ig one of the mogt abundant IncRNAg in the mammalian
nucleug

Unlike other IncRNAg, which commonly lack sequence
congervation, NEAT ig relatively congerved acrose mammalian
gpecieg, supporting ite important biological function

NEAT! overexpregsion, together with an increage in
OaraSpeckles (PSe) density, hag been found in ALS motor
neurong, suggesting a direct contribution of NEATT in ALS

digeage by modulating the functiong of ALS-ageociated RNA-
binding proteing



Human structures of NEATI_[ and NEATI_2 long
non-coding RNA.

Nuclear paragpeckle aggembly trangeript |

3.7 kilobageg
NEAT1_1 PAS — AAAAAAA
(3.7 kb)
+
NEAT1 ———
L 4
Triple helix c:}% tRNA-like
NEAT1_2 // AAAA
23 kilobagesg \
l RNase P cleavage
Triple helix {}
N(E;;T:b_)z // aasA + ellccacea
oligo(A) tRNA-like
Small RNA
(Unstable)

Two icoformg of NEATI are tranceribed from the same locus. NEATI [ utilizes a canonical
polyadenylation gignal (OAS) for 3’ end proceseing. In the cage of 3’ end processing of NEATI_2,
RNage O cleaves the 3° end of NEATI_2 by recognizing a tRNA-like structure. NEATI_2 posgesses
a genomically encoded oligolA) sequence and a unique triple helical structure at the 3” end. Cleaved
HRNA-lke emall RNA ig unstable and rapidly degraded.

Yamazaki&Hiroge, Frontiere in Biogeience, 2015
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Neatl 2

NEATI_2 but not NEATI_ ie an eggential component of paragpeckles

NEAT!_2 provides a geaffold for >60 protein components and likely
multiple RNA componente including NEAT_|

[t ig believed that NEATI_2/paragpeckleg fulfil a number of functiong
independent of the presence of NEATL_[. Among them:

i) requlation of tranglation via nuclear retention;
ii) regulation of trangeription via sequestration of trangeription factors,

such ag SFPQ
iit) modulation of pri-miRNA processing.
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PSe cellular functiong

Microprocessor complex A to | editing process and
assembling and miRNA mRNA nuclear retention
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Figure 3. Graphical summary of PSs cellular functions. Upper, right panel: PSs as a gene expression
regulator through the A to I editing process and the consequent nuclear retention of different mRNAs.
Lower, right: PSs as molecular sponges for RNA binding proteins and PSPs. Upper, left: PSs as
regulator of miRNA biogenesis by regulating the assembling of the microprocessor complex involved
in processing of miRNA. Lower, left: PSs as possible structural scaffold for cellular DNA damage
response systems.



Since NEAT_Iis expressed in multiple cell types devoid of
paragpeckles /1 vivo, including neurong, it is clear that it
aleo hag a variety of NEAT(_2/paragpeckle-independent
tunctions.

Daragpeckleg are etrege-regponsive nuclear bodies, in that
NEAT?_Z uprequlation and the increage in the gize/number
of paragpecﬁleg accompany a number of phygiological and
pathological stressful conditiong, such ag differentiation and

inhibited proteagome function

NEAT! fine-tuneg the function of multiple
neurodegeneration-agsociated pathways , including critical
oneg, guch ag inflammation and neuronal apoptogis.
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RNA-FISH uging DIG-labeled NEATI_2 probe indicates that NEATI_2 IncRNA often appears in the nuclei of human
motor neurong in sporadic ALS cages. Right panel shows the profile image of fluorescence intengity of NEATI_2
IneRNA and TDP-43 along the arrow in the nucleus. Most NEATI_2 signals overlapped with parts of aggregated
TDP-43 in the nucleug (arrowheads). Dotted lineg represent the outline of the nucleus. B. No NEATI_2 expreggion ig
detected in most motor neurong in control cages. Dotted lineg repregent the outline of the nucleus.



Table 2 Pathological staging of motor neurons in ALS according to TDP-43 distribution

Stage 0 TDP-43 is normally distributed within the well-marginated nucleus.

Stage | The nucleus degradated, and TDP-43 was also seen in the cytoplasm.

Stage Il The nuclear TDP-43 was so cleared that it was not recognized The plasma membrane was still retained.
Stage Il The plasma membrane disappeared.
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Table 1

NEAT1 expression in the CNS of patients and rodent models of neurodegenerative diseases.

Disease NEAT levels (and Where Proposed  Proposed mechanism(s) References
how measured) measured role
Amyotrophic Up (qRT-PCR, in Human: spinal ~ Protective [30,109]
lateral sclerosis ~ situ hybridisation). ~ motor neurons 1 Compensatory
(ALS) Confirmed and glia increasc? in NEAT1
NEAT1 2 Rodent N/A expression and
upregulation. paraspeckle
assembly due to
compromised
function of TDP-43
in miRNA
biogenesis.
2 Inflammatory
response

(activation of type I
interferon
signalling in TDP-
43 depleted cells).



Table 2

Orotein components of paragpekles (NEAT! interactorg)

Protein components of paraspeckles (NEAT1 interactors) genetically linked to ALS/FTD.

Protein Importance for Regulation of NEAT1_2 Role in ALS Role in other neurodegenerative diseases
paraspeckle assembly levels

FUS Essential, >75% loss upon ~ No or minimal >50 mutations in fALS and sALS; FUS proteinopathy in these cases FTD (FTLD-FUS) [145]
knockdown [37,45] [143,144]

TDP-43  Depletion enhances Yes (more NEAT1 2 upon >60 mutations in fALS and sALS; TDP-43 proteinopathy in cases with FTD (FTD-TDP) [146]; AD [147]
paraspeckle assembly [30]  TDP-43 depletion) TARDBP and C9ORF72 mutations and in 95% of all sALS cases

[110,144,146]

TAF15 Important, 30-75% loss No 6 mutations in 6 unrelated SALS cases and 2 mutations — in 2 fALS cases =~ FTD (FTD-FUS) [150]
upon knockdown [37] [148,149]

EWS Important, 30-75% loss Yes 2 mutations in 2 unrelated SALS cases [151] FTD (FTD-FUS) [150]
upon knockdown [37]

hnRNPA1 Important, 30-75% loss No 2 mutations in fALS cases; 2 rare variants [152,153] Multisystem proteinopathy (MSP) [152]
upon knockdown [37]

CREST2 ND ND 4 mutations in 4 unrelated sALS cases [154,155] N/A

MATR3  Depletion enhances Yes (more NEAT1 2 upon ~10 mutations in fALS and sALS cases [157,158] Initially diagnosed myopathy with vocal cord
paraspeckle assembly [156] MATR3 depletion) paralysis, diagnosis changed to ‘ALS’ [159]

SFPQ Essential, >75% loss upon  Yes 2 mutations in 2 SALS cases [160] N/A

knockdown [37]

4neurospecific, effect on paraspeckles in stable cell lines could not be tested.

The RBPg TAR DNA-binding protein 43 (TDO-43) and FUS are normally located in the nucleug and influence
RNA metabolism. [n ALS MNg, an abnormal accumulation of thege proteing ig obgerved in the eytoplagm that ig

thought to contribute to MN degeneration becauge of effecte on RNA proceseing and other RNA-related mech-
anigme (Blokhuig et al, 2013).



Normal

Paraspeckle proteins
~ IncRNA

Regulatory housekeeping
functions

Under basal conditions, levels of
NEAT1 2 in motor neurons are
low and so are the paraspeckle
numbers. Paraspeckle assembly

might also be transient (“on
demand”).



Developing ALS

Proteasome
dysfunction

TDP-43 LoF Immune signals
. ' Other (internal and
external) insults

Stress signaling
Cytoprotective responses

During development of pathological
changes typical for ALS, paraspeckle
hyper-assembly i1s triggered by internal
and external insults, such as TDP-43
loss of function (LoF), proteostasis
collapse and immune response.
Subsequent signalling events would
enable protective neuronal response to
stress and delay neuronal
degeneration.



Developing ALS when a paragpeckle protein ig affected

upregulate

EAT1_2?

Aberrant stress signaling

Attenuated cytoprotective responses

'

NEURONAL VULNERABILTY AND CELL DEATH

These data support the idea that altered

NEAT1 expression in ALS leads to defects in

paraspeckle formation causing cell death
and neurodegeneration.

In ALS cases with an essential/important
paraspeckle protein affected by a mutation,
its mutant isoform might negatively impact
on protective paraspeckle hyper-assembly.
This can be realised through:

1) failure to upregulate NEAT1 2 (e.g. if
proteins regulating NEAT1 2 levels, such
as SFPQ and hnRNP K, are mutated or
sequestered into abnormal inclusions/RNA
foci);

11) attenuated assembly of paraspeckles or
assembly of dysfunctional paraspeckles
(e.g. if a structural paraspeckle protein,
such as FUS, 1s mutated);

i11) persistence of paraspeckles (e.g. if a
mutation confers abnormal stability).
Defective  paraspeckle response may
expedite the development of molecular
pathology and accelerate disease onset and
progression. A mutant protein is marked by
a red star.
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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 caus- ative
mutations in FUS, TDP-43 and expansions in C90ORF72 point to the essential role of
aberrant RNA metabolism in ALS pathogenesis
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Starting from the the beginning...
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Comparigon
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469 encoded for bona fide IncRNAg
— The family of IncRNAg up-regulated in MNs derived
from 270 loci and includes some species already

known to play key roles in neurogenesie; among them,
Miat, Rmet, Hotairml, Meg3, Rian and Mirg.
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IncRNAg involved in motor neural differentiation procese (12).
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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

MNs Pax6 and Olig2 transcription factors,

dé responsible for establishing MN progenitors
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IneRNAg enriched in motor neurong
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Codogeneity graph
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E xpression profile of selected neRNAg
during human MN differentiation from iPSCe.
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LneRNA expression in FUS-ALS MNe
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IneRNAg enriched in motor neurong
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Color UCSC label

ENCODE classification
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Lhxlog ig up-regulated in /i vitro derived MNg
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Crispr/cas9

Lhxloe mouge KO strategy




Lhxlog - mouge
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Lhx! expresgion in Lhxlog 7~ mouge
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Looking for Lhxlog ~/~ in vivo phenotype

Teste: - Open field
- Hanging wire | a0t
- Hanging steel
- Treadmill CaRIE




Open field
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Treadmilll
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Nigal-etained motor neuron count in the lumbar
gpinal cord
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mRNAg differential expresgion

Down-regulated (52 mRNAs)

Up-regulated (5 mRNAs)

SPINAL CORD 3 months RESTING WT vs KO
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Lhxlos protein interactors

Edge Confidence
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ER-etrese mediated induction of Lhxlog
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