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- LncRNAs show prominent expression in the nervous system and have
been implicated in neural development, function and disease.

- Remarkably large number of annotated lncRNAs (approximately 40%)
is expressed specifically in the brain (Derrien et al., 2012)

- Ubiquitously expressed lncRNAs are generally expressed at high levels,
while cell type- or tissue-specific lncRNAs, such as those in MNs, are
often expressed at lower levels (Jiang, Li,, et al., 2016)

- lncRNAs have been linked to processes such as neuron development,
neurite growth, synaptic transmission, memory consolidation and ageing
(Mehler & Mattick, 2007; Mercer et al., 2008; Pereira Fernandes
et al., 2018; Shi et al., 2017)



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

- in the cortex (upper MNs) 
- in the brainstem and spinal cord (lower MNs) 

and project axons into the brainstem, spinal
cord or towards peripheral muscles. These
projections control essential functions such
as movement, breathing and swallowing. 

Motorneurons (MNs) 
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Not surprising given their important functions, 
selective degeneration of MNs is a hallmark of 
motor neuron diseases (MNDs) such as: 

amyotrophic lateral sclerosis (ALS) 
spinal muscular atrophy (SMA)



Motor neuron
Skeletal muscle



MN and ALS
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Affects MNs

No cure
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Motor neuron development
Progenitor

ncRNA expression

Mature MN

A role for lncRNAs in the specification of neuron subtypes has been proposed. 



lncRNAs and motor neuron development

Vangoor et al. 2020
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Soma (cell body)
Nucleus
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(Schwann cells)
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Node of Ranvier

Synapses

1- Transcription regulation
2- Epigenetic modulation
3- Paraspeckle formation
4- RNA processing

5- Translational control
6- RBP and miRNA sponging

7- miRNA and RBP transport

8- Synaptic
enrichment of 
RNAs and 
proteins. 

LncRNAs have been implicated in a wide range of functions
in developing MNs

Adapted from Vangoor et al. 2020; Service medical art 



lncRNAs have been linked to MN disease



lncRNAs have been linked to MN disease: three
examples

Adapted from Vangoor et al. 2020; Service medical art 

Given the prominent role for defects in RNA biology in ALS, it is not
surprising that lncRNAs also contribute to the development of ALS and 
other MNDs. 



Yamazaki&Hirose, Frontiersin Bioscience, 2015

NBs are non-membrane bound structures in the nucleoplasm that fulfill the following requirements: 

1 - they are microscopically visible (at least during some periods of the cell cycle);
2- they concentrate specific nuclear factors, namely proteins and RNAs
3- they constantly exchange their components with the surrounding nucleoplasm.

Nuclear bodies (NBs) 
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Different functions of nuclear bodies

Architectural RNAs that seed NBs

Simply forcing a local high concentration of distinct scaffolding proteins is sufficient to seed
particular NBs



Evolutionary conservation of motor neuron
lncRNAs

Vangoor et al. 2020



NEAT1 is one of the most abundant lncRNAs in the mammalian
nucleus

NEAT1 overexpression, together with an increase in 
ParaSpeckles (PSs) density, has been found in ALS motor
neurons, suggesting a direct contribution of NEAT1 in ALS 
disease by modulating the functions of ALS-associated RNA-
binding proteins

Unlike other lncRNAs, which commonly lack sequence
conservation, NEAT1 is relatively conserved across mammalian
species, supporting its important biological function

Neat1



Two isoforms of NEAT1 are transcribed from the same locus. NEAT1_1 utilizes a canonical
polyadenylation signal (PAS) for 3’ end processing. In the case of 3’ end processing of NEAT1_2,
RNase P cleaves the 3’ end of NEAT1_2 by recognizing a tRNA-like structure. NEAT1_2 possesses
a genomically encoded oligo(A) sequence and a unique triple helical structure at the 3’ end. Cleaved
tRNA-like small RNA is unstable and rapidly degraded.

Human structures of NEAT1_1 and NEAT1_2 long 
non-coding RNAs. Nuclear paraspeckle assembly transcript 1

3.7 kilobases

23 kilobases

Yamazaki&Hirose, Frontiers in Bioscience, 2015
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NEAT1_2 but not NEAT1_1 is an essential component of paraspeckles

NEAT1_2 provides a scaffold for >60 protein components and likely
multiple RNA components including NEAT1_1

It is believed that NEAT1_2/paraspeckles fulfil a number of functions
independent of the presence of NEAT1_1. Among them:
i) regulation of translation via nuclear retention; 

ii) regulation of transcription via sequestration of transcription factors, 
such as SFPQ
iii) modulation of pri-miRNA processing. 

Neat1_2





PSs cellular functions



Paraspeckles are stress-responsive nuclear bodies, in that
NEAT1_2 upregulation and the increase in the size/number
of paraspeckles accompany a number of physiological and 
pathological stressful conditions, such as differentiation and 
inhibited proteasome function

NEAT1 fine-tunes the function of multiple 
neurodegeneration-associated pathways , including critical
ones, such as inflammation and neuronal apoptosis.

Since NEAT1_1 is expressed in multiple cell types devoid of 
paraspeckles in vivo, including neurons, it is clear that it
also has a variety of NEAT1_2/paraspeckle-independent
functions.



RNA-FISH using DIG-labeled NEAT1_2 probe indicates that NEAT1_2 lncRNA often appears in the nuclei of human 
motor neurons in sporadic ALS cases. Right panel shows the profile image of fluorescence intensity of NEAT1_2 
lncRNA and TDP-43 along the arrow in the nucleus. Most NEAT1_2 signals overlapped with parts of aggregated
TDP-43 in the nucleus (arrowheads). Dotted lines represent the outline of the nucleus. B. No NEAT1_2 expression is
detected in most motor neurons in control cases. Dotted lines represent the outline of the nucleus. 
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Protein components of paraspekles (NEAT1 interactors)

The RBPs TAR DNA-binding protein 43 (TDP-43) and FUS are normally located in the nucleus and influence
RNA metabolism. In ALS MNs, an abnormal accumulation of these proteins is observed in the cytoplasm that is
thought to contribute to MN degeneration because of effects on RNA processing and other RNA-related mech-
anisms (Blokhuis et al., 2013). 



Normal

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

During development of pathological
changes typical for ALS, paraspeckle
hyper-assembly is 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.



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:
i) 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);
ii) attenuated assembly of paraspeckles or
assembly of dysfunctional paraspeckles
(e.g. if a structural paraspeckle protein,
such as FUS, is mutated);
iii) 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.

Developing ALS when a paraspeckle protein is affected

These data support the idea that altered
NEAT1 expression in ALS leads to defects in 
paraspeckle forma8on causing cell death
and neurodegenera8on. 





ALS is an incurable adult-onset neurodegenera;ve disease, which affects upper and 
lower motor neurons (MNs), and leads to paralysis and death in 3–5 years from 
diagnosis. Several gene;c altera;ons are associated with ALS, including caus- a;ve
muta;ons in FUS, TDP-43 and expansions in C9ORF72 point to the essen;al role of 
aberrant RNA metabolism in ALS pathogenesis

Als…



Wichterle H. et al., 2002; Errichelli et al., 2017; Biscarini et al., 2018

HB9::GFP

Starting from the the beginning…



Errichelli et al., 2017; Biscarini et al., 2018

RNA-seq RNA-seq

Comparison
9644 genes differentially expressed

HB9::GFP

Starting from the the beginning…



469 encoded for bona fide lncRNAs
The family of lncRNAs up-regulated in MNs derived
from 270 loci and includes some species already

known to play key roles in neurogenesis; among them, 
Miat, Rmst, Hotairm1, Meg3, Rian and Mirg. 

Errichelli et al., 2017; Biscarini et al., 2018

Comparison
9644 genes differentially expressed

Starting from the the beginning…

lncRNAs involved in motor neural differentiation process (12). 

RNA-seq RNA-seq



qRT-PCR analysis of the 12 lncRNAs
up-regulated during MN differentiation

Biscarini et al., 2018



HB9::GFP

lncRNAs enriched in motor neurons

Biscarini S. et al., 2018

Pax6 and Olig2 transcrip;on factors, 
responsible for establishing MN progenitors

Genes required for 
consolida;on of MN iden;ty
(Hb9) and for development
(Islet-1) and func;on (ChAT) 
of spinal MNs were highly
enriched in Hb9::GFP+ cells



HB9::GFP

Biscarini et al., 2018
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lncRNAs enriched in motor neurons



Codogeneity graph

Biscarini et al., 2018



Expression profile of selected lncRNAs
during human MN differentiation from iPSCs. 

Biscarini et al., 2018



Fus mutant mouse MNs carrying the equivalent of one of the most severe human ALS-
associated FUS alleles (P517L) MNs (homo, gray bars), relative to Fus+/+ MNs (wt, black bars).
qRT-PCR analysis of specific lncRNAs in Fus−/− MNs (ko, striped bars), relative to Fus+/+
MNs (wt, black bars).

LncRNA expression in FUS-ALS MNs
Gain of function Loss of function



HB9::GFP

Biscarini et al., 2018
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Lhx1os genomic locus
Scale
chr11:

UCSC RefSeq

ENCODE cCREs

Rat
Rabbit

Human
Tree_shrew

Dog
Shrew

Elephant
Opossum
Platypus
Chicken

Zebrafish

ORegAnno

Spliced ESTs

Common SNPs(142)

10 kb mm10
84,520,000 84,525,000 84,530,000 84,535,000

RefSeq gene predictions from NCBI

ENCODE Candidate Cis-Regulatory Elements (cCREs) combined from all cell types

Placental Mammal Basewise Conservation by PhyloP

Multiz Alignments of 60 Vertebrates

Regulatory elements from ORegAnno

Mouse ESTs That Have Been Spliced

Single Cell RNA-Seq Gene Expression from Tabula Muris

Simple Nucleotide Polymorphisms (dbSNP 142) Found in >= 1% of Samples
Lhx1

Placental Cons
3.296 _

-3.94 _

65 bp Lhx1os (+)Lhx1 (-)Chr11 (10kb)
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Errichelli et al., 2017; Biscarini et al., 2018
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mutant mouse MNs carrying the equivalent of one of the 
most severe ALS-associated FUS alleles (P517L). 

Lhx1os is up-regulated  in in vitro derived MNs 
from mESCs of FUS-ALS mouse models

Lhx1os expression analysis in SCs derived from mutant SOD mice in ongoing



Lhx1os mouse KO strategy

Lhx1os -/-

Lhx1os

Lhx1

4321
2bis

1 2 3

PAS MAZ MAZ

1 2 32PAS MAZ MAZ

Lhx1os+/+

Lhx1os-/-

sgRNA

ssODN

Cr
isp

r/
ca
s9



ex1

Reads from Lhx1os +/+ and Lhx1os -/- spinal cord RNA–seq

Lhx1os -/- mouse
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Looking for Lhx1os -/- in vivo phenotype

- Open field 
- Hanging wire
- Hanging steel
- Treadmilll

Tests:
Elvira De Leonibus
IGB-cnr. EMBL

CARMINE



Open field
task to evaluate exploratory activity

2 427,567 213,783 ,968 ,3921 1,936 ,195
28 6182,373 220,799

DF Sum of Squares Mean Square F-Value P-Value Lambda Pow er
genotype
Residual

ANOVA Table for Distance (m) totale openfield
Row exclusion: BOZZONI LHX.svd

10 66,952 18,399 5,818
10 76,088 11,655 3,686
11 70,321 13,831 4,170

Count Mean Std. Dev. Std. Err.
w ild type
etero
omo

Means Table for Distance (m) totale openfield
Effect: genotype
Row exclusion: BOZZONI LHX.svd
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Interaction Bar Plot for Distance (m) totale openfield
Effect: genotype
Error Bars: ± 1 Standard Error(s)
Row exclusion: BOZZONI LHX.svd
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Fisher's PLSD for Distance (m) totale openfield
Effect: genotype
Significance Level: 5 %
Row exclusion: BOZZONI LHX.svd
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2 ,003 ,002 1,221 ,3103 2,441 ,236
28 ,038 ,001

DF Sum of Squares Mean Square F-Value P-Value Lambda Pow er
genotype
Residual

ANOVA Table for Max Speed (m/s) totale openfield
Row exclusion: BOZZONI LHX.svd

10 ,336 ,029 ,009
10 ,353 ,032 ,010
11 ,361 ,046 ,014

Count Mean Std. Dev. Std. Err.
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omo

Means Table for Max Speed (m/s) totale openfield
Effect: genotype
Row exclusion: BOZZONI LHX.svd
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Effect: genotype
Error Bars: ± 1 Standard Error(s)
Row exclusion: BOZZONI LHX.svd
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Effect: genotype
Significance Level: 5 %
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n=10
3 Months

There are no differences between genotypes

Hanging wire test 

3 Months
n=10

2 1662100,850 831050,425 ,244 ,7852 ,488 ,084
28 95409812,827 3407493,315

DF Sum of Squares Mean Square F-Value P-Value Lambda Pow er
genotype
Residual

ANOVA Table for H.W.*peso
Row exclusion: BOZZONI LHX.svd

10 3808,500 2607,583 824,590
10 3420,800 1243,610 393,264
11 3256,455 1424,616 429,538

Count Mean Std. Dev. Std. Err.
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Means Table for H.W.*peso
Effect: genotype
Row exclusion: BOZZONI LHX.svd
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Fisher's PLSD for H.W.*peso
Effect: genotype
Significance Level: 5 %
Row exclusion: BOZZONI LHX.svd
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Hanging steel test 

n=10
3 Months

Elvira De Leonibus (IGB-CNR)
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6 months WT n=6, HET n=6, KO n=6
3 months WT n=8, HET n=5, KO n=8
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Treadmilll
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mRNAs differential expression 
SPINAL CORD 3 months RESTING WT vs KO
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ER Stress

Those targets are down-regulated in 
the RNA-seq from Lhx1os-/- mice
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Intermediate filaments

Smooth endoplasmic reticulum 

Edge Confidence
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Medium (0.150)

High (0.700)

Highest (0.900)

Lhx1os protein interactors
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