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“Ever tried.  
Ever failed.  
No matter.  
Try again.  
Fail again.  

Fail better.” 
 

(Samuel Beckett) 
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Glossary 
 
ALS: amyotrophic lateral sclerosis. A progressive 
neurodegenerative disease that affects nerve cells in the brain and 
spinal cord. The disease is characterized by the death of motor 
neurons, which are responsible for controlling voluntary muscle 
movement. As the motor neurons die, the muscles they control 
weaken and waste away, leading to a loss of movement and 
eventually to paralysis. 
 
AMT: 4’-aminomethyl-4,5’,8-trimethylpsoralen. Chemical 
compound used in RNA pull-down experiments to covalently link 
direct RNA-RNA interactions occurring in living cells. 
 
ceRNA: competing endogenous RNA. RNA molecules that 
regulate other RNA transcripts by competing for shared 
microRNAs. 
 
ChIP: chromatin immunoprecipitation. An antibody-based 
technology used to selectively enrich specific DNA-binding 
proteins along with their DNA targets. 
 
circRNA: circular RNA. A type of single-stranded RNA which, 
unlike linear RNAs, forms a covalently closed continuous loop. 
 
CLIP: crosslinking immunoprecipitation. A method used in 
molecular biology that combines UV cross-linking with 
immunoprecipitation to analyze protein interactions with RNA. 
 
CNS: central nervous system. The portion of the nervous system 
consisting primarily of the brain and spinal cord. 
 
CRISPR/Cas9: a gene-editing technology that can target and edit 
parts of the genome with high accuracy. 
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DIV: days in vitro. Number of days a neuronal cell culture has 
been maintained. 
 
DOX: Doxycycline. Inducible Tet-On system widely used to 
control gene expression in mammalian cells. 
 
EMT: epithelial–mesenchymal transition. Process by which 
epithelial cells lose their cell polarity as well as cell–cell adhesion 
and gain migratory and invasive properties to become 
mesenchymal stem cells; these are multipotent stromal cells that 
can differentiate into a variety of cell types. 
 
eRNA: enhancer RNA. Class of relatively long non-coding RNA 
molecules (50-2000 nucleotides) transcribed from the DNA 
sequence of enhancer regions. 
 
ESC: embryonic stem cell. Derived from the inner cell mass of a 
blastocyst are pluripotent stem cells with unique properties of 
pluripotency and self-renewal. They can divide indefinitely in 
vitro, while maintaining the capacity to generate all the cell types 
of an adult organism. 
 
exRNA: extracellular RNA. A special form of RNA in the body. 
RNA carries information about genes and metabolic regulation in 
the body, which can reflect the real-time status of cells. 
 
FDR: false discovery rate. Method for conceptualizing the rate of 
type I errors in null hypothesis testing when performing multiple 
comparisons.  
 
GTEx: Genotype-Tissue Expression portal. A comprehensive 
public resource to study tissue-specific gene expression and 
regulation.  
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hnRNP: heterogeneous nuclear ribonucleoprotein. Molecular 
complexes of RNA and protein localized in the cell nucleus during 
gene transcription and subsequent post-transcriptional modification 
of the newly synthesized RNA. 
 
HSC: hematopoietic stem cell. Cell that has the capacity to self-
renew and the potential to differentiate into all types of the mature 
blood cell types. 
 
IF: immunofluorescence. A histochemical staining technique used 
for demonstrating the presence of antibodies bound to antigens in 
tissues or serum. IF relies on the use of antibodies chemically 
labeled with fluorescent dyes to visualize molecules under a light 
microscope. 
 
iPSC: induced pluripotent stem cell. Human adult cells that have 
been reprogrammed back into an embryonic-like pluripotent state 
through the exogenous expression of particular transcription 
factors. 
 
 
KO: knockout. A genetic technique in which one of an organism's 
genes is made inoperative ("knocked out" of the organism). 
 
lncRNA: long non-coding RNA. RNA molecule with length 
exceeding 200 nucleotides lacking protein-coding potential.  
 
miRISC: miRNA-induced silencing effector complex. A multi-
protein complex that uses microRNAs to identify mRNAs targeted 
for repression. 
 
miRNA: microRNA. Small, single-stranded, non-coding RNA 
molecules containing 21 to 23 nucleotides. Found in plants, 

https://en.wikipedia.org/wiki/Transcription_factors
https://en.wikipedia.org/wiki/Transcription_factors
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animals and some viruses, miRNAs are involved in RNA silencing 
and post-transcriptional regulation of gene expression. 
 
MN: motor neuron. Specialized neuronal cells located in the 
central nervous system (CNS) controlling a variety of downstream 
targets involved in voluntary muscle movement. 
 
MND: motor neuron disease. A rare condition that progressively 
damages motor neurons. Believed to be caused because of a 
combination of environmental, lifestyle and genetic factors. 
 
MNP: MN progenitor. A type of stem cell that can give rise to 
motor neurons. 
 
mRNA: messenger RNA. A type of RNA molecule that carries 
genetic information from DNA to the ribosome, where it is used to 
synthesize proteins. 
 
NAT: natural antisense transcript. RNAs encoded within a cell that 
have transcript complementarity to other RNA transcripts. 
 
ncRNA: non-coding RNA. RNA molecule lacking protein-coding 
potential.  
 
ORA: over representation analysis. A method used to identify 
significantly enriched Gene Ontology terms in a set of genes. 
 
ORF: open reading frame. A continuous stretch of DNA or RNA 
that can be translated into a protein. 
 
piRNA: piwi-interacting RNA. A type of small non-coding RNA 
molecule involved in the regulation of gene expression, named for 
their association with a family of proteins called piwi proteins, 
which are thought to play a role in their biogenesis. 
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PROMPT: promoter upstream transcript. Class of RNAs which 
are heterologous in length and produced only upstream of the 
promoters of active protein-coding genes. 
 
RAP-MS: RNA antisense purification coupled with mass 
spectrometry. It allows the selective precipitation of endogenous 
RNA complexes from cell extracts through hybrid capture with 
biotinylated antisense oligonucleotides used to identify the protein 
interactome of a specific RNA of interest. 
 
RBP: RNA-binding protein. Proteins that bind to the double or 
single stranded RNA in cells and participate in forming 
ribonucleoprotein complexes. 
 
RIP: RNA immunoprecipitation. A powerful method to study the 
physical association between individual proteins and RNA 
molecules in vivo. 
 
RNA-seq: RNA Sequencing. Approach for transcriptome profiling 
that uses next-generation sequencing (NGS) to reveal the presence 
and quantity of RNA in a biological sample at a given moment. 
 
rRNA: ribosomal RNA. Class of non-coding RNAs which is the 
primary component of ribosomes, essential to all cells. 
 
siRNA: short interfering RNA. Class of double-stranded non-
coding RNA molecules, operating within the RNA interference 
pathway. 
 
SMA: spinal muscular atrophy. A rare neuromuscular disorder that 
results in the loss of motor neurons and progressive muscle 
degeneration. 
 



Dottorato di ricerca in Genetica e Biologia Molecolare 

 Pag. 11  

snoRNA: small nucleolar RNA. A class of small RNA molecules 
that primarily guide chemical modifications of other RNAs, mainly 
ribosomal RNAs, transfer RNAs and small nuclear RNAs. 
 
snRNA: small nuclear RNA. A class of small RNA molecules that 
are found within the splicing speckles and Cajal bodies of the 
nucleus of eukaryotic cells. 
 
spMN: spinal motor neuron. Cells found in the spinal cord, where 
they receive input from other nerve cells and send output to the 
muscles via axons that extend out from the spinal cord. The axons 
of spinal motor neurons form synapses with muscle fibers, and the 
activation of these synapses leads to muscle contraction. Spinal 
motor neurons are important for controlling movements of the 
limbs, trunk, and other skeletal muscles, and they are essential for 
the maintenance of posture and balance. Dysfunction of spinal 
motor neurons can lead to muscle weakness, atrophy, and other 
problems. 
 
TF: transcription factor. A protein that controls the rate of 
transcription of genetic information from DNA to messenger RNA, 
by binding to a specific DNA sequence in the nucleus. 
 
tRNA: transfer RNA. An adaptor molecule composed of RNA that 
serves as the physical link between the mRNA and the amino acid 
sequence of proteins. 
 
UCSC Genome Browser: University of California Santa Cruz 
Genome Browser (genome.ucsc.edu); it is a popular web-based 
viewer for genome sequence data and annotations.  
 
UPR: unfolded protein response. A cellular stress response related 
to the endoplasmic reticulum stress. 
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UTR: untranslated region. It refers to either of two ends, one on 
each side of a coding sequence on a strand of mRNA. If it is found 
on the 5' side, it is called the 5' UTR (or leader sequence), or if it is 
found on the 3' side, it is called the 3' UTR (or trailer sequence). 
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Summary 
The mammalian genome produces thousands of long non-coding 
RNAs (lncRNAs), which have been demonstrated to be 
fundamental in the control of many biological processes. These 
molecules play a crucial role in the multilayered regulation of 
physiological and disease-related gene expression programs, 
having significant implications in shaping central nervous system 
(CNS) complexity. 
Neuronal differentiation is a timely and spatially regulated process, 
relying on precisely orchestrated gene expression control. The 
coordinated activity of transcription factors and non-coding RNAs 
(ncRNAs), organized in intricate regulatory networks, drives cell 
fate specification ensuring correct and specific neuronal functions. 
We previously described,1 at both the molecular and functional 
level, the lncRNA nHOTAIRM1 as a neuronal-enriched transcript, 
which is upregulated during in vitro neuronal differentiation and 
highly expressed in post-mitotic motor neurons (MNs). We 
demonstrated that the nuclear nHOTAIRM1, even if much less 
abundant than its cytoplasmic counterpart, it is involved in the 
achievement of correct neuronal differentiation timing as an 
epigenetic regulator of NEUROG2 expression.1 Remarkably, 
among all human brain tissues, nHOTAIRM1 is specifically 
expressed in the spinal cord. Consistently, we found that 
nHOTAIRM1 accumulates in MN-enriched ventral spinal cord 
lineages differentiated from human induced pluripotent stem cells 
(iPSCs).1 All this evidence prompted us to further investigate the 
role of the highly expressed nHOTAIRM1 specifically on MN 
generation and/or function, to ultimately determine whether its 
deregulation affects MN differentiation and activity. To 
experimentally address these questions, here we applied a genome 
editing-based loss-of-function approach to a model system that 
efficiently recapitulates spinal MN differentiation, and we 
identified key nHOTAIRM1 target genes implicated in MN 
maturation, morphology and activity. 
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Our findings allowed us to conclude that nHOTAIRM1 directs 
multiple crucial aspects of MN physiology, from their development 
to the acquisition of appropriate morphological features and motor 
function. 
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1. Introduction 

 
1.1 Non-coding RNA: rewriting the rules 
In the late 1950s, Elliot Volkin and Lawrence Astrachan 
thoroughly defined RNA as a DNA-like molecule generated from 
DNA itself, establishing for the first time the connection between 
DNA and RNA. 
In the same years, when James Watson and Francis Crick 
discovered the double-helix structure of DNA, following the X-ray 
crystallographic studies of Rosalind Franklin, RNA was considered 
a mere unstable intermediating molecule, a transitory step in the 
information flow from DNA to proteins. The Central Dogma of 
Molecular Biology comprised the transcription of a DNA gene into 
RNA, containing the information program for the synthesis of a 
particular protein, that took place in the cytoplasm.2 
Discovered in the early 1960s, messenger RNA (mRNA) was for a 
long time considered the most prevalent cellular RNA species, 
along with ribosomal RNA (rRNA)3 and transfer RNA (tRNA), 
this latter being the first non-coding RNA (ncRNA) to ever be 
characterized,4,5 able to form RNA-RNA base pairing interactions 
with mRNAs. At that time, the scientific research, deeply rooted in 
a protein-coding point of view, was devoted to the investigation of 
the molecular functions of proteins. 
In the following decades, different small ncRNA species were 
discovered, such as small nuclear RNAs (snRNAs)6 and small 
nucleolar RNAs (snoRNAs)7, that were essential for the maturation 
of mRNA and rRNA, respectively. Later, in the early 1980s, 
Thomas Cech and Sidney Altman discovered ribozymes, 
demonstrating for the first time ever that RNA itself could act as 
the only one catalyst of an entire chemical reaction.8  
Only in the early 1990s, the discovery of small RNAs, namely 
microRNAs (miRNAs) and short interfering RNAs (siRNAs), 
completely rewrote the rules of gene expression regulation, adding 
a further role to RNA as regulatory molecule, and providing a new 
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dimension to our understanding of complex gene regulatory 
networks.9–12  

 
Figure 1. Initial and current dogma of molecular biology.2 

These discoveries pointed the attention of the scientific community 
to the role of ncRNAs, which - in that scientific landscape – were 
commonly regarded as by-products of massive transcription with 
less biological meaning. Indeed, originally, most of the genome 
was referred to as “selfish” or “junk DNA” and have been 
considered as useless evolutionary fossils for almost 20 years.  
In fact, only at the beginning of the twenty-first century, the 
pervasive transcription of genomes, the surprising number of long 
non-coding RNAs (lncRNAs) and the significance of non-coding 
sequences became evident. 
Since then, ncRNAs started to mark their own progress into 
Cellular and Molecular Biology, so much that today the 
perspective on gene expression regulation has dramatically 
changed from a coding to a non-coding point of view. In this 
scenario, RNA has been the object of an unprecedented 
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reevaluation, becoming so much more than a simple sequence 
template for protein synthesis.13  
The Human Genome Project represented a milestone in this 
direction, since it revealed that most of the genome is actively and 
pervasively transcribed, whether it encodes for proteins or not.14  
The developments of more sensitive sequencing technologies, the 
improvements of machine learning methods for RNA secondary 
structure prediction15 and the advances in data open sharing, which 
launched the "omics" revolution in the new millennium, made a 
huge contribution towards our modern conception of the RNA 
world.16 
Today, thanks to the efforts of the FANTOM and the ENCODE 
Projects,17–21 we know that only approximately 2% of the human 
genome encodes for proteins, while the remaining 98% is 
composed by non-coding sequences,22 whose increasing number 
correlates with the complexity of organisms.23 In this context, 
novel kinds of ncRNAs that exhibit remarkable developmental-, 
cell-type- and also disease-specific expression, such as miRNAs, 
piwi-interacting RNAs (piRNAs), lncRNAs – which include also 
circular RNAs (circRNAs) – and extracellular RNAs (exRNAs) 
have been identified as multifaceted players in gene expression 
regulation.24–28 
 

Figure 2. Different classes of ncRNAs.29 
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1.2. LncRNAs  
Genomes are extensively transcribed and give rise to thousands of 
lncRNAs which are defined as RNA transcripts longer than 200 
nucleotides that are not translated into functional proteins.26,30 This 
broad definition includes a vast and extremely heterogeneous 
family of transcripts - each with a unique biogenesis, genetic 
origin, function and localization - that are involved in the 
regulation of a wide range of fundamental physiological processes, 
through different molecular mechanisms. This explains why their 
dysfunction has such a huge impact on several pathologies31. 
Today, in fact, they are known as directors of complex gene 
expression programs at the transcriptional and post-transcriptional 
level, so that they became the new research hotspot in the RNA 
world.32–34   
 
1.2.1 General features 
According to the GENCODE v7 catalog, to date we know that the 
human genome is estimated to produce ~60,000 lncRNAs.19,27,35  
These molecules have little to no coding potential,19 most of them 
are transcribed by RNA polymerase II36 and, similarly to mRNAs, 
they undergo splicing, 5’-capping and 3’-polyadenylation,37,38 and 
produce numerous splicing isoforms.39,40 Differently from mRNAs, 
instead, lncRNAs tend to be shorter in length, have fewer but 
longer exons and are generally expressed at relatively low levels, 
enough to exert their specific regulative functions.  
From the evolutionary point of view, it has been demonstrated that 
lncRNA main sequences evolve faster than those of protein-coding 
genes, but slower than those of intronic and intergenic 
transcripts.19,41  
In fact, lncRNAs show a poor primary sequence conservation 
while still preserving a structural homology that ensures functional 
integrity throughout evolution. However, the discovery that the 
conservation of lncRNA promoter regions is higher than that of 
protein-coding genes tells us that lncRNA gene expression control 
has persisted throughout evolution.  
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Figure 3. The vast diversity in the generation of lncRNAs. 42 

 
A general classification of lncRNAs can be made based on their 
relative position in the genome with respect to protein-coding 
genes and their different mechanisms of processing. Examples 
include promoter upstream transcripts (PROMPTs), enhancer 
RNAs (eRNAs), long intervening/intergenic ncRNAs (lincRNAs), 
and natural antisense transcripts (NATs), that are transcribed from 
promoter upstream regions, enhancers, intergenic regions, and the 
opposite strand of protein-coding genes, respectively42 (Fig. 3). 
These molecules follow unique biogenesis and processing, so that 
a variety of lncRNAs with non-canonical structures can also be 
generated from long primary transcripts that undergo unusual RNA 
processing pathways such as sno- and SPA-lncRNA (Fig. 3).43,44  
Today it is well established that cells also express endogenous 
circRNAs along with their linear counterparts. CircRNAs are 
covalently closed single-stranded RNA molecules that arise from 
special back-splicing events.45,46 It is interesting to note that while 
linear RNAs have a short half-life that enables quick modulation of 
their activity, circRNAs, which lack the 5’ and 3’ ends, have 
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greater stability and are able to sponge RNA-binding proteins 
(RBPs) and miRNAs, and some of them have been shown to be 
incredibly powerful protein translation platforms,47 indicating that 
these species may be involved in a wide range of biological 
processes. 
 

 

Figure 4. Classification, localization and functions of lncRNAs. 48 

 
Based on lncRNA genomic origin, these molecules can be divided 
into the following subgroups: i) sense lncRNAs, transcribed from 
the sense strand of protein-coding genes; ii) antisense lncRNAs, 
produced from the opposite strand of the coding region; iii) 
bidirectional lncRNAs, transcribed from the same promoter as a 
protein-coding gene but in the opposite direction; iv) sense-
overlapping lncRNAs, that overlap regions that are potential 
hotspots for the splicing of their host protein-coding genes; v) 
intronic lncRNAs, produced in introns of a coding gene that does 
not overlap any exons; vi) intergenic lncRNAs, originated from 
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sequences which do not overlap protein-coding genes; and vii) 
enhancer lncRNAs, which are transcribed from enhancer genomic 
loci48 (Fig. 4). 
 
 
 
1.2.2 LncRNA function and mechanisms of action 
LncRNAs are versatile regulators of a variety of fundamental 
biological processes, such as development, cell differentiation and 
growth, by controlling gene expression at the epigenetic, 
transcriptional, or post-transcriptional levels through a multitude of 
mechanisms, depending on their subcellular localization.32–34 
In fact, these molecules can be exclusively located in the nucleus, 
or in the cytoplasm, or expressed in both compartments in which 
they exert different functions. This makes it crucial to consider 
their molecular context when attempting to investigate their 
mechanisms of action. 
 
 
 
1.2.3 Nuclear lncRNAs 
Nuclear lncRNAs are generally present in their free form in the 
nucleoplasm or can be linked to chromatin.49,50   
In the latter case, the amount of RNA associated with chromatin is 
twice as high compared to DNA.51 The negative charges of RNA 
molecules can neutralize the positively charged histone tails, 
leading to lncRNA-mediated attenuation of electrostatic 
compaction of chromatin structure, which is directly responsible 
for a rapid switch in gene expression.52 
In this regard, lncRNAs are conventionally classified as cis- or 
trans-acting molecules, when they operate in proximity or far from 
their site of transcription, respectively.  
The perfect example of a cis-acting lncRNA that operates at the 
epigenetic level is represented by the lncRNA XIST (X-inactive 
specific transcript),53 that is involved in dosage compensation in 
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mammals. In this process, the lncRNA, that is expressed from one 
of the two X chromosomes in female cells, acting as a scaffold 
(Fig. 4) for the recruitment of chromatin remodelers and repressor 
complexes, is able to alter the entire chromatin structure of the 
chromosome, resulting in its total transcriptional silencing.54  
Another leading character in the regulation of nuclear architecture 
is the lncRNA MALAT1 (Metastasis Associated Lung 
Adenocarcinoma Transcript 1).55,56 This lncRNA is particularly 
abundant in nuclear speckles, in which it acts as a molecular 
scaffold (Fig. 4) interacting both with Cbx4, a component of an 
epigenetic repressor, and with the SR splicing factors, thus 
regulating both transcription and splicing of pre-messenger 
RNAs.56 
Along with nuclear speckles, another noteworthy subnuclear 
compartment formed around lncRNAs are paraspeckles. Today 
these ribonucleoprotein bodies that originate from liquid-liquid 
phase separation are a paradigm for subnuclear bodies involved in 
the regulation of gene expression. Within these structures, 
paraspeckle proteins are organized by the lncRNA NEAT1 
(Nuclear Enriched Abundant Transcript 1) to finely regulate the 
expression of certain genes by nuclear retention of their 
mRNAs.57–59 
Nuclear lncRNAs can also act as molecular decoy (Fig. 4). That is 
the case of the lncRNA PANDAR (Promotor of CDKN1A 
Antisense DNA damage Activated RNA)60, that reduces the 
apoptotic response modulating PTBP1 protein, a member of the 
heterogeneous nuclear ribonucleoproteins (hnRNP) family, known 
to be involved in alternative splicing regulation.61 
An exquisite example of trans-acting lncRNA is given by the 
lncRNA HOTAIR (HOX transcript antisense RNA). This transcript, 
that is dysregulated in the majority of human cancers, is 
transcribed from the HoxC gene cluster, and it has been reported to 
directly recruit PRC2 (Polycomb repressive complex 2) and 
CoREST/LSD1 epigenetic complexes in order to mediate 
transcriptional silencing of HoxD gene cluster. 62–65 



Dottorato di ricerca in Genetica e Biologia Molecolare 

 Pag. 23  

An active regulatory role in hematopoietic stem cell (HSC) fate 
regulation has been lately ascribed to LncHSC-2 (HSC-enriched 
lncRNA 2). This nuclear trans-acting lncRNA works as an 
enhancer lncRNA (Fig. 4), tuning the balance between self-
renewal and differentiation in HSC66. Its mechanism of action 
implicates to bundle together both the transcription factor 
TCF3/E2A and promoter-proximal regions of distant genes related 
to maturation of myelo-lymphoid progenitors, through which 
lncHSC-2 controls HSC fate66. 
 
 
 
1.2.4 Cytoplasmic lncRNAs 
While nuclear lncRNAs and their mechanisms of action have been 
extensively studied, cytoplasmic lncRNAs are substantially less 
well understood. Following export to the cytoplasm, lncRNAs can 
associate with RBPs originating cytoplasmic lncRNA-associated 
ribonucleoprotein complexes (lncRNPs) that govern cytoplasmic 
events with dramatical effects on gene expression, cellular 
structure maintenance and cellular functions.  
These cytoplasmic lncRNPs: i) regulate the stability and/or 
translation of specific mRNAs; ii) act as RBP decoy and/or 
miRNA decoy, in order to reduce the cytosolic availability of 
specific cytoplasmic factors and/or miRNAs; iii) regulate protein 
turnover by serving as platforms that facilitate the presentation of 
specific RBPs to the protein degradation machinery; iv) can 
regulate localization and dynamics of specific membrane(less) 
organelles and/or extracellular vesicles; v) lead to conformational 
changes that activate signaling molecules/molecular pathways (Fig. 
5).67 
A particularly well-known example is the lncRNA NORAD (Non-
coding RNA activated by DNA damage), an abundant and highly 
conserved cytoplasmic lncRNA that regulates the stability of 
several mRNAs. Thanks to its capacity to sequester a significant 
fraction of the total cellular pool of PUMILIO proteins PUM1 and 
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PUM2 - which are RBPs that act as negative regulators of gene 
expression68 - NORAD acts as an RBP decoy to finely regulate a 
large set of target transcripts that play a critical role in maintaining 
the fidelity of chromosome transmission and genome stability.69 
A typical role for cytoplasmic lncRNAs is the competing 
endogenous RNA (ceRNA) involved in miRNA sponge activity. 
This is employed by the intriguing cytoplasmic lncRNA PNUTS 
(Phosphatase 1 Nuclear Targeting Subunit), a non-coding isoform 
of the protein-coding gene PPP1R10, produced by HNRNPE1-
mediated alternative splicing.70 PNUTS contains seven miR-205 
binding sites, which reduce the availability of miR-205 to bind and 
suppress the zinc finger E-box-binding homeobox 1 (ZEB1) and 
ZEB2 mRNAs during epithelial–mesenchymal transition (EMT).71 
Another emerging role for cytoplasmic lncRNAs is that of 
regulators of mRNA stability. This is the case of the lncRNA 
TINCR (tissue differentiation-inducing non-protein coding RNA) 
that positively regulates the expression of its mRNAs targets 
through a STAU1-mediated stabilization mechanism72, and that of 
the lncRNAs 1⁄2-sbsRNAs (half-STAU1-binding site RNAs) that 
instead are responsible for STAU1-mediated mRNA decay.73 
Regarding lncRNA-mediated regulation of mRNA translation, a 
well-known example is given by the human lincRNA p21, also 
known as tumor protein p53 pathway corepressor, that can 
negatively regulate the translation of CTNNB1 (β-catenin) and 
JUNB (AP-1 Transcription Factor Subunit) transcripts by imperfect 
base pairing (both at 5′ and 3′-untranslated regions (UTRs)) when 
the levels of RNA-binding protein HuR (human antigen R) are 
reduced.74 
Cytoplasmic lncRNAs are also capable of modulating signal 
transduction pathways by binding specific signaling molecules. An 
amazing example is given by the lncRNA NKILA (NF-κB-
interacting lncRNA), that regulates NF-κB signaling and represses 
cancer-associated inflammation. This lncRNA works forming two 
distinct hairpins, hairpin A (nucleotides 322–359) and hairpin B 
(nucleotides 395–418), which both bind to p65, in order to 



Dottorato di ricerca in Genetica e Biologia Molecolare 

 Pag. 25  

modulate T cell activation-induced cell death by inhibiting NF-κB 
activity.75  
Finally, some lncRNAs may contain short open reading frames 
(sORFs) (Fig. 4) which allow them to encode small, bioactive 
peptides, like the micropeptide myoregulin (MLN), encoded by a 
muscle-specific lncRNA, that directly interacts with the SERCA 
membrane pump to inhibit the transport of Ca2+ into the 
sarcoplasmic reticulum (SR) of skeletal muscle cells.76  
 

 
Figure 5. Regulation of gene expression by cytoplasmic lncRNAs.67 
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1.3 LncRNAs in motor neuron development and 
disease 
Mammalian nervous system is one of the most sophisticated and 
complex systems existing in living organisms. It is composed by 
an incredible array of neuronal and glial cell types, all of them 
subject to an extremely fine and well-orchestrated gene expression 
regulation occurring at multiple levels, from transcription to RNA 
processing, translation, and decay. 77 
In this scenario, lncRNAs are the main actors that direct the 
regulatory complexity that becomes highly specific among 
different brain tissues and cell types. 
According to the most recent discoveries in transcriptomics, there 
is a direct relationship between the evolutionarily increased 
complexity of the human brain and the expanding number of 
lncRNAs, which are responsible for the regulation of a wide range 
of biological processes including neuronal development, 
differentiation, and function.77,78 
Remarkably, 40% of the lncRNAs identified in the human genome 
(corresponding to 4,000–20,000 lncRNA genes) are specifically 
expressed in the brain.19,79,80 
During development, different classes of lncRNAs exhibit distinct 
spatiotemporal patterns to promote neuronal differentiation and 
maturation, which leads to the generation of functional subsets of 
neurons. 
Motor neurons (MNs) are neuronal cells located in the central 
nervous system (CNS) controlling a variety of downstream targets. 
They can be divided in two categories: upper MNs, which originate 
from the cerebral cortex and establish glutamatergic connections, 
and lower MNs, which are located in the brainstem and the spinal 
cord and have a cholinergic activity; both of them control essential 
functions such as movement, breathing and swallowing.81 Among 
lower MNs, spinal MNs (spMNs) have undergone extensive 
research in the last decade since their degeneration is a 
pathological hallmark of severe neurodegenerative diseases such as 
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amyotrophic lateral sclerosis (ALS) and spinal muscular atrophy 
(SMA).82 
These highly polarized cells are located in the ventral horn of the 
spinal cord. Thanks to their axonal projections that extend through 
several meters - making them the longest known cell type – they 
are able to control effector muscles in the periphery, representing 
the ultimate and irreplaceable component of the locomotor 
neuronal circuitry.83 
In the last decade, considerable focus has been placed on MN 
formation and function, since these cells are particularly sensitive 
to severe degenerative diseases, commonly known as motor neuron 
diseases (MNDs), where their degeneration produces a variety of 
debilitating behavioral outcomes.84 
LncRNAs influence several aspects of MN pathophysiology, such 
as development, neurite outgrowth, chemical synaptic 
transmission, and even memory consolidation and ageing.19,85–88 

 
Figure 6. The role of lncRNAs in motor neuron development. (Adapted from 82) 
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An exquisite example of epigenetic regulation by lncRNAs in MNs 
(Fig. 6) is the lncRNA Meg3 (maternally expressed gene 3), 
produced by the imprinted mammalian Dlk1-Dio3 locus.89 This 
lncRNA is induced in differentiating embryonic stem cell (ESC)-
derived MNs and also particularly enriched in the mouse spinal 
cord. Through the interaction with the PRC2–Jarid2 complex, it 
regulates the expression of important Homeobox (Hox) genes. 
These are transcription factors that regulate MN fate along the 
rostro-caudal axis of the CNS and Meg3 has been shown to 
perpetuate rostral MN cell fate by maintaining the silenced 
epigenetic state of MN progenitor genes, thus promoting 
differentiation in post-mitotic MNs.  
Similarly to Meg3, the lncRNA Cat7 (chromatin-associated 
transcript 7) finely controls the levels of MNX1 (Hb9), a 
transcription factor essential for MN formation.90 This lncRNA 
guides the PRC1 repressive machinery to ensure that MNX1 is 
expressed in a specific time-window during MN differentiation of 
human embryonic stem cells (hESCs), thus playing a pivotal role 
in MN fate determination.  
Another functional role played in MNs in vivo is that of the 
lncRNA lncrps25 (intergenic long non-coding RNA close to 
ribosomal protein S25).91 Upon lncrps25 knockdown, zebrafish 
primary MNs showed reduced axon length and branching, while its 
complete depletion led to a reduced expression of the 
oligodendrocyte transcription factor 2 (Olig2) in brain and spinal 
cord. Olig2 is part of the Olig gene family that encode for basic 
helix-loop-helix transcription factors required for MN 
differentiation and oligodendrocyte development.92,93  
Strikingly, the lncRNA lncrps25 alone plays an essential role in the 
development of MNs in zebrafish.91 
LncRNAs can also regulate axonal transport and RBP localization 
(Fig. 6). This is the case of the lncRNA RMST (rhabdomyosarcoma 
2-associated transcript) that has been shown to localize in distal 
axonal compartments in mouse MNs,94 and given its direct 
interaction with hnRNPA2/B1,95 it has been speculated to carry 



Dottorato di ricerca in Genetica e Biologia Molecolare 

 Pag. 29  

RNA-protein complexes to mediate subcellular trafficking in 
specific axonal districts.94 
An excellent example of miRNA sponge activity in MNs (Fig. 6) is 
represented by the lncRNA lncMN2.96 This lncRNA controls the 
transition from dividing progenitors to post-mitotic stage and was 
shown to be critical for the maturation of mouse embryonic stem 
cell (mESC)-derived MNs. It functions by sponging miR-466i-5p 
that allows the upregulation of important genes involved in MN 
differentiation and function.96 
Recently, it has been discovered that lncRNAs can also regulate 
mouse MN homeostasis, which is fundamental for the ionic 
balance of these highly polarized cells. This is the case of the 
lncRNA Lhx1os, which directly interacts with the endoplasmic 
reticulum (ER)-associated protein PDIA3, a disulfide isomerase 
important to mediate the unfolded protein response (UPR) that is 
part of the (ER)-stress response pathway.97 Lhx1os KO mice 
showed locomotor deficits as well as postnatal reduction of mature 
MNs, demonstrating the crucial role played by the lncRNA for MN 
normal physiological activity.97 
 

 
Figure 7. LncRNAs in MNDs. (Adapted from 82) 
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Given the emerging role of lncRNAs in MN development and 
function, it is not surprising that lncRNA dysregulation has been 
shown to have profound implications in MNDs such as ALS and 
SMA, that are indeed associated with alterations of RNA 
metabolism. 
NEAT1 is a well-characterized lncRNA that has a role in ALS MN 
neurotoxicity. So far, two isoforms of NEAT1, NEAT1_1 and 
NEAT1_2, have been described that are spliced by alternative 
processing of the 3’-UTR,57,98,99 with NEAT1_2 playing a 
predominant role in paraspeckle formation.100 
Paraspeckle formation is a tightly regulated process that occurs in 
parallel to RNA Pol II transcription of NEAT1_2 and binding of 
several paraspeckle proteins to NEAT1,57,101 most of which are 
RBPs.102  
So, the size and number of these RNP assemblies are directly 
influenced by the expression levels of the lncRNA NEAT1, which 
interacts with several RBPs involved in ALS (i.e. FUS and TDP-
43).103 It has been demonstrated that, in ALS MNs, paraspeckle 
formation is augmented as a cellular compensatory mechanism to 
increase MN survival, and the expression levels of the lncRNA 
NEAT1_2 are augmented as well. Unfortunately, in ALS MNs this 
leads to defects in paraspeckle formation and has been shown to 
have a neurotoxic effect, causing cell death and 
neurodegeneration.104  
One of the causative mechanisms that leads to MN degeneration 
and ALS is the expansion of a repeat region of six-nucleotide 
motifs (GGGGCC)n (G4C2) in the 5’ region of the C9ORF72 
gene.105–107  
This causes C9ORF72 loss-of-function and toxic gain-of-function 
mediated by the repeat expansions that are implicated in 
C9ORF72-associated ALS cases. In addition to different C9ORF72 
sense isoforms, more antisense transcripts that arise from the same 
promoter have been detected. Among them there is C9ORF72-AS, 
(C9ORF72 antisense lncRNA). The functional relevance of 
C9ORF72-AS is not well understood, but it has been discovered 
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that this lncRNA originates a higher number of C9ORF72-AS RNA 
foci that are found in peri-nucleolar regions and are suggested to be 
responsible for nucleolar defects and stress during C9-ALS 
pathogenesis. 
The ALS risk gene ataxin-2 also gives rise to antisense transcripts.  
It encodes for the cytoplasmic ATXN2 protein, that is ubiquitously 
expressed in neuronal and non-neuronal tissues108 and that 
associates with polyribosomes in the ER, regulating mRNA 
translation.109  
An increase in the length of a polyQ repeat in ATXN2 (from 22 
normal to 27–33 glutamines in ALS) is significantly associated 
with enhanced risk for developing ALS.110  
ATXN2-AS (antisense ATXN2-lncRNA) is a lncRNA that also 
undergoes repeat expansion, and its expression is increased in ALS 
patients. Expanded ATXN2-AS transcripts have been shown to have 
a neurotoxic effect in SK-N-MC neuroblastoma cells111 since they 
aberrantly interact with RBPs involved in rRNA processing and 
splicing.112  
Overall, growing experimental evidence suggests that lncRNAs 
play significant roles in the development and pathology of MNs. 
Although there is still much to learn about how lncRNAs control 
MN pathophysiology and why lncRNA dysregulation leads to 
MNDs, it is clear that this knowledge could be useful in the 
development of diagnostic and therapeutic strategies for treating 
MNDs like ALS and SMA. 
 
 
 
1.4 The lncRNA HOTAIRM1  
HOTAIRM1 (HOXA transcript antisense RNA, myeloid-specific 1) 
is a lincRNA transcribed from the 3’ region of the HOXA gene 
cluster, located at chromosome 7 in humans (Fig. 8). It is adjacent 
to the HOXA1 gene and shares with it a promoter segment that 
contains a CpG island, typically associated with bidirectional 
transcription, and it is transcribed antisense by the RNA Pol II.113  
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HOTAIRM1 gene sequence is not conserved across species as for 
most lncRNAs; however, in other species, such as Mus musculus, it 
shows syntenic conservation.114 The transcription of this lncRNA 
is specifically induced by the exposure to retinoic acid (RA), a 
derivative of vitamin A involved in pivotal biological processes 
such as differentiation, development and homeostasis.115 
 

 

Figure 8. Localization of HOTAIRM1. The lncRNA is located at chromosome 7 in humans, between 
the HOXA1 and HOXA2 genes of the HOXA cluster and transcribed antisense to the HOXA genes. 
Two alternative RefSeq splicing isoforms are produced: HOTAIRM1_1 (NR_038366.1) comprising 
three exons, and HOTAIRM1_2 (NR_038367.1) having two exons. 

 
RA-mediated signaling pathway is activated by RA binding of 
nuclear RA receptors, which undergo heterodimerization with 
retinoid X receptors and bind to specific RA response elements 
within the promoter of target genes. These sequences are also 
found in the HOXA1 locus, responsible for RA-dependent 
expression of HOTAIRM1.116 
This lncRNA has been shown to have a role in different 
physiological processes, such as osteogenic,117 myeloid118 and 
neuronal119 differentiation. Moreover,  it has been implicated in 
diseases such as different types of cancer, namely colorectal 
cancer, in which it is downregulated and acts as a tumor 
suppressor120, and recurrent gliomas, in which it is upregulated 
compared to primary gliomas.121 
A previous study showed122 that HOTAIRM1 acts as a miRNA 
sponge for miR-20a, mir-106b and miR-125b during myeloid 
differentiation. More recently, the lncRNA has also been identified 
as one of the 3 main trans-acting-lncRNAs that modulate the 
expression of protein-coding genes during SARS-CoV-2 infection 
in peripheral blood mononuclear cells.123 

13 11 1 2 3 5 6 7 9 10 4 
Chr. 7 

HOXA 
genes HOTAIRM1 
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NCBI's Reference Sequence Database (RefSeq) reports two 
alternative splicing isoforms of HOTAIRM1 in the latest human 
genome assembly (GRCh38/hg38) according to the UCSC 
Genome Browser: the transcript variant 1 (HOTAIRM1_1; 
NR_038366.1), which comprisew three exons, and the transcript 
variant 2 (HOTAIRM1_2; NR_038367.1), which consists of exon 1 
and 3 and lacks exon 2.  
Recently,1 the research group I joined for my PhD project 
performed the molecular characterization of HOTAIRM1. Besides 
the already known myeloid-specific isoform, a neuronal-enriched 
isoform - named nHOTAIRM1, for neuronal HOTAIRM1 - was 
characterized. 
Notably, nHOTAIRM1 is induced during neuronal differentiation 
of RA-treated SH-SY5Y neuroblastoma cells as well as in human 
iPSCs induced to differentiate into ventral spinal cord lineages. 
Using these in vitro neuronal differentiation systems, we observed 
that nHOTAIRM1 is expressed in both the nuclear and cytoplasmic 
compartments, and it was demonstrated to epigenetically regulate 
the expression of NEUROG2, a master gene of neuronal 
differentiation, which is why this lncRNA plays an important role 
in the regulation of neurogenesis, 
 
 
1.4.1 HOTAIRM1 in myeloid differentiation 
HOTAIRM1 was first identified in NB4 cells as a ncRNA 
composed of 2 exons which is upregulated during granulocytic 
differentiation after RA treatment. In this context, the expression of 
this lincRNA is controlled by PU.1, a transcription factor activated 
as a downstream target of RA signaling pathway.124 
It has been observed that knockdown of HOTAIRM1 quantitatively 
reduced RA-induced expression of HOXA1 and HOXA4 genes 
during myeloid differentiation of NB4 cells, as well as attenuating 
the induction of CD11b and CD18, two important genes with a role 
in myeloid differentiation. Noticeably, this did not impact the more 
distal HOXA genes, suggesting that HOTAIRM1 plays a role in 
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myelopoiesis through the modulation of gene expression in the 
proximal HOXA genes.114 Another work in the same myeloid cell 
system125 showed that RA-induced granulocytic differentiation was 
delayed upon HOTAIRM1 knockdown. This resulted in the 
promotion of cell proliferation, preserving the expression of genes 
involved in DNA replication, which are normally downregulated 
during differentiation. This was followed by an alteration of the 
expression of CD49d and CD11c, two integrins α chains transcripts 
involved in the repression of cell cycle progression, resulting in a 
significantly larger population of immature and proliferating cells. 
This evidence showed how HOTAIRM1 regulates granulocytic 
maturation in NB4 cells and may affect cell fate during myeloid 
differentiation by regulating cell cycle progression. 
Moreover, HOTAIRM1 has been shown to regulate the expression 
of HOXA genes in human peripheral blood monocytes by 
competitively binding to miR-396, a negative regulator of 
monocyte-related HOXA1 gene expression. This revealed a novel 
regulatory mechanism for this lincRNA, which maintains 
monocytes identity and prevents their differentiation into dendritic 
cells.126 
 
 
 
1.4.2 HOTAIRM1 in neuronal differentiation 
The first evidence of HOTAIRM1 involvement in neuronal 
differentiation emerged in 2011, when an RNA-seq analysis 
revealed that its gene expression levels dramatically changed in 
human neurons derived from iPSCs.119 Among the 50047 genes 
identified in the RNA-seq analysis, 3055 lncRNAs have been 
identified as upregulated from day 0 to day 10 of differentiation. 
Interestingly, several lncRNAs mapping to HOX gene clusters 
showed increased levels in day 10 neurons, among which 
HOTAIRM1, that was upregulated by about 54-fold. 
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Figure 9. HOTAIRM1 tissue gene expression reported in the GTEx Portal. Among thirteen different 
brain tissues, the lncRNA is particularly and specifically expressed in the spinal cord. 

 
Moreover, the Genotype-Tissue Expression (GTEx) portal Release 
V8 (dbGaP Accession dbGaP Accession phs000424.v8.p2)127 
reported that, among thirteen different brain tissues, HOTAIRM1 is 
specifically expressed in the spinal cord  (Figure 9), suggesting it 
may exert specific functions in the regulation of spinal neuron 
differentiation.  
Neuronal differentiation is a timely and spatially regulated process 
that relies on precisely orchestrated gene expression control. The 
sequential activation/repression of genes driving cell fate 
specification is achieved by complex regulatory networks, where 
transcription factors and ncRNAs work in a coordinated manner. In 
this context, my research group identified nHOTAIRM1 as a new 
player in neuronal differentiation, demonstrating that it 
epigenetically controls the expression of the proneural TF 
NEUROGENIN 2 that is key to neuronal fate commitment and 
critical for brain development.  
This was achieved through chromatin immunoprecipitation (ChIP) 
assays, in which it emerged that H3K27me3 repressive mark 
increased on NEUROG2 promoter upon nHOTAIRM1 induction in 
differentiating SH-SY5Y cells, while HOTAIRM1 depletion caused 
a significant reduction of H3K27me3 deposition. These results 
indicated the implication of nuclear HOTAIRM1 in the control of 
the epigenetic status of NEUROG2. 

Spinal cord 

Brain tissues 
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To further corroborate this evidence, they monitored the ability of 
the lncRNA to associate with PRC2 by RNA immunoprecipitation 
(RIP) assays and by RNA FISH combined with 
immunofluorescence (IF) analysis. Immunoprecipitation with an 
antibody against SUZ12, a component of the PRC2, was performed 
in nuclear extracts from differentiating SH-SY5Y cells. RIP assay 
revealed the interaction between SUZ12 protein and nHOTAIRM1. 
In line with this result, a combined RNA FISH/IF approach 
highlighted the partial overlap between nHOTAIRM1 and PRC2 
signals. 
Also, it was observed that nHOTAIRM1 activity impacts on 
NEUROD and ASCL1, two downstream targets that are part of 
NEUROGENIN 2 regulatory cascade, thus contributing to the 
achievement of proper neuronal differentiation timing. 
This study1 allowed us to add a new tile to the mosaic of 
NEUROG2 regulation and revealed a novel role for the lncRNA 
nHOTAIRM1 in shaping the outcome of neurogenesis (Fig. 10). 

 

Figure 10. Epigenetic, transcriptional and post-transcriptional regulatory mechanisms converging on 
NEUROG2 during neuronal differentiation. The role of nHOTAIRM1 as a scaffold that coordinates 
the recruitment of the repressive epigenetic machinery PRC2 on NEUROG2 gene promoter is 
highlighted by the red square. 
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2. Aim of the project 
 
The mammalian brain is a transcriptionally highly complex organ, 
expressing approximately 40% of annotated long non-coding 
RNAs (lncRNAs), the most abundant class of regulatory non-
coding RNAs (ncRNAs) that crucially participate in every stage of 
neuronal differentiation and function. Notably, lncRNA repertoire 
is the greatest element that differentiate humans from other 
primates and vertebrates. 
Recent studies have shed light on the role of lncRNAs in several 
aspects of motor neuron (MN) homeostasis and activity. MNs are 
highly specialized neuronal cells located in the ventral horn of the 
spinal cord. They propagate nerve impulses from the central 
nervous system (CNS) into peripheral tissues, where they are 
translated into muscle contraction, which makes them an 
indispensable part of the locomotor neural circuitry. Remarkably, 
disruption of lncRNA-mediated regulative networks is considered 
relevant to the pathogenesis underlying motor neuron diseases 
(MNDs). 
In this context, my PhD project aims at decoding the role of the 
previously characterized neuronal-enriched lncRNA nHOTAIRM1 
in differentiation and function of MNs. Notably, this lncRNA is 
exclusively expressed in the spinal cord, among several brain 
tissues, and we demonstrated that it accumulates in human induced 
pluripotent stem cells (iPSC)-derived MNs.1 
With the purpose to contribute to the study of lncRNAs in MN 
pathophysiology, I planned to: i) perturbate HOTAIRM1 
expression, through a genome editing-based loss-of-function 
approach, in a model system that efficiently recapitulates spMN 
differentiation; ii) identify nHOTAIRM1 target genes through 
transcriptome analyses in electro-physiologically active iPSC-
derived spMNs and iii) uncover its mechanism of action by 
combining RNA-pulldown techniques and advanced imaging 
assays. 
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3. Results 
 
3.1 Choosing the appropriate differentiation model 
system: iPSC-derived spinal motor neurons 
 
The choice of the most appropriate in vitro differentiation model 
system is crucial to investigate the function and mechanism of 
action of a long non-coding RNA (lncRNA).  
Interestingly, the GTEx Database reports that among 13 brain 
tissues, the lncRNA HOTAIRM1 is specifically expressed in the 
spinal cord. For this reason, human induced pluripotent stem cells 
(iPSCs) were efficiently differentiated into electro-physiologically 
active spinal motor neurons (spMNs) following an established 
protocol that makes use of lineage-specific inducible 
transcriptional programming modules. In particular, it employs the 
construct (Fig. 11) expressing the transcription factors (TFs) Ngn2, 
Isl1 and Lhx3 (NIL module), that induces the spMN identity.128  
The ectopic expression of the NIL module induced by Doxycycline 
(DOX) is able to induce spMN formation within five days.84 

Figure 11. A. (adapted from84). Schematic representation of the epB-NIL construct. pA: 
polyadenylation signal; BsdR: blasticidin resistance gene; T2A: self-cleavage peptide; rtTA: TET 
transactivator protein gene; Pubc: human Ubiquitin C constitutive promoter; TRE: TET responsive 
element; Dox: doxycycline. Black triangles represent terminal repeats of the transposon. B. Timeline 
of the iPSC-to-spMN differentiation protocol. After five days (D0-D5) of DOX induction, spMN 
maturation occurs within seven days in vitro (DIV). 
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Figure 12. qRT-PCR gene expression analysis of specific markers along differentiating iPSC-NIL. 
Day 0 has been used as the calibrator sample and set as 1. Data (means ± SEM) are expressed in 
arbitrary units relative to ATP5O mRNA and represent three independent experiments. N = 3, *P ≤ 
0.05, **P ≤ 0.01, ***P ≤ 0.001 two-tailed Student’s t-test, referred to D0 as reference sample for 
statistical tests. 

 
The succession of differentiation stages induced by DOX treatment 
was monitored by following the expression of specific markers via 
qRT-PCR (Fig. 12). The undifferentiated iPSCs (day 0) were 
labeled by the pluripotency markers NANOG and OCT4, whose 
expression dropped down as the differentiation proceeds. The 
conversion of iPSCs into MN progenitors (MNPs) (day 5), is 
signed by the consistent expression of the pan-neuronal marker 
TUJ1 and the early marker of cholinergic motor neurons HB9 (or 
MNX1).129 MNPs were dissociated at day 5 and re-plated for 
further maturation. After 3 days in vitro (DIV3), cells displayed 
consistent expression of ChAT (choline acetyl transferase), an 
enzyme required for the synthesis of the neurotransmitter 
acetylcholine (ACh) that is found upregulated as soon as iPSCs are 
committed to a neuronal lineage.130 After 7 days in vitro (DIV7) a 
marked increase of LHX3 (LIM/homeobox 3) and ISLET1 (Insulin 
gene enhancer) was observed. Notably, the coordinated expression 
of these two TFs directs spMN identity and specification.131 
Accordingly, at this stage (DIV7), cell populations are composed 
almost exclusively of post-mitotic spMNs that display functional 
properties typical of electro-physiologically active MNs.132 
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In this set of differentiation, the expression of nHOTAIRM1 was 
profiled. As shown in Fig. 12, it is not expressed (or expressed at 
very low levels) in iPSCs (day 0), it is gradually induced in MNPs 
(day 5) reaching its maximum level at the stage of post-mitotic 
spMNs (DIV7). The significant increase in gene expression levels 
suggests that the lncRNA might be involved in spMN 
differentiation, whereas its high expression level in post-mitotic 
cells also indicates a potential role in MN activity. 
 
3.2 The lncRNA nHOTAIRM1 is mainly cytoplasmic 
and localized both in the soma and the neurites of 
spMNs  

 
To gain insight into the role of nHOTAIRM1 in spMNs, we first 
analyzed its subcellular localization. Cellular fractionation carried 
out in iPSC-derived spMNs (DIV7) revealed that nHOTAIRM1 is 
predominantly cytoplasmic (about 83%, Fig. 13B), as we already 
established in MN-enriched ventral spinal cord lineages.1 This 
finding suggests a predominant role of the lncRNA in post-
transcriptional control of gene expression. 
We also investigated the distribution of nHOTAIRM1 in sima and 
neurites, the two compartments of spMNs that constitute these 
highly polarized cells. This was achieved by spMN soma/neurite 
separation133 followed by qRT-PCR analysis, which allows the 
quantification of the relative enrichment of the lncRNA in the two 
compartments. The enrichment of GNG3 mRNA in the soma (Fig. 
13C) and the enrichment of the well-characterized neuronal 
projection marker COL3A1 in the neurite compartment (Fig. 13D) 
were consistent with the known localization of these transcripts in 
neurons.133 The results revealed the presence of nHOTAIRM1 in 
both districts at comparable amounts, with the cell body being 
contributed also by the nuclear counterpart. (Fig. 13B). Next, we 
sought to confirm this distribution by mapping nHOTAIRM1 
localization through imaging assays. RNA fluorescence in situ 
hybridization (FISH) targeting nHOTAIRM1, combined with 
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immunofluorescence (IF), was performed in wild type (WT) 
spMNs (DIV7) (Fig. 14). As indicated by the red signals, 
nHOTAIRM1 spots are enriched in the soma but also accumulated 
in the peripheral regions of the neurites, thus confirming its 
subcellular localization already observed through biochemical 
assays (Fig 13B). Yellow arrowheads point to nHOTAIRM1 signals 
detected in distal axonal segments. These findings imply potential 
roles for the neuronal lncRNA in a variety of functions such as 
neuritogenesis (axon branching and elongation, neurite projection), 
axonal transport, local translation of axon-resident mRNAs and 
regulation of synaptic activity. 

Figure 13. A. qRT-PCR analysis of GAPDH and pre-GAPDH RNA levels in nuclear (dark grey 
bars) and cytoplasmic (light grey bars) fractions obtained from iPSC-derived WT spMNs. 
Normalization was performed on total RNA. Data (means ± SEM) are expressed as percentage of 
total GAPDH or pre-GAPDH expression levels. N = 3. B. qRT-PCR analysis of nHOTAIRM1 RNA 
levels in nuclear (dark grey bars) and cytoplasmic (light grey bars) fractions obtained from iPSC-
derived WT spMNs. Normalization was performed on total RNA. Data (means ± SEM) are 
expressed as percentage of total nHOTAIRM1 expression levels. N=3. C. qRT-PCR analysis of 
GNG3 and COL3A1 RNA levels in neuritic (dark grey bars) and somatic (light grey bars) fractions 
derived from compartmentalization of iPSC-derived WT spMNs. Normalization was performed on 
total RNA. Data (means ± SEM) are expressed as percentage of total GNG3 or COL3A1 expression 
levels. N = 3.   D. qRT-PCR analysis of nHOTAIRM1 RNA levels in neuritic (dark grey bars) and 
somatic (light grey bars) fractions derived from iPSC-derived WT spMNs. Normalization was 
performed on total RNA. Data (means ± SEM) are expressed as percentage of total nHOTAIRM1 
expression levels. N=3 *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 two-tailed Student’s t-test. 
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Figure 14. Different magnifications of nHOTAIRM1 (red spots) localization in iPSC-derived WT 
spMNs through RNA fluorescence in situ hybridization (FISH), combined with immunofluorescence 
(IF) for TUBB3 staining (grey). As indicated by the yellow arrowheads, the lncRNA is localized 
both in the soma and in the peripheral regions of the neurites of spMNs (DIV7). 
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3.3 Identification of nHOTAIRM1 target genes 
through transcriptome analysis of WT and 
HOTAIRM1 KO spMNs  
 
An essential step for decoding the function(s) of a lncRNA is the 
identification of its target genes. A comprehensive knowledge of 
nHOTAIRM1 downstream targets was obtained by comparing the 
transcriptomes of WT and nHOTAIRM1 knockout (KO) iPSC-
derived spMNs (DIV7).  
The KO iPSC lines were obtained through CRISPR/Cas9 genome 
editing approach by inserting a poly-A signal in the 5’end of the 
first exon of HOTAIRM1 gene to stop its transcription (Fig. 15). 

Figure 15. Schematical representation of the CRISPR/Cas9 genome editing approach to completely 
abolish HOTAIRM1 transcription.  

 
Two independent HOTAIRM1 functional KO homozygous iPSC 
clones (KO#1 and KO#2) were generated. The differentiated KO#1 
and KO#2 spMNs resulted to be drastically depleted of 
nHOTAIRM1 expression (Fig. 16), showing comparable levels of 
reduction (about 97% and 95%, respectively) with respect to WT 
spMNs. Moreover, spMN differentiation of both KO iPSC clones 
showed that depletion of the lncRNA was maintained throughout 
all the differentiation stages (Fig. 17).  
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Figure 16. qRT-PCR analysis of nHOTAIRM1 RNA levels in WT compared to KO#1 and KO#2 
spMNs (DIV7). Normalization was performed using the WT sample as the calibrator sample and set 
as 1. Data (means ± SEM) are expressed in arbitrary units relative to ATP5O mRNA and represent 
three independent experiments. N = 3, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 two-tailed Student’s t-
test referred to WT as reference sample for statistical tests. 

 

Figure 17. qRT-PCR analysis of nHOTAIRM1 RNA levels in WT compared to KO#1 and KO#2 
spMNs throughout the differentiation. Normalization was performed using the D0 sample as the 
calibrator sample and set as 1 for each cell line. Data (means ± SEM) are expressed in arbitrary units 
relative to ATP5O mRNA and represent three independent experiments. N = 3, *P ≤ 0.05, **P ≤ 
0.01, ***P ≤ 0.001 two-tailed Student’s t-test referred to D0 as reference sample for statistical tests. 

 
High-throughput transcriptome analyses were performed on three 
independent biological replicates of spMNs derived from WT and 
the HOTAIRM1 KO#2 iPSC clone. Data mining of PolyA+ RNA-
Seq analyses showed that both WT and KO samples clustered 
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homogeneously, as indicated by the Euclidean distance heatmap 
(Fig. 18A), that provides a graphical representation of the 
similarity of the samples, indicating reproducibility of expression 
profiles.  

Figure 18. A. Euclidean distance heatmap showing the strong correlation among WT or KO#2 
samples within the dataset. The darker the color, the smaller the Euclidean distance, indicating a 
strong correlation between the two samples considered. B. Upper area: graphical representation of 
WT and KO spMNs subject to RNA-seq analysis. Lower area: plot indicating read counts obtained 
from the sequencing for each sample. 

 
Moreover, we obtained read counts for a large number of genes 
(Fig. 18B), and the control samples versus the KO samples 
correctly clustered between the two groups (Fig. 18A). We 
detected 16504 genes expressed in at least one sample (Fig. 19A).  
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Figure 19. A. Volcano plot visualizing the criteria of selection of the significantly upregulated and 
downregulated genes upon HOTAIRM1 KO in the differential expression analysis. The x-axis 
represents the log2 fold change (log2FC) between the groups, which is a measure of the relative 
difference in expression levels. The y-axis represents the adjusted p-value (-log10(padj)), which is a 
measure of the statistical significance of the difference in expression. B. Heatmap of the RNA-seq 
dataset, with the rows representing the genes and the columns representing the samples of the 
dataset. The expression levels are encoded as colors on the heatmap, with blue representing low 
expression and red representing high expression levels. 

 
Among them we considered as differentially expressed those 
having |log2FC| > 1 and padj < 0.05 (Fig. 19A). Applying these 
filters, we found 1887 genes upregulated and 654 genes 
downregulated in KO versus WT spMNs (Fig. 19A). 
To identify the biological processes in which nHOTAIRM1 could 
play an important role, we performed a gene ontology over 
representation analysis (ORA) using the WebGestaltR tool on the 
lists of differentially expressed genes, assumed to be direct or 
indirect targets of nHOTAIRM1. From this test we considered 
significant only the gene sets having FDR < 0.05. Figure 20 shows 
the first 30 biological processes ranked by enrichment ratio for 
upregulated and downregulated genes. Of note, while the 
upregulated genes were not strictly related to MN biology, most of 
the downregulated ones were linked to MN differentiation, 
morphology and activity. 
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Figure 20. Gene ontology over representation analysis (ORA) plots produced by WebGestaltR tool. 
The categories of biological processes of both A. upregulated or B. downregulated genes are ranked 
by enrichment ratio, which indicates the overrepresentation of a particular GO term within a set of 
genes compared to its representation in the entire genome, used to the significantly enriched 
biological processes in each gene list. All of them have false discovery rate (FDR) ≤ 0.05. 

 
To validate the RNA-seq analysis, we selected subsets of ten 
upregulated (Fig. 21A) and ten downregulated (Fig. 21B) genes 
and analyzed their expression by qRT-PCR in WT and KO spMNs. 
For a deeper analysis, we chose candidates with a 
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Figure 21. RNA-seq validation to provide additional confidence on RNA-seq analysis results 
through qRT-PCR in spMNs (DIV7) of A. ten significantly upregulated and B. ten significantly 
downregulated genes. Normalization was performed using the WT sample as the calibrator sample 
and set as 1. Data (means ± SEM) are expressed in arbitrary units relative to ATP5O mRNA and 
represent three independent experiments. N = 3, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 two-tailed 
Student’s t-test. 
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padj <0.05 and having different significance values ranging from 
log2FC -2.72 to log2FC 7.65. Notably, all of them followed the 
trend of expression derived from the RNA-seq analysis.  
For the following functional studies, we focused on three main 
categories of downregulated genes that were implicated in 
fundamental aspects of MN biology. The first class includes over-
represented genes implicated in “cell differentiation in spinal cord” 
and in “CNS neuron differentiation”. The analysis of the 
expression profiles of these genes over the course of MN 
differentiation would provide us information about the implication 
of nHOTAIRM1 in the entire process and/or in specific 
differentiation transition stages.  
The second class comprises a conspicuous number of genes 
implicated in “neuron projection guidance”, “axonogenesis” and 
“axon guidance”. Comparing their expression in WT and 
HOTAIRM1 KO spMNs can shed light on the regulatory role of the 
lncRNA on neurite outgrowth, a process that is fundamental for 
both differentiation and function of spMNs. 
The third class encompasses genes crucially involved in “synapse 
organization” and “modulation of chemical synaptic transmission”. 
It can be supposed that nHOTAIRM1 dysregulation, leading to 
altered expression of these genes, may be associated with MN 
disease. 
Remarkably, many nHOTAIRM1 target genes may act at multiple 
levels and in an intertwined manner for ensuring proper 
differentiation and function of MNs and the achievement of 
homeostatic plasticity, which is important for excitability, synapses 
and the release of neurotransmitters. 
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3.4 nHOTAIRM1 regulates binary fate decision 
between MNs and interneurons 

 
Analysis of gene pathways significantly repressed in HOTAIRM1 
KO spMNs compared to WT (DIV7) highlighted functional 
categories related to “cell differentiation in spinal cord” and “CNS 
neuron differentiation” biological processes. This result 
intriguingly parallels the previous one (Fig. 12) showing a 
significant induction of nHOTAIRM1 along spMN differentiation. 
Together, these findings suggest that the lncRNA may play a role 
in this process. 
To verify this hypothesis, we extended RNA-seq data by analyzing 
through qRT-PCR the expression of genes belonging to those 
ontological clusters during motor neurogenesis. By comparing MN 
differentiation profiles between WT and HOTAIRM1 KO cell lines, 
we confirmed altered expression patterns of several genes 
implicated in CNS formation, such as: the developing brain 
transcription factor and cofactor SALL1134 and LMO4135; the 
nuclear receptor RORα136,137, which identifies excitatory neurons in 
the spinal cord; and the receptor EPHB1, important for the 
regulation of contact-dependent cell-to-cell interactions (Fig. 
22A).138,139 Even more interestingly, we also proved the 
deregulation of genes linked to spinal cord or MN development 
(Fig. 22B), such as DLL4,140 with a role in spinal cord neuronal 
subtype specification, PROX1, a regulator of ventral spinal cord 
patterning,141 LHX4, required for ventral MN differentiation142 and 
DCC, associated with MN migration.143 The levels of the genes 
analyzed diminished along differentiation of HOTAIRM1 KO 
iPSCs compared to WT, with a range of decrease spanning from -
54% to -90%. This supports the idea that the lncRNA is required 
for (motor) neuron development. 
During the conversion of iPSCs into MNs, the most notable 
downregulation was appreciated in the expression of HB9 and 
OLIG2 (Fig. 22C), two genes encoding key regulators for MN  
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Figure 22. qRT-PCR analysis of genes related to A. CNS formation, B. MN development and C. 
MN fate specification in WT compared to KO#2 spMNs throughout the differentiation. 
Normalization was performed using the D0 sample as the calibrator sample and set as 1 for each cell 
line. Data (means ± SEM) are expressed in arbitrary units relative to ATP5O mRNA and represent 
three independent experiments. N = 3, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 two-tailed Student’s t-
test referred to D0 as reference sample for statistical tests. 
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Figure 23. qRT-PCR analysis in WT compared to KO#2 spMNs (DIV7). Normalization was 
performed using the WT sample as the calibrator sample and set as 1. Data (means ± SEM) are 
expressed in arbitrary units relative to ATP5O mRNA and represent three independent experiments. 
N = 3, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 two-tailed Student’s t-test referred to D0 as reference 
sample for statistical tests. 

specification. In particular, the homeobox gene MNX1 (HB9), a 
selective MN marker in the developing spinal cord,144 is known to 
affect MN differentiation program, with a critical role in the 
consolidation of MN specification and in the repression of 
interneuron (IN) identity. Similarly, the TF OLIG2 induces MN 
specification and inhibits IN identity.141 Being the activity of both 
genes relevant in the choice between MN and IN cell fate, we 
speculated that nHOTAIRM1 might positively control the 
generation of MNs at expenses of INs. If true, we would expect to 
appreciate an increase of IN gene markers in HOTAIRM1 KO 
spMNs. This possibility was checked analyzing the genes induced 
upon HOTAIRM1 KO in the RNA-seq dataset (Fig. 23), among 
which we selected the IN markers CALB2,145 SST,145,146 
ETV1,146,147 LHX1,148 VIP,149 LAMP5,150 PVALB151 and 
GAD1152,153 for qRT-PCR validation.  
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Figure 24. A Quantification of intensity signal of ChAT and ISLET1 immunostaining in WT 
compared to KO#1 and KO#2 spMNs (DIV7). N = 9 different acquisitions ****P ≤ 0.0001 B. 
Immunostaining for ChAT and ISLET1 proteins in in WT compared to KO#1 and KO#2 spMNs 
(DIV7). C. qRT-PCR analysis in WT compared to KO#2 spMNs throughout the differentiation. 
Normalization was performed using the D0 sample as the calibrator sample and set as 1 for each cell 
line. Data (means ± SEM) are expressed in arbitrary units relative to ATP5O mRNA and represent 
three independent experiments. N = 3, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 two-tailed Student’s t-
test referred to D0 as reference sample for statistical tests. 

We found an increased expression of such IN gene signature (Fig. 
23), which paralleled the decrease of MN specific gene levels. 
To definitively validate the impact of HOTAIRM1 depletion on 
MN generation, we set up an alternative approach, based on 
immunofluorescence. We visualized WT and HOTAIRM1 KO#1 
and KO#2 spMNs (DIV7) by staining the major MN marker 
Islet1144 and the cholinergic neuron marker ChAT.154 A significant 
decrease (around -40%) of intensity signal was measured for both 
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factors (Fig. 24A), along with a decline in the number of Islet1 
cells (around -40%). Together, these results uphold the role of 
nHOTAIRM1 in the control of MN differentiation/maturation (Fig. 
24B). Of note, we also discovered that HOTAIRM1 KO suppressed 
Islet1 and ChAT RNA levels (Fig. 24C) throughout spMN 
differentiation, revealing that its activity is additionally required 
for the expression control of two crucial MN genes. Altogether, 
these results indicate that nHOTAIRM1 participates in the 
regulation of the balance between neuronal cell types in the 
developing spinal cord, as demonstrated by its functional KO that 
impairs the production of MNs while favoring the formation of 
INs. 
 
3.5 nHOTAIRM1 is required for proper MN neurite 
outgrowth 

 
Proper neurite outgrowth is controlled by several genes whose 
correct expression promotes the formation of functional neuronal 
connections. Interestingly, comparative transcriptome analysis 
between WT and HOTAIRM1 KO spMNs revealed a list of genes 
downregulated upon HOTAIRM1 depletion which are critically 
involved in neurite elongation and branching. We focused on five 
of them, namely NrCAM, UNC5A, DCC, ROBO1, SEMA6D, 
SEMA3E (Fig. 25A) that were enriched in three ontological gene 
categories i.e. “neuron projection guidance”, “axon guidance” and 
“axonogenesis”. In particular, NrCAM (neuronal cell adhesion 
molecule) has been crucially implicated in neurite outgrowth 
activity in vitro, whereas its localization to the developing 
synapses of the hippocampus in vivo strongly suggests that it plays 
also a role in synapse formation and/or function.155–157 Notably, in 
spMNs depleted for HOTAIRM1, the expression of NrCAM 
declined by about 53% with respect to WT spMNs. 
Other genes significantly downregulated following the depletion of 
HOTAIRM1 in spMNs were UNC5A, involved in axonal 
pathfinding mechanisms and neuronal differentiation,158,159 
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ROBO1 (Roundabout Guidance Receptor 1), a receptor expressed 
by spMN cell bodies and their axons playing a role in axon 
guidance through interaction with Slit ligands.160,161 Notably, its 
expression levels decrease by about 66% in HOTAIRM1 KO 
spMNs. Slit/ROBO signaling is well known for playing a role in 
axon guidance by mediating axon repulsion in developing nervous 
system.160,161 Remarkably, Slit/ROBO signaling intersects with the 
Netrin-1/DCC (Deleted in Colorectal Cancer) axis that, unlike 
Slit/ROBO, constitutes attractive signals for setting the position of 
motor exit points.162 DCC gene is expressed in newly born 
MNs163,164 and encodes for the receptor of Netrin-1, displaying 
outgrowth-promoting activity as a major ventral attractant.165 We 
found that in HOTAIRM1 KO spMNs, the expression of DCC 
receptor gene was reduced by about 80% (Fig 25A.) 
 

 
Figure 25. qRT-PCR analysis in WT compared to KO#2 spMNs (DIV7). Normalization was 
performed using the WT sample as the calibrator sample and set as 1. Data (means ± SEM) are 
expressed in arbitrary units relative to ATP5O mRNA and represent three independent experiments. 
N = 3, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 two-tailed Student’s t-test. 

In line with the fine balance that must exist between the two 
guidance complexes, altered expression of the two receptors may 
cause misguiding in motor axon trajectories. 
Other genes targeted by nHOTAIRM1 with a relevant role in 
dendritic arborization and in synapse formation are SEMA3E 
(Semaphorin 3E) and SEMA6D (Semaphorin 6D). They belong to 
Semaphorins, a gene family encoding for proteins involved in axon 
guidance and in wiring decision for the organization of precise 
neuronal connections in the developing nervous system. Based on 
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the cellular context, they may act both as potent repellent or 
attractors.166,167 We observed a reduction of SEMA3E and 
SEMA6D by about 66% and 46%, respectively in HOTAIRM1 KO 
spMNs compared to WT spMNs. These data indicate that 
nHOTAIRM1 regulates the activity of a number of genes encoding 
axon guidance molecules that are crucially implicated in the 
assembly of neuronal connections. Therefore, we sought to verify 
whether a defective branching phenotype mirrored what suggested 
by molecular analyses.  
For monitoring the neuronal morphology, we took advantage of 
advanced imaging techniques. 
Images of neurite networks composed of WT or KO spMNs 
(DIV7) were analyzed as described in Pani et al., 2014168 and the 
Fiji-ImageJ MorphoNeuroNet script was exploited (Fig. 26A,B).  
Starting from an equal number of cells among all the samples (Fig. 
26D), we counted the total number of branches (defined as slab 
segments connecting end-points, end-points and junctions or 
junctions and junctions) (Fig. 26C) and of junctions (voxels with 
more than 2 neighbors) (Fig. 26E) and we measured both the 
average branch length and the total branch length per image. 
A statistically significant reduction in the counts of both total 
branch number (P(branches) < 0.0001) and number of junctions  
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 Figure 26. A. Workflow of the neurite branching analysis performed using ImageJ 
MorphoNeuroNet in WT, KO#1 and KO#2 spMNs. Starting from nuclei detection, a neurite network 
mask was generated and analyzed. B. Representative neurite networks of WT, KO#1 and KO#2 
spMNs. C. Number of neurite branches of WT, KO#1 and KO#2 spMNs. D. Somae count of WT, 
KO#1 and KO#2 spMNs. E. Number of neurite junctions of WT, KO#1 and KO#2 spMNs. F. Total 
neurite branch length calculated in WT, KO#1 and KO#2 spMNs. G. Average neurite branch length 
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calculated in WT, KO#1 and KO#2 spMNs. Data are expressed as means ± SEM. *P ≤ 0.05, ****P 
≤ 0.0001. 

 
 (P(junctions) < 0.0001) was found in the two KO neurite networks 
with respect to the WT one. Overall, these results indicate that 
nHOTAIRM1 is important for correct outgrowth of neurites.  In 
line with these observations, a lower total branch length (Fig. 26F) 
per field was calculated in the KO samples compared with the WT 
(P(length) <0.0001), whilst no significant difference was 
calculated between the two KO samples as control (P(length) = 
0.9850). On the contrary, the average branch length (Fig. 26G) is 
higher in the KO samples compared to WT (P(avlength) <0.0121), 
as the lower density of the KO neurite network results in a lower 
number of intersections and, therefore, in longer slab segments. 
Overall, these results reveal that nHOTAIRM1 is important for the 
correct neurite outgrowth, elongation and branching. 
 
3.6 nHOTAIRM1 controls genes involved in synaptic 
transmission 
 
Other categories of genes affected by HOTAIRM1 depletion in 
post-mitotic spMNs were those specifically involved in “synapse 
organization” and in “modulation of chemical synaptic 
transmission”. They include CACNA1D, CNR1, GRIA1, GRIK3 
and SHANK2 genes, all of which are significantly downregulated 
in KO spMNs (Fig. 27A). 
CACNA1D gene encodes for Cav 1.3 belonging to the family of 
voltage‐gated L‐type Ca2+ channels.169 Cav1.3 signaling is a 
requisite for normal neuronal development, synapse maturation as 
well as synaptic pruning.170 Notably, we observed that the 
expression levels of CACNA1D declined by about 60% in 
HOTAIRM1 KO post-mitotic spMNs. 
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Figure 27. A,B. qRT-PCR analysis in WT compared to KO#2 spMNs (DIV7). Normalization was 
performed using the WT sample as the calibrator sample and set as 1. Data (means ± SEM) are 
expressed in arbitrary units relative to ATP5O mRNA and represent three independent experiments. 
N = 3, *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 two-tailed Student’s t-test. C. Immunoblot analysis of 
ChAT protein in WT compared to KO#2 spMNs (DIV7). Normalization was performed relative to 
ATP5O protein levels. N = 3, *P ≤ 0.05 two-tailed Student’s t-test. 

 
CNR1 gene expression dropped down by about 56% in spMNs 
lacking HOTAIRM1. CNR1 gene encodes for the type 1 
cannabinoid receptor (CB1), that is expressed in both the CNS and 
peripheral nervous system, mainly in presynaptic terminals where 
it controls synaptic transmission by modulating the release of 
neurotransmitters.171 GRIA1 and GRIK3 gene expression decreased 
by about 66% and 47%, respectively, in spMNs depleted for 
HOTAIRM1. GRIA1, also known as GluR1, encodes a glutamate 
receptor subunit and is expressed at high levels in neonatal MNs,172 
where it represents a determinant in defining MN dendritic 
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architecture.173 GRIK3 (glutamate ionotropic receptor kainate type 
subunit 3) encodes a principal subunit of the kainite-type 
ionotropic glutamate receptor, which is relevant in synaptic 
plasticity and potentiation.174 Accordingly, it has been 
demonstrated that GRIK3-/- mice display reduced short- and long-
term synaptic potential.175 SHANK2 (SH3- and multiple ankyrin 
repeats protein 2)  encodes an important scaffolding protein that 
has been shown to affect synaptic connectivity.176 
Altogether, these findings strongly support a role for nHOTAIRM1 
as a critical regulator of synaptic activity. 
Besides the genes mentioned above, we also focused on ChAT 
(choline O-acetyltransferase) gene that encodes an enzymatic 
activity responsible for the biosynthesis of the neurotransmitter 
acetylcholine in cholinergic neurons. It is a well-known marker of 
mature MNs and it is essential for their functioning.177 Evaluation 
of ChAT expression by qRT-PCR (Fig. 27B) revealed a dramatic 
reduction by about 70% in KO compared to WT spMNs (DIV7). 
Given the relevance of ChAT activity, we also measured the levels 
of ChAT protein (Fig. 27C) in protein lysates extracted from WT 
compared to KO#1 and KO#2 spMNs (DIV7) by Western Blot. 
Remarkably, found a significant downregulation of ChAT protein 
of about 50% in KO#2 spMNs compared to WT. Overall these 
results demonstrate that the lncRNA nHOTAIRM1 is required for 
proper synaptic activity and neurotransmission of post-mitotic 
spMNs. 
 
 
 
3.7 nHOTAIRM1 controls a number of target genes 
through lncRNA-mRNA interactions 
 
Given its predominantly cytoplasmic localization (Fig. 13B), we 
investigated how nHOTAIRM1 exerts post-transcriptional control 
of genes involved in MN differentiation and function in this 
compartment. One of the main mechanisms played by lncRNAs in 
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the cytoplasm is that of competing endogenous RNA (ceRNA) 
that, sequestering microRNAs (miRNAs) from their mRNA 
targets, could cause translational de-repression. Alternatively, they 
can be engaged in the formation of specific RNA-protein 
complexes or RNA-RNA duplexes with their mRNA targets, 
modulating their stability and/or translation.  
To test the first mechanism, we carried out a preliminary in silico 
analysis interrogating LncBase database (https://diana.e-
ce.uth.gr/lncbasev3) that reports experimentally supported 
lncRNA-miRNA interactions. Notably, this revealed the 
occurrence of 56 miRNAs that are reported to bind nHOTAIRM1 
(Fig. 28A). Additional in silico analyses were performed exploiting 
the catRAPID algorithm178,179 which predicts potential protein 
interactors of a given RNA based on their sequence in order to 
verify the interaction with Argonaute2 (AGO2) protein, a major 
component of the miRNA-induced silencing effector complex 
(miRISC). However, this analysis did not reveal any binding 
propensity between nHOTAIRM1 and AGO2 protein. In line with 
this evidence, AGO2 was not even identified in nHOTAIRM1 RNA 
antisense purification coupled with mass spectrometry (RAP-MS)  
experiment performed in spMNs.1 To further explore the crosstalk 
between nHOTAIRM1 and AGO2, we set up a crosslinking 
immunoprecipitation (CLIP) assay in cytoplasmic extracts from 
human-derived Neuroblastoma SH-SY5Y cells treated with 
retinoic acid (RA). These cells represent a suitable model system to 
mimic neuronal differentiation in vitro. The CLIP assay showed 
that nHOTAIRM1 does not directly interact with AGO2 protein, 
thus corroborating the previous evidence that the lncRNA does not 
function as a sponge for miRNAs in the neuronal context (Fig. 
28B). 
We next explored whether nHOTAIRM1 could control its target 
gene(s) through RNA-RNA interaction in the cytoplasm.  

https://diana.e-ce.uth.gr/lncbasev3
https://diana.e-ce.uth.gr/lncbasev3
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Figure 28. A. 56 miRNAs reported to bind nHOTAIRM1 according to the LncBase database to date. 
B. CLIP assay for AGO2 in the cytoplasmic fraction of 10-day RA-treated SH-SY5Y cells. Upper 
panel: immunoblot analysis of AGO2 in Input (Inp) extract, immunoprecipitated (IP) and IgG (IgG) 
protein fractions. Lower panel: qRT-PCR analysis of RNA enrichment over Input, IP and IgG 
fractions. Data are expressed as Input percentage. GAPDH was used as a negative control. N = 1. 

 
To this aim, nHOTAIRM1 RNA pull-down assays were carried out 
in cytoplasmic extracts of WT DIV7 spMNs, under native 
conditions. Eighteen biotinylated DNA probes (Table 1) were 
designed and divided into two pools: even-numbered and odd-
numbered. These probes were used separately to copurify 
endogenous nHOTAIRM1 and its RNA interactors. As a negative 
control, probes targeting LacZ were used. Subsequent qRT-PCR 
analysis confirmed the specific enrichment of nHOTAIRM1 in the 
pull-down fraction whereas GAPDH was used as a negative 
control (Fig. 29A). We analyzed by qRT-PCR the mRNAs found 
to be downregulated in HOTAIRM1 KO compared to WT spMNs. 
Notably, among the tested candidates, eight transcripts were found 
significantly enriched in the nHOTAIRM1 pull-down fraction. 
They are: PROX1, that participate in spinal cord development, 
ROBO1, involved in neurite outgrowth, ChAT, GRIK3 and CNR1, 
playing a role in synaptic activity, SEMA6D, that contributes to the 
maintenance of the appropriate neuronal connections, UNC5A, 
involved in axonal pathfinding mechanisms and neuronal 
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differentiation158,180 and SHANK2 (SH3- and multiple ankyrin 
repeats protein 2), which affects synaptic connectivity.176 To 
further detect direct and specific RNA-RNA interactions occurring 
in vivo, 4’-aminomethyl-4,5’,8-trimethylpsoralen (AMT)-
crosslinked RNA pull-down assays were performed in WT spMNs 
(DIV7). Notably, two out of the eight nHOTAIRM1 mRNA targets 
identified in the native RNA pull-down assays, namely ROBO1 
and SHANK2, were identified as direct RNA interactors of the 
lncRNA (Fig. 29B). This suggests nHOTAIRM1 might 
mechanistically and functionally control these genes, important for 
spMN physiology, regulating their mRNA stability and/or 
translation.67 
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Figure 29. A. qRT-PCR analysis of nHOTAIRM1 RNA pull-down experiments performed in 
cytoplasmic extracts of WT spMNs (DIV7) under native conditions. Data (means ± SEM) are 
expressed as relative RNA enrichments of Input percentage (%) and represent three independent 
experiments. N = 3. B. qRT-PCR analysis of nHOTAIRM1 AMT-crosslinked RNA pull-down 
experiments performed in total extracts of WT spMNs (DIV7) to detect direct RNA-RNA 
hybridizations in vivo. Data (means ± SEM) are expressed as relative RNA enrichments of Input 
percentage (%) and represent three independent experiments. N = 3. 
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3.8 Mapping lncRNA-mRNA direct interaction: 
ROBO1 and SHANK2 

 
To map lncRNA-mRNA interactions between nHOTAIRM1 and 
ROBO1 or SHANK2 mRNAs, we made use of the IntaRNA 
algorithm.181 This bioinformatic tool was applied to the ROBO1 
and SHANK2 protein-coding splicing isoforms that are highly 
expressed in our system, according to RNA-seq results in spMNs.  
The energy maps of Fig. 30A, which take into account all the 
predicted alternative interactions between nHOTAIRM1 and its 
mRNA targets ROBO1 and SHANK2 identified in vivo, shows the 
free energy for each intermolecular pair. For each lncRNA-mRNA 
pair, we focused on the region with minimal interaction energy 
(dark blue area) to visualize the most stable IntaRNA-predicted 
base pairings (Fig.13B) 
Concerning nHOTAIRM1-ROBO1 mRNA direct interaction, the 
analysis predicted: i) a putative region of interaction between the 
nucleotides 645-674 of nHOTAIRM1 and the nucleotides 96-119 of 
ROBO1-202 isoform (ENST00000464233.6), with an interaction 
energy of -22.07 kcal/mol and ii) a region of interaction between 
the nucleotides 644-689 of nHOTAIRM1 and the nucleotides 18-66 
of ROBO1-204 isoform (ENST00000467549.5), with an 
interaction energy of -21.23 kcal/mol (Fig. 30B). 
Regarding nHOTAIRM1-SHANK2 mRNA direct interaction, 
IntaRNA predicted: i) a putative region of interaction between the 
nucleotides 662-671 of nHOTAIRM1 and the nucleotides 4-13 of 
SHANK2-203 isoform (ENST00000409161.5), with an interaction 
energy of -14.99 kcal/mol and ii) a region of interaction between 
the nucleotides 646-683 of nHOTAIRM1 and the nucleotides 86-
115 of SHANK2-206 isoform (ENST00000424924.5), showing an 
interaction energy of -19.68 kcal/mol. (Fig. 30B). 
Interestingly, the region of nHOTAIRM1 establishing RNA-RNA 
interaction with mRNA isoforms encompasses the 5’end of exon 3 
(nucleotides 644-689) that includes a G-rich tract predicted as 
putative G-quadruplex forming sequence according to the QGRS 



Paolo Tollis 

Pag 66  

mapper tool182 (Fig. 30C). On the other hand, according to 
Ensemble assembly 104, the regions of SHANK2 and ROBO1 
mRNA targets (isoforms ROBO1-202; ROBO1-204; SHANK2-203; 
SHANK2-206) that interact with the lncRNA are positioned in their 
5’untranslated (5’-UTR) regions, well-known regulatory sequences 
implicated in the control of translational efficiency.183 
These findings lead us to hypothesize that the RNA-RNA 
interaction between nHOTAIRM1 and its RNA targets may play a 
role in the control of mRNA stability and/or translatability. 
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Figure 30. A. IntaRNA energy maps of the predicted stability of RNA-RNA interaction between 
nHOTAIRM1 and ROBO1 or SHANK2 protein coding isoforms expressed in the RNA-seq in spMNs. 
On the x-axis is positioned the mRNA target sequence and on the y-axis is positioned the lncRNA 
sequence. The predicted free energy interactions at each position are shown in blue. The darker the 
color, the more stable the region of interaction based on free energy. The energy map can be used to 
identify the thermodynamically favored regions of the interaction and to understand how the stability 
of the interaction changes along the length of the RNA molecules. B. Detailed representation of the 
nucleotides involved in the thermodynamically favored RNA-RNA interactions predicted by 
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IntaRNA. C. Putative quadruplex forming G-rich sequence predicted by QGRS Mapper tool on 
nHOTAIRM1 RNA sequence. This region is always included in the thermodynamically favored 
region of lncRNA-mRNA interaction predicted by IntaRNA. 
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4. Discussion 
 

Neuronal differentiation is an intricate physiological process that 
relies on the combined action of several transcription factors (TFs) 
that control the expression of multiple target genes and drive 
precise neuronal programs for the specification of distinct cell 
types. During this process, the activity of TFs is integrated with 
several molecular signals to drive transcriptional, morphological 
and electrophysiological changes in a timely and spatially 
regulated manner.  
During the last decades, it strongly emerged that these complex 
regulatory networks are finely coordinated by non-coding RNAs 
(ncRNAs) that have been shown to play a pivotal role at every 
level of gene expression control. 
Long non-coding RNAs (lncRNAs), extraordinarily abundant in 
the brain, demonstrated to be critical regulators not only of 
differentiation, but also of the proper neuronal function, becoming 
prime actors in neuronal pathophysiology. The analyses carried out 
during my PhD project demonstrated that the neuronal-enriched 
lncRNA nHOTAIRM1, which is highly expressed in spinal motor 
neurons (spMNs), affects mRNA metabolism impacting motor 
neuron (MN) differentiation, morphology and function. 
Originally described as a myeloid-specific transcript, HOTAIRM1 
was later found to be one of the most upregulated lncRNAs during 
the transition from iPSCs to glutamatergic neurons,119 thereby 
pointing to its potential neuronal function. Recently, we 
characterized the neuronal isoform of HOTAIRM1, that we referred 
to as nHOTAIRM1, and demonstrated that the less abundant 
nuclear counterpart contributes to neuronal differentiation acting as 
an epigenetic regulator of NEUROG2, which is key to neuronal 
fate commitment.1 
Due to its restricted expression to the spinal cord, among thirteen 
different brain tissues (GTEx portal Release V8 dbGaP Accession 
phs000424.v8.p2)127 as well as its abundant expression in post-
mitotic MNs,1 here we wondered whether nHOTAIRM1 can also 
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be a key player in differentiation and function of spMNs, a 
neuronal subtype whose vulnerability underlies several 
neurodegenerative diseases.  
To place nHOTAIRM1 in multilayered hierarchical gene regulatory 
networks, we exploited human iPSC-derived spMNs as a paradigm 
for decoding its function in the cytoplasm, where it is mainly 
localized. For unveiling its target genes and investigating its 
mechanism of action, we exploited a reverse genetics approach 
combined with FISH/IF assays and RNA pull-down experiments.  
The discovery that nHOTAIRM1 is functional in MN development 
and activity derives from loss-of-function studies carried out in 
post-mitotic spMNs. The identification of its downstream target 
genes at a genomic scale revealed its capacity to act as a multitask 
regulator, ensuring the production of functional spMNs. We 
obtained evidence that nHOTAIRM1 participates in: i) spMN 
differentiation, affecting MNP formation; ii) neurite outgrowth and 
iii) modulation of synaptic transmission. 
The role of nHOTAIRM1 in early MN genesis was assessed during 
differentiation of WT vs HOTAIRM1 KO iPSCs. It emerged that 
nHOTAIRM1 promotes the expression of genes triggering MN 
differentiation program, as HB9 (MNX1) and OLIG2, and 
determining MN identity, as LHX4, ISLET1 and DCC. Notably, the 
induction of HB9 expression marks the transition from iPSCs to 
MNPs whereas its inactivation induces a switch towards the 
interneuronal fate.144,184 Similarly, the expression of OLIG2 
induces MN specification, while inhibiting interneuron identity.141 
In this scenario, nHOTAIRM1 becomes a determinant of the 
cellular choice between alternative neuronal fates. This conclusion 
was further supported by the significant reduction of the levels of 
specific MN markers (Fig. 22C) paralleled by an increase of 
interneuronal markers (Fig. 23) observed upon HOTAIRM1 
depletion. Altogether, these findings led us to assign a novel role to 
the lncRNA in the neuronal cell fate decision as a pro-MN factor. 
The involvement of nHOTAIRM1 in the control of proper neuronal 
connections was assessed at both the molecular and phenotypic 
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levels. Loss of HOTAIRM1 function led to significant 
downregulation of genes as DCC and ROBO1 (Fig. 25) that are 
respectively involved in attractive (Netrin-1/DCC) and repulsive 
(Slit/ROBO) signaling pathways, whose correct balance is essential 
for guiding proper motor axon trajectories out of the spinal cord.143 
Notably, HOTAIRM1 depletion phenotypically resulted in defects 
of neuronal morphology, with a significant reduction of the 
number of branches and junctions and of the total branch length 
(Fig. 26C,E,F)  and an increased average branch length (Fig. 26G). 
Other relevant nHOTAIRM1 targets are NrCAM, whose alteration 
has a profound effect on development as well as in wiring and 
targeting of neurons,185,186 and the members of Semaphorin gene 
family, SEMA3E and SEMA6D (Fig. 25). Sema3E functions as a 
classical axon repellent in the spMN context,167 whereas SEMA6D 
contributes to eliminate ipsilateral projections of corticospinal 
neurons (CSNs) in the spinal cord, therefore allowing neurons to 
maintain only the appropriate connections.187  
Moreover, recent studies on zebrafish highlighted the essential role 
of SEMA6D in nervous system development. In particular, it was 
demonstrated that the deficiency of this protein caused dramatic 
developmental defects of primary MNs in embryonal spinal 
cord.188 
Closely related to this aspect is the control exerted by 
nHOTAIRM1 on genes encoding modulators of synaptic activity, 
whose dysfunction has been closely associated with several CNS 
disorders. For example, lower expression of CNR1 has been 
associated with schizophrenia, and major depression disorder 
(MDD)171 whereas diminished activity of ChAT was observed in 
the spinal cord of patients with amyotrophic lateral sclerosis (ALS) 
and was supposed to be implicated in loss-of-function in MNs189 
(Fig. 27A,B).  
These considerations imply that nHOTAIRM1, besides contributing 
to correct MN homeostasis, may also take on a pathological 
significance.  
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Mechanistically, nHOTAIRM1 appears to regulate a number of its 
target genes through lncRNA-mRNA interactions. For some of 
them - namely PROX1, ChAT, GRIK3, CNR1, SEMA6D, UNC5A - 
the interaction is indirect and mediated by other molecular 
intermediates (Fig. 29A), whereas the lncRNA engages direct 
lncRNA-mRNA interactions with ROBO1 and SHANK2 mRNAs 
in vivo (Fig. 29B).  
Intriguingly, predictions of RNA-RNA interactions indicate that 
nHOTAIRM1 binding may occur through a G-rich motif (Fig. 30) 
that may be folded into a G-quadruplex structure, known to be 
involved also in mRNA targeting. The finding that the binding 
counterparts on mRNA targets are within the 5’untranslated 
regions (UTRs), that play a major role in the control of translation 
efficiency183, allows us to speculate that the lncRNA may exert 
post-transcriptional control of gene expression at the 
stability/translational level.  
Taken together, the evidence collected within this study paints a 
picture in which the lncRNA nHOTAIRM1 emerges as post-
transcriptional director of the expression of genes fundamental for 
MN development, morphology and activity. 
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5. Materials and Methods 
 

Cell culture and MN differentiation 
Human induced pluripotent stem cells (iPSCs) NIL used in this 
study were derived, maintained and induced to differentiate into 
spinal motor neurons (spMNs) following the methods described in 
this work.132  
 
Generation of HOTAIRM1 KO iPSC-NIL lines 
sgRNAs (Table 3) were designed using Benchling design tool 
(https://www.benchling.com/) targeting the regions of HOTAIRM1 
locus. The target regions for Cas9 double strand break were 
selected taking into consideration FANTOM5 TSS data in Zenbu 
(https://fantom.gsc.riken.jp/zenbu/). PX333 plasmid, encoding the 
WT Cas9 protein, was purchased from Addgene while sgRNAs 
were ordered as single-strand DNA probes (Biofab) and cloned as 
recommended by the Zhang Lab Protocol 
(https://media.addgene.org/data/plasmids/62/62987/62987-
attachment_KiOWQSPn2egB.pdf) resulting in a vector identified 
as PX333-sgRNAs. HR110PA (System Biosciences) was used as a 
backbone to create the donor vector (DONOR). A Poly-
adenylation sequence (PAS) was cloned into the DONOR vector 
followed by a Neomycin resistance cassette using In-Fusion® HD 
Cloning Plus Kit (Cat. #638910). Two homology arms (HA) HA1 
and HA2 with a length of 800 nt were amplified by PCR on iPSC-
NIL gDNA (Kapa HiFi, Takara). HA1 was cloned upstream of the 
PAS and HA2 was cloned downstream of the PAS. iPSCs were 
transfected on matrigel-coated dishes using the Neon Transfection 
System (Life Technologies), using 100 μl tips in R buffer and the 
following settings: 1200 V, 30 ms, 1 pulse. Selection was carried 
out in 800 μg/ml G418 for 5 days. Single HOTAIRM1 KO clones 
were amplified and genotyped. 
 
 
 

https://www.benchling.com/
https://fantom.gsc.riken.jp/zenbu/
https://media.addgene.org/data/plasmids/62/62987/62987-attachment_KiOWQSPn2egB.pdf
https://media.addgene.org/data/plasmids/62/62987/62987-attachment_KiOWQSPn2egB.pdf
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Cell fractionation 
iPSC-derived spMNs were fractionated by the Ambion PARIS Kit 
(AM1921, Life Technologies). After RNA extraction, equal 
volumes of cytoplasmic or nuclear RNA were retro-transcribed and 
analyzed by qRT-PCR. Normalizations were based on the total 
amount of RNA. 
 
Soma/neurite separation 
Soma/neurite separation in iPSC-derived spMNs was performed as 
in this work.190 Correct compartmentalization of soma and neurites 
was assessed by immunostaining of TUBB3 protein. RNA samples 
collected from spMN soma and neurites were then analyzed by 
qRT-PCR. Enrichment of the well-characterized neuronal 
projections marker COL3A1 in the neurite compartment and of 
GNG3 in the soma were consistent with the known localization of 
these transcripts in neurons.133 
 
RNA-seq analysis 
TruSeq Stranded mRNA Library Prep Kit (Illumina, San Diego, 
CA, USA) was used to obtain sequencing libraries from polyA+ 
RNA extracted from iPSC-derived WT and HOTAIRM1 KO 
spMNs (3 independent biological replicates). 
The sequencing reaction produced 100 nucleotide long paired end 
reads and was performed on a Novaseq 6000 sequencing system 
(Illumina) with a depth of more than 20M. To remove adapter 
sequences and low-quality end bases Trim Galore191 (version 
0.6.4_dev) software was used; the minimum read length after 
trimming was set to 20. Alignment to human GRCh38 genome 
primary assembly was performed using the STAR version 2.7.9a192   
Of the total reads, 85% or more were successfully mapped to the 
human genome and most of them were aligned to unique locations. 
The quantMode TranscriptomeSAM option was used to generate 
alignments translated into transcript coordinates. The RSEM 
method was used to quantify the expression levels of the 
transcripts.193  
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Differential expression analysis was performed using the 
Bioconductor package DESeq2194 that fits a negative binomial 
generalized linear model on each gene. We decided to retain only 
those genes that have an absolute expression of at least 10 in 
minimum three of the six samples as suggested by the developer of 
DESeq2 package. Shrinked log fold change values were obtained 
by the function lfcShrink195 that looks at the largest fold changes 
that are not due to low counts and uses these to inform a prior 
distribution. The large fold changes from genes with lots of 
statistical information were not shrunk, while the imprecise fold 
changes were shrunk. Padj < 0.05 and absolute logFC greater than 
1 were considered differentially expressed and used for further 
analysis. 
 
Gene ontology analysis 
Gene ontology (GO) over representation analysis (ORA) was 
performed using the http://geneontology.org/ database with 
WebGestalt R tool196. GO analysis was performed using 
significantly upregulated and downregulated genes with padj < 
0.05 and absolute logFC greater than 1. Fig. 20 shows the first 30 
biological processes ranked by enrichment ratio for upregulated 
and downregulated genes. 
 
RNA-RNA interaction prediction 
IntaRNA version 3.3.2181 was used to map the binding regions 
between nHOTAIRM1 and the mRNA interactors found in the 
AMT-crosslinked RNA pull-down experiments. To obtain in silico 
predictions of RNA-RNA interactions, from the RNA-seq results 
we filtered out the RNA transcripts that were not expressed in our 
experiment, by looking at the RSEM output isoforms. 
Among the expressed splicing isoforms, we considered the TPM 
expression values in the WT and KO samples in order to select the 
protein-coding splicing isoforms that were highly expressed in our 
experiment. We subsequently retrieved the FASTA files of these 

http://geneontology.org/
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transcripts and we launched IntaRNA (Version 3.3.2) with default 
parameters to predict mRNA targets sites for nHOTAIRM1. 
 
 
RNA extraction and analysis 
Total RNA was extracted by Direct-zol RNA MiniPrep (R2052, 
Zymo Research). For quantitative real-time PCR (qRT-PCR) 
assay, cDNA was synthetized by Takara PrimeScript RT Reagent 
Kit (RR037A, Takara-bio). qPCR detection was performed using 
SensiFAST SYBR Lo-ROX Kit (BIO-94020, Bioline) on a 7500 
Fast Real-Time PCR (Applied Biosystem). ATP5O mRNA was 
used as a reference target. 
 
 
Immunoblotting 
Protein samples for immunoblotting were extracted from iPSC-
derives spMNs in RIPA Buffer (50 mM Tris–HCl [pH 8], 150 mM 
EGTA, 150 mM NaCl, 50 mM NaF, 10 % glycerol, 1.5 mM 
MgCl2, 1 % Triton). Lysates were separated on gradient poly- 
acrylamide gels and transferred to Amersham Protran 0.45 um 
nitrocellulose membrane (10600002, GE Healthcare Life 
Sciences), through the NuPAGE System (EI0002, Invitrogen). 
Immunoblots were incubated with the following antibodies: anti- 
ATP5O (A305-419A, Bethyl); anti-ChAT (ab223346, Abcam). 
 Protein staining was performed by WesternBright ECL (K-12045- 
D50, Advansta), detected by ChemiDoc XRS+ Molecular Imager 
(Bio-Rad) and quantified through the Image Lab Software (release 
3.0.1). 
 
 
Cross-linking immunoprecipitation (CLIP) assay 
CLIP assay was performed in cytoplasmic extracts of RA-treated 
SH-SY5Y neuroblastoma cells as described in this work.1 
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RNA Fluorescence in situ hybridization (FISH) and 
immunofluorescence (IF) 
iPSC-derived motor neurons were plated on 12mm diameter 
coverslip coated with Matrigel (hESC-qualified Matrix Corning 
354277) and fixed in 4% paraformaldehyde (Electron Microscopy 
Sciences, Hatfield, PA) for 10 min at room temperature. 
Dehydration step with ice-cold Ethanol series (50%, 70%, 100%) 
was performed in order to store cells at -20°C in absolute ethanol 
until use.  
nHOTAIRM1 was detected via Fluorescent in situ Hybridization 
(FISH) with a mix of 18 biotinylated probes (see Table 1) as 
described in these works.197,198 Briefly, motor neurons were 
rehydrated by descendent ice-cold ethanol series (100%, 70%, 
50%) and permeabilized in a solution of 0,05% Triton X-100 and 2 
mM VRC (Sigma-Aldrich, R3380) in DPBS for 5 min. Cells were 
then washed three times in DPBS before replacing with 2X SSC 
buffer (3 M NaCl; 0,3 M sodium citrate in nuclease free water for a 
20X stock solution). 5 min incubation in SSC was followed by 
incubation with pre-hybridization buffer (10% deionized 
formamide, Sigma-Aldrich, 47671; 2X SSC in nuclease free water) 
for 15 min at 37°C. Motor neurons were then incubated over night 
at 37°C in a slide hybridizer machine (ACD HybEZ™ II 
Hybridization System) with hybridization buffer (10% deionized 
formamide; 2X SSC; 10% w/v Dextran sulfate, (Sigma), 2 mM 
VRC in nuclease free water) completed with the biotinylated 
probes at a final concentration of 50 nM each. The next day cells 
were washed twice with 2X SSC for 5 min first at 37°C and then at 
RT. SSC buffer was then discarded and coverslips were incubated 
with TN buffer (Tris HCl pH 7,5 1 M; NaCl 5 M in nuclease free 
water) at RT for 10 min. Finally, biotinylated oligoes were stained 
incubating with 1:200 diluted 568-conjugated streptavidin 
(Invitrogen™ S11226) in 4% w/v BSA/TN buffer for 1-2 h at RT 
in a humid box.   
When FISH staining was combined with Immunofluorescence (IF), 
or to perform IF alone, cells were washed twice with TN buffer 



Paolo Tollis 

Pag 78  

(only when coupling FISH with IF) and once with DPBS for 5 min 
at RT and then were incubated with primary antibodies (anti-
βTUBIII, Sigma T2200; anti-GAP43, Santa Cruz Biotechnology 
sc-17790; anti-Map2, Proteintech 17490-1-AP) diluted in 1% w/v 
BSA/DPBS for 1 hour at RT. Subsequently, samples were washed 
three times with DPBS for 5 min at RT and incubated with 1:300 
diluted secondary antibodies (Goat anti-Mouse 488, Invitrogen A-
11029; Goat anti-rabbit 488, Invitrogen A-11008; Donkey anti-
Rabbit 594, Immunological Sciences IS-20152-1) in 1% w/v 
BSA/DPBS for 45 min at RT. Lastly, cells were washed three 
times with DPBS for 5 min at RT, nuclei were counterstained with 
DAPI solution (Sigma, D9542; 1ug/ml/PBS) for 5 min at RT and 
coverslips were mounted with Prolong Diamond Mounting Media 
(ThermoFisher Scientific, P-36961). 
 
 
Neurite branching analysis 
Neurite branching analysis was performed in iPSC-derived WT, 
KO#1 and KO#2 spMNs as described in this work with minor 
modifications.168 
A Fiji-imageJ macro for semi-automated analysis of motor neurons 
neurite networks was created adapting the workflow described in 
this work.168 
Briefly, Z-projections of confocal images of WT and KO motor 
neurons stained with the neurite marker Map2199–201 were 
generated.  
To segment somas starting from the DAPI channel, a nuclei mask 
was generated with the Huang thresholding algorithm and outliers 
with a radius  20 px were removed. A selection was generated 
starting from the nuclei mask that was then expanded by 5 pixels 
(1 px = 0.207 micron) using the “Enlarge selection” function of 
ImageJ, to account for the small cytoplasmic portion typical of 
mature motor neurons (ref.). 
Subsequently, the Map2 channel was duplicated, and two different 
masks were generated. From the first copy, a high intensity mask 
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was created thresholding with Moments algorithm upon contrast 
enhancement (saturated pixels = 0.1%) and Gaussian Blur (sigma = 
2 μm) filtering. This mask accounts for high intensity parts of the 
image, including somas, axon hillock and neurite edges. The 
second copy was used to generate a low intensity mask, the LoG 
mask, to account for thinner parts of neurites. To create the LoG 
mask, the contrast was enhanced (saturated pixels = 0.1 %), the 
LoG filter from the Process > Math ImageJ menu was applied and 
a threshold was applied to the image using Moments algorithm.  
The “Image Calculator” function of ImageJ was then used to 
combine the high intensity mask with the LoG mask and to 
subtract the nuclei mask to obtain a final neurite mask.  
Finally, the neurite mask was skeletonized and the “Analyze 
skeleton” function was exploited to determine number of branches, 
junctions and end-points per image, as well as total branch length 
and average branch length.  
Number of cells per image was manually counted starting from the 
nuclei masks taking advantage of the multipoint tool. 
 
 
Image acquisition and analysis  
Samples were imaged on a Nikon Instrument A1 Confocal Laser 
Microscope equipped with a 1.49 NA 100x objective (Apo TIRF 
100x Oil, Nikon, Tokyo, Japan) and with a 60x objective. Confocal 
images were collected with NIS-Elements AR software (Nikon): 
ND Acquisition module was used for multipoint acquisition of Z-
stack images (150-175nm Z-spacing) of 4 um thickness.   
 
 
Native RNA pull-down 
Native RNA pull-down experiments were performed on 
cytoplasmic extracts from iPSC-derived spMNs (DIV7). Cells 
were harvested in PBS and centrifuged at 400 g for 5 min. Cell 
pellets were lysed in a buffer containing Tris-HCl pH 7.5 50 mM, 
NaCl 150 mM, MgCl2 3 mM, NP40 0.5%, EDTA 2 mM, DTT 1 
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mM; 1× PIC, and RNase inhibitors. After lysis and clearing by 
centrifugation, 1 mg of extract was diluted in a 1:2 ratio with 
hybridization buffer containing Tris-HCl pH 7.5 100 mM, NaCl 
300 mM, MgCl2 1 mM, SDS 0.2%, Formamide 15%, NP40 0.5%, 
EDTA 10 mM, DTT 1 mM, 1× PIC, and RNase inhibitors. 
10% of the total extract was collected for Input (INP). 100 pmol of 
previously heat-denatured DNA biotinylated probes were added. 
After a 4h incubation at 4°C, 0.1 ml of streptavidin Magnasphere 
paramagnetic beads (Promega) were added to pull down the 
lncRNA, and the mixture was incubated for 1 h at room 
temperature. After RNA pull-down, beads were washed 4 times 
with hybridization buffer and RNA was extracted and DNase 
treated. Subsequent RNA pull-down qRT-PCR results were 
represented normalized on the Input sample and expressed as a 
percentage of Input. 
 
 
AMT-crosslinked RNA pull-down 
AMT-crosslinked RNA pull-down experiments were performed as 
described in this work.202 
 
 
Statistical analyses 
Histograms show the mean ± SEM of 1 to 3 independent biological 
replicates. N is indicated in Figure Legends. Errors were calculated 
from relative quantities and then opportunely propagated; 
statistical significance was determined by two-tailed paired 
Student's t test. A p-value < 0.05 was considered statistically 
significant. *P<0.05, **P<0.01, ***<0.001, ****<0.0001.  
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Table 1: biotinylated DNA probe list 

nHOTAIRM1 probe 01 TCGTCCTACGCTCATAAATC 

nHOTAIRM1 probe 02 GGACTATGGCTGGTTTCTGG 

nHOTAIRM1 probe 03 CTTCCTCCGCTAAATCTCAG 

nHOTAIRM1 probe 04 GGAAGTTCCAATGACAACGC 

nHOTAIRM1 probe 05 TGGCTCTTAACAGCAAAGGC 

nHOTAIRM1 probe 06 GGGGCGGGTTGATTTAAGAA 

nHOTAIRM1 probe 07 GCAGCATGTAAGCAACATGT 

nHOTAIRM1 probe 08 GGCAAAACAGACCGTGAGAA 

nHOTAIRM1 probe 09 GAGCGCCGGGGATTTAAATG 

nHOTAIRM1 probe 10 CAAATCGGCCTTTGCAGTCG 

nHOTAIRM1 probe 11 AGAACGCAGCTTTTGCTCTT 

nHOTAIRM1 probe 12 GCCAGTTCATCTTTCATTGA 

nHOTAIRM1 probe 13 CCATAAATCCCTCCACATTT 

nHOTAIRM1 probe 14 GTTTCAAACACCCACATTTC 

nHOTAIRM1 probe 15 CAGTCTCCAGGTCAATAACT 

nHOTAIRM1 probe 16 GAGTAACACGGAGTTTCTTT 

nHOTAIRM1 probe 17 CCAAGCCCAAGCTCTTGAAA 

nHOTAIRM1 probe 18 AGAGGCAGAATTGGACAGTC 

LacZ probe 01 AATGTGAGCGAGTAACAACC 
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LacZ probe 02 AATAATTCGCGTCTGGCCTT 

LacZ probe 03 AATTCAGACGGCAAACGCT 

LacZ probe 04 ATCTTCCAGATAACTGCCGT 

 

Table 2: list of oligonucleotides used in this study 

AKAP9_FW GCTGAACGAGATGCCATAGAC 

AKAP9_REV GTTCTTGTAGGCGGGTAGTAGA 

APOE_FW CACTGGGTCGCTTTTGGG 

APOE_REV GGGTCAGTTGTTCCTCCAGT 

ATP5O_FW  ACTCGGGTTTGACCTACAGC  

ATP5O_REV  GGTACTGAAGCATCGCACCT  

CACNA1D_FW GCTGAAGCGAGAATAAGGGC 

CACNA1D_REV AGGAAGTCTGGTGCCTCTTG 

CADPS2_FW CATCCAGGGCACAGAGTTTG 

CADPS2_REV TGGCCAGAACAGGAATTTGC 

CALB2_FW CAAGAGCTGGAGAAGGCAAG 

CALB2_REV GCCATCTCGATTTTCCCATCT 

CAPN6_FW CCATCCAGGGCCTCATAACA 

CAPN6_REV GAACAGGAATGGGACCCTCA 

CHAT_FW CTCAGCTACAAGGCCCTGCT 
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CHAT_REV ACCAGCGTGTCCTGGGTATG 

CNR1_FW ATTTGAGCCCACGTACAGGA 

CNR1_REV CTAACCCTGGTGAGCAGTGA 

CNTNAP4_FW ACAGAGAAGAAGGAGTGGTCT 

CNTNAP4_REV CCTGCCCAATACCAGAGATTTG 

COL3A1_FW AGGAAGCTGTTGAAGGAGGATG 

COL3A1_REV GGTTGGGGCAGTCTAATTCTTG 

COL6A6_FW TCGTGGAGACTTTTGGAGGT 

COL6A6_REV GTCTTGAACAACAGATGCCAGA 

CXCL12_FW AGTGGGTCTAGCGGAAAGTC 

CXCL12_REV CACTCCAAACTGTGCCCTTC 

DCC_FW TATGCAAACGGTCCAGTCCA 

DCC_REV ATCATCAGTAGAGACGCCCG 

DLL4_FW TACTTGTGATGAGGGCTGGG 

DLL4_REV CACAGTAGGTGCCCGTGAAT  

EGR2_FW GCCCCTTTGACCAGATGAAC 

EGR2_REV AAAGCTGCTGGGATATGGGA 

EPHB1_FW    ATCTCTGGTGATTGCTCGGG 

EPHB1_REV    CAGTGGGAGCAGCCTTCAG 

ETV1_FW TGGTAGCTCTTCTGGATGACC 
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ETV1_REV AGTAATAGCGGAGTGAACGG 

FN1_FW ACTTCCTCCAGAGCAAAGGG 

FN1_REV GGCCAGTCCTACAACCAGTA 

GAD1_FW CCTCCAAGAACCTGCTTTCC 

GAD1_REV GTGGGTGATGAAAGTCCAGC 

GALR1_FW GCCAGCAACCAGACCTTCT 

GALR1_REV GGATGCTTCAGACTTCTTTGACA 

GAPDH_FW CCAAAATCAAGTGGGGCGAT 

GAPDH_REV GGCAGAGATGATGACCCTTT 

GNG3_FW CCTTCAGGTACCAGCCATCC 

GNG3_REV GGGTCAGTGGAGGGTACCAA 

GRIA1_FW GTCTGCTTCATTACGCCGAG 

GRIA1_REV TGTCACCTGCCAGTTCTTCT 

GRIK3_FW AGGATGGCGATGGTGATCTT 

GRIK3_REV TTCGAGAAGATGTGGGCCTT 

HB9_FW GAGACCCAGGTGAAGATTTG 

HB9_REV CCTTCTGTTTCTCCGCTTCC 

ISL1_FW AAGGTGGAGCTGCATTGGTTTG 

ISL1_REV TAAACCAGCTACAGGACAGGCC 

LHX1_FW CTACACCCAAGCCCACCC 
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LHX1_REV TGCTTCATCCTCCGCTCC 

LHX3_FW CGGACCCAGTTCTGACCTATCC 

LHX3_REV GTGTGAGGTGCAGGGTGGAG 

LHX4_FW   GCTCCGAGATGATGCAGAGT 

LHX4_REV TGTGCCAGTGTCTGTCCAG 

LMO4_FW TCGATTCCTGCGAGTGAACT 

LMO4_REV     GCAGTAGTGGATTGCTCTGAAG 

NANOG_FW CCAAATTCTCCTGCCAGTGAC 

NANOG_REV CACGTGGTTTCCAAACAAGAAA 

NDNF_FW CGGATGGGGAACTAGACGAT 

NDNF_REV CTTTGGAGTGGAAGCTGAGC 

nHOTAIRM1_FW GTTGCTTACATGCTGCGTTTTC 

nHOTAIRM1_REV TTTCAAACACCCACATTTCAACC 

NRCAM_FW AGAGGCTGAGGTGAGAGGAT 

NRCAM_REV GAGGGGATAGCTTCGTCGAG 

OCT4_FW ATGCATTCAAACTGAGGTGCCTGC 

OCT4_REV AACTTCACCTTCCCTCCAACCAGT 

OLIG2_FW GCTCCTCAAATCGCATCCAG 

OLIG2_REV CTGCTGCCCTTACTCCGG 

PCLO_FW AGCGTTCTATGTCTGACCCC 
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PCLO_REV AGGAGGTGGATTTGGCAGAG 

pre-GAPDH_FW CTGGGGGTAAGGAGATGCTG  

pre-GAPDH_REV TTACCAGAGTTAAAAGCAGCCC  

PROX1_FW    CCACCACCCTTGTTCACCAG 

PROX1_REV    AAGTAGGTCTTCAGCATATTGGA 

ROBO1_FW CTGGCGTCATGTGTCATCTG 

ROBO1_REV CCCAGAGATCCCAGTTCCTC 

RORA_FW AGCGGGAGGTGATGTGGC 

RORA_REV     GTCGGGGCTGGCATACTTC 

SALL1_FW   ATGTGGAATAGCACCCCTGC 

SALL1_REV   CGATCTCCTTGCTGTCCTCC 

SCN9A_FW GCGAGCACATGAAAAGAGGT 

SCN9A_REV CATCGGCAAATTCAGTCTCAGA 

SEMA3E_FW TCTCCTCTTCCACTACCTCCA 

SEMA3E_REV CCCCACGATCTTTACAAGCG 

SEMA6D_FW CGGTGCTGAGATGTGTTACG 

SEMA6D_REV CCCTGCTCAGAAATGCCAC 

SHANK2_FW GCATTATTGAGGAGAAGACGGT 

SHANK2_REV CATCCACGGACTCCAGGTAC 

SLIT3_FW GTCCCAGTTGCCACACATTT 



Dottorato di ricerca in Genetica e Biologia Molecolare 

 Pag. 87  

SLIT3_REV CATCAACAACGAGCTGCAGG 

SPON2_FW GCTTCACCTTCTCCTCCCC 

SPON2_REV CAGCCGCACCAGTGTCAC 

SST_FW CAGAAGTCCCTGGCTGCT 

SST_REV CTCAAGCCTCATTTCATCCTGC 

TACR1_FW GGGCAGGAGGAAGAAGATGT 

TACR1_REV CCTGCTGGTGATTGGCTATG 

TAGLN_FW GGCTGGTGGAGTGGATCATA 

TAGLN_REV ACCTGCTCCATCTGCTTGAA 

TNC_FW TCCCTGGAATTTATGCCCGT 

TNC_REV GAACTGTCACCGTGTCAACC 

TUJ1_FW CCCGGAACCATGGACAGTGT 

TUJ1_REV TGACCCTTGGCCCAGTTGTT 

UNC5A_FW CAACGGAGGGGAGGAGTG 

UNC5A_REV ACGAGGATGAGGACAAGCAG 

 

 

Table 3: sgRNAs sequences for CRISPR/Cas9 genome editing 

sgRNA01 TCATCTTTCATTGAACGGTGGGG 

sgRNA02 GTTCATCTTTCATTGAACGGTGG 
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