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Abstract 

 

The advent of high-throughput DNA sequencing has led to the emergence of long non-coding 

RNAs (lncRNAs) as a large class of regulators and effectors of cellular processes with roles in 

numerous diseases. One such example is HOX antisense intergenic RNA myeloid 1 

(HOTAIRM1), which exhibits intriguing duality in cancer as it can act either as a tumor suppressor 

or an oncogene. Our objective was to investigate its post-transcriptional regulation, in order to set 

the groundwork for further studies looking into this cancer context-dependent duality. We began 

by establishing which alternatively spliced HOTAIRM1 isoforms are predominant in our models. 

We then determined the half-lives of these isoforms, including the effect of isoginkgetin on 

stability. Next, we verified that the exon-junction complex (EJC) is deposited onto HOTAIRM1. We 

then investigated the RNA degradation mechanisms affecting HOTAIRM1 and found that a 

translation-dependent mechanism that is not nonsense-mediated decay (NMD) nor microRNA 

induced silencing complex (miRISC) is at play. Finally, we explored HOTAIRM1’s relationship with 

miRNAs in the context of cancer, focusing on the miRNAs which bind HOTAIRM1’s alternatively 

spliced exon 2 and how these may be differently expressed in cancer. Overall, this project 

investigated the post-transcriptional regulation of the alternatively spliced lncRNA HOTAIRM1 to 

gain a better understanding of its compelling role in cancer as tumor suppressor and oncogene, 

depending on isoform and cellular context. 
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Résumé 

 

L'avènement du séquençage de l'ADN à haut débit a conduit à l'émergence des ARNs longs non-

codants (ARNlncs) en tant que classe importante de régulateurs et d'effecteurs de processus 

cellulaires jouant un rôle dans de nombreuses maladies. Un exemple est l'ARN intergénique 

antisens HOX myéloïde 1 (HOTAIRM1), qui présente une dualité intrigante dans le cancer, 

puisqu'il peut agir soit comme suppresseur de tumeur, soit comme oncogène. Notre objectif était 

d'étudier sa régulation post-transcriptionnelle, afin de poser les bases pour d'autres études 

portant sur cette dualité dépendante du contexte du cancer. Nous avons commencé par établir 

quelles isoformes résultant de l'épissage alternatif d’HOTAIRM1 sont prédominantes dans nos 

modèles. Nous avons ensuite déterminé les demi-vies de ces isoformes, y compris l'effet de 

l’isoginkgétine sur la stabilité. Puis, nous avons vérifié que le complexe de la jonction des exons 

(EJC) est déposé sur HOTAIRM1. Nous avons ensuite étudié les mécanismes de dégradation de 

l'ARN affectant HOTAIRM1 et découvert qu'un mécanisme dépendant de la traduction, qui n'est 

ni la dégradation médiée par le non-sens (NMD), ni le complexe de silençage induit par les 

microARNs (miRISC), est à l'œuvre. Enfin, nous avons exploré la relation entre HOTAIRM1 et les 

miARNs dans le contexte du cancer, en nous concentrant sur les miARNs qui se lient à l'exon 2 

alternativement épissé de HOTAIRM1 et la façon dont ils peuvent être exprimés différemment 

dans le cancer. Dans l'ensemble, ce projet a étudié la régulation post-transcriptionnelle de 

l'ARNlnc HOTAIRM1 alternativement épissé afin de mieux comprendre son rôle dans le cancer 

en tant que suppresseur de tumeur et oncogène, en fonction de l'isoforme et du contexte 

cellulaire.  
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Introduction 

 

Non-coding RNAs (ncRNAs) 

The central dogma of molecular biology proposes that the main goal of RNA is to act as an 

intermediate between DNA, which carries the genetic information, and proteins, which act as 

cellular effectors (1). These RNAs, termed messenger RNAs (mRNAs), have been extensively 

studied over the past decades. The discovery of H19, the first eukaryotic non-coding RNA 

(ncRNA), eventually prompted further investigation regarding the existence of ncRNAs (2,3). The 

sequencing of the human genome and the discovery of pervasive transcription in the early 2000s 

led to further developments in this field, and it was later shown that mRNAs constitute only a small 

fraction of the total amount of RNA inside cells, with the vast majority of the human genome being 

non-coding (4). Indeed, small ncRNAs such as microRNAs (miRNAs), small interfering RNAs 

(siRNAs), transfer RNAs (tRNAs), small nucleolar RNAs (snoRNAs), ribosomal RNAs (rRNAs) 

and long non-coding RNAs (lncRNAs) are abundantly present in cells (Figure 1) (4). Instead of 

encoding proteins, ncRNAs function directly as structural, catalytic or regulatory molecules (5).  

 

 

 
Figure 1. Types of coding and non-coding RNAs. Coding mRNAs, translated by ribosomes 
into peptides; small ncRNAs e.g. miRNAs, siRNAs, tRNAs, snoRNAs and rRNAs; long ncRNAs. 
Adapted from Joshi and Rajender, 2020 (6,7). 

 



- 16 - 
 

Long non-coding RNAs (lncRNAs) 

The biological advances made possible by high-throughput sequencing and the efforts of 

large-scale international consortia have helped propel the field of lncRNAs (8,9). The 

Encyclopedia of DNA Elements (ENCODE) has helped identify numerous novel lncRNAs, 

although many are still awaiting functional validation (10,11). Other studies and consortia found 

that approximately 80% of the human genome is transcribed, although many genes are tissue-

specific during development, and these are not all expressed at once (11-13). Estimates for the 

number of lncRNAs in the human genome range from 9,000 to 70,000, with only a minor portion 

of those having been studied (3,10). 

LncRNAs are defined as transcripts over 200 nucleotides in length that do not have 

established protein coding potential (14). The arbitrary limit of 200 nucleotides was set to 

distinguish them from short non-coding RNAs (14). Although they are defined as lacking protein 

coding potential, as determined by the presence of extremely short open reading frames (ORFs) 

and the low abundance of corresponding peptides, some of them have recently been shown to 

encode micropeptides (15-19). Most lncRNAs are capped, meaning they feature a 7-

methylguanylate cap (m7G) linked to the first nucleotide via a 5’ to 5’ triphosphate linkage (20,21). 

The majority of lncRNAs are also polyadenylated, as a series of adenosine monophosphates are 

added to their 3’ end to constitute the polyA tail (21). In addition, many lncRNAs are spliced, a 

process that will be reviewed in further detail later. LncRNAs can form stable or transient 

associations with DNA, RNA or proteins (21). They are a heterogeneous group with respects to 

their evolutionary origin; transcription mechanism, with most of them produced by RNA 

Polymerase II except a few which are produced from RNA Polymerase III; cellular function; spatial 

and temporal expression, exhibiting high tissue-specificity and tight regulation during 

development; and intracellular localization, as they may be strictly nuclear, strictly cytoplasmic or 

found in both, while some lncRNAs even co-localizing with protein partners in specific subcellular 

compartments (22). 
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LncRNAs can be classified according to three main characteristics. Firstly, they can be 

grouped depending on their relative positions to nearby protein coding genes (22). They may be 

sense lncRNAs (e.g. BAN, sense to BCAM), antisense lncRNAs (e.g. HOTAIRM1, antisense to 

HOXA genes) or intronic lncRNAs (e.g. PCA3, within PRUNE2) (23-25). In all three of these 

cases, their proximity to protein coding genes suggests that they possibly function through a 

mechanism that affects the transcription of genes nearby, working in cis (22). They may also be 

intergenic lncRNAs (lincRNAs, e.g. PCAT-1) which have their own promoters and polyA signals, 

work in trans, and require transportation and localization, although these are rare (22,26). 

Secondly, lncRNAs can be classified according to their mechanism of action (22). They may play 

roles in signaling, in response to cellular stimuli to activate genetic expression machinery (e.g. 

LINK-A) (27). They may act as decoys, to sponge up functional protein factors (e.g. MALAT1) 

(28). They may act to guide RNA-protein complexes to specific cellular localizations (e.g. NeST) 

(29). They may also act as scaffolds to help in the assembly of functional protein-RNA complexes 

(e.g. lincRNA-Cox2) (29). Thirdly,  they can be classified according to the cellular processes they 

are involved in (22). Indeed, they may perform roles in chromatin regulation, transcriptional 

regulation, splicing, translation, RNA and protein modification, degradation, or act as competing 

endogenous RNAs (ceRNAs) (30). 

 

HOX transcript antisense intergenic RNA myeloid 1 (HOTAIRM1) 

The lncRNA HOX transcript antisense intergenic RNA myeloid 1 (HOTAIRM1) is located in 

the HOXA gene cluster, on chromosome 7, between the HOXA1 and HOXA2 genes to which it is 

antisense (31). It is most highly expressed in cells of myeloid lineage, in fetal brain, and in colon 

tissues (32). It plays a role in in normal development through its implication in myelopoiesis and 

neural differentiation and has also been widely shown to be implicated in disease states such as 

cancer (31,33-47). 
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HOTAIRM1 is composed of 3 exons, separated by 2 introns (Figure 2A). Due to its weak 

splicing acceptor site on exon 2 (48), three splicing isoforms are widely observed: the unspliced 

variant, HMu, with a total size around 4 kilobases (kb); the spliced variant containing all three 

exons, HM123, whose size is approximately 1 kb (RefSeq NR_038366); and the spliced variant 

lacking the second exon, HM13, with a size around 0.8 kb (RefSeq NR_038367) (Figure 2B).  

 

 

 
Figure 2. General features of HOTAIRM1. (A) The HOTAIRM1 gene is located within the 
HOXA gene cluster, between and antisense to the HOXA1 and HOXA2 genes. Adapted from 
Wang and Dostie, 2017 (46). (B) Main isoforms of HOTAIRM1, with unspliced HOTAIRM1 
(HMu) yielding spliced HOTAIRM1 (HMs) variants HM123 and HM13. Adapted from Hamilton 
et al., 2020 (7,43). 

 

 

HOTAIRM1’s involvement in cancer 

Multiple groups have focused their research on HOTAIRM1’s involvement in cancer. 

Intriguingly, some studies have shown its involvement as an oncogene, while others have shown 

that it rather acts as a tumor suppressor.  

As an oncogene, it has been shown to be implicated in breast cancer, thyroid cancer, 

endometrial cancer, glioma, non-small cell lung cancer, hepatocellular carcinoma, and 

osteosarcoma. Indeed, HOTAIRM1 promotes tamoxifen endocrine resistance in ER-positive 
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breast cancer cells (34); its genomic amplification drives anaplastic thyroid cancer progression 

via repressing miR-144 biogenesis (35); it promotes cell proliferation, migration and invasion in 

endometrial cancer (36); it promotes malignant progression of transformed fibroblasts in glioma 

stem-like cells remodeled microenvironment via regulating the miR-133b-3p/TGFβ axis (49); it 

has been implicated in glioma by increasing malignancy, tumor growth and invasion, decreasing 

tumor sensitivity to temozolomide, acting as a sponge for miR-129-5p and miR-495-3p, 

sequestering G9a/EZH2/Dnmts away from the HOXA1 gene, and regulating long-range 

chromatin interactions within HOXA cluster genes (37-39); it promotes cell proliferation and 

invasion in human glioblastoma by upregulating SP1 via sponging miR-137 (50); it increases 

migration and invasion in glioblastoma cells (51); it drives cell glycolysis metabolism and tumor 

progression via the miR-498/ABCE1 axis in non-small cell lung cancer (52); it promotes lenvatinib 

resistance by downregulating miR-34a and activating autophagy in hepatocellular carcinoma (53); 

and it promotes aerobic glycolysis and proliferation in osteosarcoma via the miR-664b-

3p/Rheb/mTOR pathway (54) (Table 1).  

As a tumor suppressor, it was found to be implicated in gastric cancer, ovarian cancer, 

papillary thyroid cancer, renal cell carcinoma, and colorectal cancer. Indeed, HOTAIRM1 inhibits 

cell progression in gastric cancer by regulating the miR-17-5p/PTEN axis (40); suppresses cell 

proliferation and invasion in ovarian cancer by facilitating ARHGAP24 expression via sponging of 

miR-106a-5p (41); regulates cell proliferation and invasion in papillary thyroid cancer through the 

miR-107/TDG axis (42); inhibits the hypoxia pathway in clear cell renal cell carcinoma (43), and 

has been implicated in colorectal cancer by sponging the endogenous miR-17-5p/BTG3 axis in 

5-fluorouracil resistant colorectal cancer cells and inhibiting cell proliferation (44,45) (Table 1). 

Moreover, data from the Gene Expression Profiling Interactive Analysis (GEPIA), which 

analyzed RNA sequencing expression data of 9,736 tumors and 8,587 normal samples from The 

Cancer Genome Atlas (TCGA) and the Genotype-Tissue Expression (GTEx) projects, shows that  
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Figure 3. HOTAIRM1’s involvement in cancer. Data obtained from GEPIA (55). (A) 
HOTAIRM1 transcripts per million (TPM) per cancer subtype in tumor tissue (T, red dots) 
compared to normal tissue (N, green dots). (B) Kaplan-Meier plots highlighting HOTAIRM1’s 
involvement in survival in Adenoid Cystic Carcinoma (ACC), Cervical Squamous Cell 
Carcinoma and Endocervical Adenocarcinoma (CESC), Kidney Chromophobe (KICH), Kidney 
Renal Clear Cell Carcinoma (KIRC), Low-Grade Glioma (LGG) and Uveal Melanoma (UVM). 

 

B 

A 
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HOTAIRM1 is differentially expressed (either up- or down-regulated) in many cancers (Figure 3A) 

and Kaplan-Meier plots highlight its implication in cancer survival (Figure 3B) (32,55,56).  

 

Table 1. Existing studies supporting HOTAIRM1’s role in multiple cancers by acting as a 
competing endogenous RNA (ceRNA). 

Cancer HOTAIRM1 
expression miRNA Target Reference 

Glioma 

↑ Increased  

miR-129-5p  Unknown (37) 

miR-495-3p Unknown (37) 

miR-133b-3p TGFB (49) 

Glioblastoma 
miR-137 SP1 (50) 

miR-153-50 SNAI2 (51) 

Non-small cell lung cancer miR-498 ARCE1 (52) 

Hepatocellular carcinoma miR-34a Beclin-1 (53) 

Osteosarcoma miR-664-30 Rheb (54) 

Ovarian cancer 

↓ Decreased 

miR-17-5p PTEN (40) 

Gastric cancer miR-106a-5p ARHGAP24 (41) 

Papillary thyroid cancer miR-107 TDG (42) 

Colorectal cancer miR-17-5p BTG3 (45) 
 

 

Translation of lncRNAs 

Translation is the process whereby RNAs, composed of nucleotides, are used to produce 

proteins, also known as polypeptides, composed of amino acids (57). This is performed by the 

ribosome, a macromolecule containing rRNAs and proteins (57). Translation occurs in three 

phases: initiation, during which the ribosome assembles on the target RNA with the help of 

eukaryotic initiation factors (EIFs); elongation, during which the ribosome proceeds along the 

nucleotide chain and produces the peptide chain with the help of eukaryotic elongation factors 

(EEFs); and termination upon reaching a stop codon, during which the ribosome detaches from 
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the RNA transcript and releases the polypeptide with the help of eukaryotic release factors (ERFs) 

(57). Briefly, the pre-initiation complex (PIC) scans through the secondary structures of the 5’ 

untranslated region (UTR) until an AUG initiation codon is reached, at which point elongation 

occurs until a stop codon is reached (58). Translation induces a switch in cap-binding protein 

composition, from the nuclear cap-binding proteins CBP80 and CBP20 to the cytoplasmic cap-

binding protein EIF4E (59).  

Although lncRNAs are generally considered as a class of RNAs without protein-coding 

potential, there is increasing evidence pointing to some of them encoding micropeptides (15-

19,60). The first evidence for lncRNAs with coding abilities came from a study by Ruiz-Orera et 

al. showing that the majority of lncRNAs expressed in human cells were bound by ribosomes, and 

that the ribosomal conservation pattern was consistent with translation of micropeptides (61). The 

emergence of high-throughput technologies like ribosome-nascent chain complex sequencing 

(RNC-Seq) and ribosome profiling sequencing (Ribo-Seq) has helped propel the field by 

demonstrating that many lncRNAs have short ORFs and encode micropeptides (60,62,63). 

Moreover, the majority of lncRNAs are bound by the m7G cap, hence they can initiate translation 

through a cap-dependent mechanism (64). In addition, lncRNAs containing internal ribosome 

entry sites (IRESs) can be translated in a cap-independent manner (65). Interestingly, a study by 

Ji et al. estimated that 40% of lncRNAs and pseudogene RNAs expressed in human cells are 

translated (66). The same study showed that lncRNAs which get translated are mostly found in 

the cytoplasm, while lncRNAs which do not get translated are mostly located in the nucleus (66).  

HOTAIRM1 is no exception, and there is evidence that HOTAIRM1 may be undergoing 

translation. Firstly, mass spectrometry of HOTAIRM1-bound proteins has identified nuclear cap 

binding protein subunit 1 (NCBP1, also known as CBP80), nuclear cap binding protein subunit 3 

(NCBP3, also known as CBP20) and EIF4E, indicating that it is likely capped and could undergo 

cap-dependent translation initiation (67). Secondly, the fact that we observe both nuclear (NCBP1 

and NCBP3) and cytoplasmic (EIF4E) cap-binding proteins in this dataset indicates that at least 
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one pioneer round of translation occurred for this switch to take place (59,67). Thirdly, analysis of 

the HOTAIRM1 transcript using the NCBI’s Open Reading Frame Finder identified many ORFs in 

the transcript (68). Finally, analysis and visualization of Ribo-seq data obtained through ribosome 

profiling using the Genome Wide Information on Protein Synthesis visualized (GWIPS-viz) 

genome browser revealed that HOTAIRM1 appears to be ribosome-bound, which is yet another 

indicator of its potential for translation (69).  

 

Post-transcriptional regulation: RNA stability and degradation 

RNA degradation can occur either in a normal context as a regulated and continuous turnover 

mechanism, or in an abnormal context linked to quality control surveillance pathways that detect 

and degrade defective RNA transcripts (70). RNA-destabilizing mechanisms rely on three types 

of RNA-degrading enzymes (RNases): endonucleases, 5’ exonucleases and 3’ endonucleases, 

which degrade RNA internally, from the 5’ end and from the 3’ end, respectively (70). Human 

RNAs have evolved to avoid 5’ exonuclease activity thanks to their m7G protective cap, which can 

be removed by decapping proteins to allow 5’ exonucleases to act (71). They have also evolved 

to avoid 3’ exonuclease activity by the exosome complex thanks to their polyA tail, which 

undergoes progressive deadenylation, thus providing a timing mechanism to confer a specific 

half-life to the transcript (72). The best characterized stabilizing and destabilizing elements are 

AU-rich elements (AREs) which are bound by various proteins and serve to stabilize or destabilize 

the transcript, often in response to intracellular or extracellular signals (73). Select mechanisms 

of RNA destabilization and degradation, namely nonsense-mediated decay (NMD) and the miRNA 

induced silencing complex (miRISC), will be discussed later.  

Post-transcriptional regulation, including transcript stability, is one particularly poorly 

understood aspect of lncRNAs (74). It is generally assumed that lncRNAs are less stable than 

mRNAs, as demonstrated by the existence of promoter upstream transcripts (PROMPTs) and 
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other highly unstable lncRNAs in humans (70,75). However, it is now recognized that lncRNAs 

have a wide diversity of half-lives (74).  

Methods to determine RNA half-lives include the use of transcriptional inhibitors such as 

Actinomycin-D (ActD), a small molecule which intercalates into GC-rich DNA sequences and 

inhibits RNA polymerases from transcribing, α-amanitin and 5,6-dichloro-1-D-ribofuranosyl-

benzimidazole (DRB), as well as metabolic pulse labelling of RNA transcripts using uridine 

analogs like 4-thiouridine (4sU), 5-ethynyluridine (EU) or 5-bromouridine (BrU) (76,77). In all 

cases, cells are treated at a given moment and collected over time to obtain a decay curve (76).  

 

Splicing and the exon-junction complex (EJC) 

Splicing is the process by which newly transcribed RNAs undergo maturation upon removal 

of their introns and splicing back of the exons (78). This is performed by the spliceosome, a 

complex of small nuclear ribonucleoproteins (snRNPs) (78). Notable differences in lncRNA 

splicing as compared to mRNA splicing include higher alternative splicing, meaning most exist in 

a very large number of potential isoforms, and less efficient and less specific splicing (79,80).  

During the process of splicing, which occurs in the nucleus, a protein complex known as the 

exon-junction complex (EJC) gets deposited onto the RNA transcript, 20 to 24 nucleotides 

upstream from the exon-exon junction (81-83). It acts as a sequence-independent marker of exon-

exon junctions and provides position-specific memory of the splicing event (81-83). It remains 

stably bound to the transcript during nuclear export and in the cytoplasm, only leaving upon 

translation of the transcript (81-83).  

The EJC is made up of three core invariable proteins: Eukaryotic translation Initiation Factor 

4A3 (EIF4A3, also known as DDX48), Mago Homolog (MAGOH), and RNA Binding Motif Protein 

8A (RBM8A, also known as Y14) (82,84-86). EIF4A3 is the main RNA-binding protein in this 

complex, it is an ATP-dependent RNA helicase from the DEAD-box family which also exhibits 

ATPase activity (84). MAGOH and RBM8A act as a heterodimer that inhibits EIF4A3’s ATPase 
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activity (81,87). In addition to these core proteins, the EJC is composed of peripheral proteins 

such as CASC3, PYM1, UPF proteins, factors from the ASAP and PSAP complexes, and others, 

which join the complex transiently throughout the RNA’s lifespan (88).  

The EJC was shown to have roles in splicing, as EJC proteins prevent the use of cryptic 5’ 

and 3’ splice sites; RNA export from the nucleus, by associating with RNA export factors such as 

ALYREF; subcellular localization; translation, by binding the PYM1, SKAR and CASC3 factors 

which then recruit translation machinery; and NMD, by associating with UPF3B (81).  

Ribosome-mediated disassembly is the predominant EJC removal mechanism (89). In this 

translation-dependent event, translating ribosomes physically remove EJCs they encounter from 

the transcript, causing a conformational change in EIF4A3 and the dissociation of the complex 

(89). PYM1-mediated disassembly is the minor EJC removal mechanism. In this translation-

independent event, PYM1 binds the MAGOH-RBM8A dimer and removes it, causing EIF4A3 to 

adopt an open conformation and detach itself from RNA (90,91). Since PYM1 is a ribosome-

associated factor, both ribosome-mediated and PYM1-mediated disassembly may occur 

cooperatively (89-91).  

In a recent study by Chuang et al., two experiments hinted at the fact that the EJC is likely 

deposited onto HOTAIRM1. Firstly, following transfection with FLAG-RBM8A, crosslinking, 

immunoprecipitation, and RNA sequencing, they identified HOTAIRM1 as one of their numerous 

hits (67). Secondly, to validate findings from the sequencing output, they performed transfection 

with FLAG-EIF4A3 or FLAG-RBM8A, and FLAG immunoprecipitation followed by end-point PCR 

identified HOTAIRM1 bound to RBM8A but not to EIF4A3 (67). However, it is important to note 

that these experiments are presented as single replicates, and the authors recommend 

verification of identified factors by additional methods (67). 
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Nonsense-mediated decay (NMD) 

NMD is a translation-dependent RNA degradation mechanism (92). It is both a quality control 

mechanism to degrade RNA transcripts with aberrant premature termination codons (PTCs) and 

a regulatory mechanism used by some transcripts to regulate their levels in a normal context (92). 

In most transcripts, the stop codon is within the last exon, such that translating ribosomes displace 

all EJCs. In some cases however, a stop codon occurs before the last EJC, leading to the 

interaction between ERFs recruited during translation termination and the remaining EJC(s) 

(89,92). If a termination codon is at least 50 nucleotides upstream from the remaining EJC, this 

induces NMD, which ultimately leads to endonuclease-mediated degradation, decapping and 5’ 

exonuclease degradation, and deadenylation and 3’ exonuclease degradation (93). 

Since lncRNAs exhibit many of the characteristics known to initiate NMD, such as the 

presence of EJCs downstream from a termination codon or long 3’ UTRs after a short ORF, it 

stands to reason that they may be undergoing NMD-mediated degradation (94). In fact, a study 

by Wery et al. used ribosomal analysis to show that lncRNAs with actively translated short ORFs 

and long 3’ UTRs are responsive to NMD (94). The lncRNA GAS5 has also been experimentally 

shown to be regulated by NMD under normal conditions (95).  

 

 

 
Figure 4. The RNA degradation mechanism nonsense-mediated decay (NMD). When a 
translating ribosome reaches a termination codon (TC) while there are one or more exon-
junction complexes (EJCs) remaining donwstream on the transcript, these interact and induce 
degradation of the RNA transcript by endonuclease activity, decapping and 5’ exonuclease 
activity, and deadenylation and 3’ exonuclease activity. Adapted from Hwang et al., 2021 (7,96). 
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MicroRNA-induced silencing complex (miRISC) 

MicroRNAs (miRNAs) are small ncRNAs involved in RNA silencing and post-

transcriptional gene regulation, and it is estimated that approximately 60% of human genes are 

under regulation by miRNAs (97). MiRNAs can associate with Argonaute proteins such as AGO2 

to form the miRNA induced silencing complex (miRISC) (98). The miRISC is then recruited to 

RNA transcripts via complementary binding between both RNA species, most often in the 3’ UTR 

of mRNAs in humans (98). In cases where complementarity between the miRNA and the RNA 

target is high, which is rare in humans, the Argonaute protein can slice the target transcript, 

allowing 5’ and 3’ exonuclease degradation (98). In cases where there is partial complementarity, 

there is no slicing but instead decreased translation as well as increased 5’ and 3’ exonuclease 

degradation due to decapping and deadenylation (98). There are disagreements within the 

miRISC field regarding the balance between translational repression and RNA decay. Intriguingly, 

one study estimated that 48% of transcripts undergo translational repression exclusively, 29% 

undergo decay only, and 23% undergo both (99,100). For the transcripts that undergo both, 

evidence points towards a model in which miRNAs induce translational repression before RNA 

 

 

 
Figure 5. Overview of RNA degradation and translational repression caused by the 
microRNA-induced silencing complex (miRISC). MicroRNAs bound to AGO2 form the 
miRISC. Complementary binding between the miRNA and the target RNA recruits AGO2 to the 
transcript, which causes translational repression, decapping and 5’ endonuclease activity, and 
deadenylation and 3’ exonuclease activity. Adapted from Kuzuoğlu-Öztürk et al., 2016 (7,101). 
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decay occurs (102,103). The effect of miRNAs on translational repression occurs predominantly 

at the translation initiation stage, though there has been some evidence of it happening post-

initiation (104). 

 

Rationale and Objectives 

 

Given the growing evidence pointing towards HOTAIRM1’s role in multiple cancers, either as 

an oncogene or tumor suppressor, as well as the high impact of post-transcriptional regulation on 

lncRNAs’ ability to perform their respective functions, our study aimed to address multiple aspects 

of HOTAIRM1’s post-transcriptional regulation.  

 

Aim 1: Determine HOTAIRM1’s stability and half-life 

As it has been shown that lncRNAs exhibit an extremely wide spectrum of half-lives when 

compared to mRNAs, we were particularly interested in investigating HOTAIRM1’s stability and 

half-life as part of its post-transcriptional regulation. Indeed, knowledge on whether it is a short- 

or long-lived RNA would yield precious insight into its possible roles and functions in cellular 

contexts. Specifically, we were curious to investigate whether different isoforms, namely the HMu, 

HM123 and HM13 variants, would exhibit vastly different half-lives. This was considered 

particularly important as different cell lines and tissues, hence different cancer types as well, 

express different HOTAIRM1 isoforms.  

 

Aim 2: Investigate destabilizing mechanisms affecting HOTAIRM1 

In addition to establishing HOTAIRM1’s half-life under normal conditions, we were interested 

in the RNA destabilizing and degrading mechanisms affecting this transcript’s turnover. Due to 

the high involvement of alternative splicing on HOTAIRM1, we began by investigating whether 

inhibition of splicing would affect its half-life. Next, we studied whether translation was broadly 



- 29 - 
 

involved in its post-transcriptional regulation, before seeing whether specific translation-

dependent mechanisms such as NMD were affecting its levels. Furthermore, we investigated 

whether miRISC independently affects HOTAIRM1 levels, as well as whether NMD and miRISC 

work jointly to affect its stability.  

 

Aim 3: Elucidate potential links between HOTAIRM1 and miRNAs 

Given the abundance of experimental data highlighting the repercussions of interactions 

between lncRNAs and other ncRNAs such as miRNAs, we were intrigued by the links between 

HOTAIRM1 and miRNAs. We were especially interested in miRNAs which have been previously 

implicated in cancer and those binding HOTAIRM1’s exon 2, as this exon is alternatively spliced 

in a cell type-dependent manner.  

 

Overall, we hypothesized that context-dependent alternative splicing of HOTAIRM1 and 

available miRNA pool may affect HOTAIRM1’s half-life and post-transcriptional regulation through 

various RNA destabilizing mechanisms, which could potentially explain its intriguing dual role in 

cancer as either oncogene or tumor suppressor. 
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Materials and Methods 

 

Cell culture 

HEK293T and NCCIT cell lines were purchased from the American Type Culture Collection 

(ATCC, Cat # CRL-3216 and # CRL-2073, respectively). HEK293T cells were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM; Gibco) supplemented with 10% Fetal Bovine Serum 

(FBS; Gibco). NCCIT cells were cultured in Roswell Park Memorial Institute 1640 Medium (RPMI; 

Gibco) supplemented with 10% Fetal Bovine Serum (FBS; Gibco). Gene induction and cell 

differentiation were performed by adding all-trans retinoic acid (RA; Sigma-Aldrich) to 10 µM. Cells 

were collected at various induction times as specified in the figures. Cells counts were measured 

using a hematocytometer. Trypsin-EDTA (0.25% Trypsin, 0.53 mM EDTA; Wisent, Cat # 325-045-

EL) was used to detach cells from plates. All cells were grown at 37°C in 5 % CO2 atmosphere.  

 

Cloning and plasmid constructs 

The pcDNA3.1(+) plasmid was a kind gift from Dr. Jose Teodoro (McGill University). A 3xFLAG 

oligonucleotide was ordered from Integrated DNA Technologies (IDT) and the sequence was 

inserted into the pcDNA3.1(+) backbone using NheI and HindIII. The EIF4A3 and RBM8A cDNA 

sequences were obtained from plasmids generated by our lab, pcMYC-EIF4A3 and pcMYC-Y14, 

respectively. The MAGOH complementary DNA (cDNA) sequence was obtained from the 

MAGOH (RefSeq NM_002370) Human Tagged ORF Clone (OriGene, Cat # RC203863). This 

was done through polymerase chain reaction (PCR), with the following primers (Invitrogen). 
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Primer Sequence 

EIF4A3_PCR (forward) 5’-GAACGGATCCATGGCGAC-3’ 

EIF4A3_PCR (reverse) 5’-GCATGCTCGAGTCAGATAAGATC-3’ 

MAGOH_PCR (forward) 5’-GGAAAGCTTATGGAGAGTGACTTTTATC-3’ 

MAGOH_PCR (reverse) 5’-GATCAGAATTCCTAGATTGGTTTAATCTTGAAG-3’ 

RBM8A_PCR (forward) 5’-GATAAGCTTGCGGACGTGCTAGATCTTC-3’ 

RBM8A_PCR (reverse) 5’-GATATGAATTCGTCAGCGACGTCTCCGG-3’ 
 

The PCR products, along with the pc3xFLAG plasmid, were digested with BamHI and XhoI for 

EIF4A3, HindIII and EcoRI for MAGOH, and HindIII and EcoRI for RBM8A, and inserted into 

pc3xFLAG. All cloning was performed in XL1-Blue bacteria, rendered chemically competent using 

the calcium chloride method (105). Plasmid transformation into bacteria was performed by 

incubating on ice for 30 minutes, heat shocking at 37°C for 3 minutes, returning to ice for 5 

minutes, and growing in Super Optimal broth with Catabolite repression (SOC) medium at 37°C 

for 45 minutes. All bacterial cultures were grown at 37°C in LB medium with 100 μg/mL ampicillin 

or on LB-agar with 100 μg/mL ampicillin. Miniprep, midiprep and maxiprep procedures were 

performed using PureLink HiPure Plasmid Kits (Invitrogen) as per manufacturer’s instructions. 

Cloning was validated by agarose gel electrophoresis, western blot analyses and Sanger 

sequencing. Agarose gels contained ethidium bromide, agarose-D1-LE, and Tris-Acetate-EDTA 

(TAE) or Tris-Borate-EDTA (TBE) buffers. For Sanger sequencing, samples were sent to the 

Génome Québec sequencing facility and processed according to platform guidelines.  

 

Small interfering RNA (siRNA) constructs 

The knockdowns of UPF1 and AGO2 were performed with small interfering RNA (siRNA). A 

negative control (siNC) was also used. The siRNA sequences are described below. Knockdowns 

were validated by western blot analyses.  
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siRNA Sequence  

siNC 
 Silencer ® Select Negative Control No. 1 siRNA 
(Invitrogen, Cat # 4390843) 

siUPF1.1 5’-CGAAGGCACUAUCAAAGCATT-3’ 

siUPF1.2 5’-CAGCGGAUCGUGUGAAGAATT-3’ 

siUPF1.3 5’-CAACGGACGUGGAAAUACUTT-3’ 

siAGO2 5’-GGUCUAAAGGUGGAGAUAATT-3’ 
 

Transient transfections of plasmids or siRNA 

For cloning validation in HEK293T, 0.6 million cells were plated per well in 6-well plates and 

forward transfected the next day with 2.5 μg of plasmid (pcFLAG-GFP, pc3xFLAG, pc3xFLAG-

EIF4A3, pc3xFLAG-MAGOH and pc3xFLAG-RBM8A) using the Lipofectamine 2000 transfection 

reagent (Invitrogen, Cat # 11668019). For RIP experiments in NCCIT, 3.5 million cells were plated 

in 10 cm dishes and reverse transfected with 12.5 μg of pc3xFLAG-EIF4A3, pc3xFLAG-MAGOH 

and pc3xFLAG-RBM8A using the Lipofectamine STEM transfection reagent (Invitrogen, Cat # 

STEM00015). For knockdown experiments in NCCIT, 0.5 million cells were plated per well in 6-

well plates and transfected with 10 μM of siRNA using Lipofectamine RNAiMAX transfection 

reagent (Invitrogen, Cat # 13778150). All Lipofectamine reactions were performed in OptiMEM 

Reduced Serum Medium (Gibco, Cat # 31985062). For Luciferase assay experiments in NCCIT, 

0.35 million cells were plated per well in 6-well plates and transfected with 1.5 μg of CMV-

LUC2CP/intron/ARE (AddGene, Plasmid # 62858) or CMV-LUC2CP/ARE (AddGene, Plasmid # 

62857) using JetPRIME transfection reagent (PolyPlus, Cat # 114-01).  

 

Cycloheximide (CHX) time course experiment 

HEK293T and NCCIT cells were seeded at 0.35 million cells per well in 6-well plates. Gene 

induction and cell differentiation were performed 6 hours post-plating by adding 10 µM all-trans 

retinoic acid (RA; Sigma-Aldrich). Cells were treated with 50 μg/mL of cycloheximide (CHX; 100 
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mg/mL in DMSO, Thermo Scientific) 52 hours post-plating and collected using Trypsin-EDTA 

(Wisent, Cat # 325-045-EL) at indicated time points. Following a PBS wash, total RNA was 

extracted from cells using TRIzol and RT-qPCR was performed as described below.  

 

Actinomycin-D (ActD) pulse-chase experiment 

NCCIT cells were seeded at 0.35 million cells per well in 6-well plates. Gene induction and cell 

differentiation were performed 6 hours post-plating by adding 10 µM all-trans retinoic acid (RA; 

Sigma-Aldrich). For isoginkgetin (IsoG; Sigma Aldrich, Cat # 416154) experiments, cells were 

treated 48 hours post-plating with 30 μM of isoG. Cells were then treated with 5 μg/mL of 

actinomycin-D (ActD; Invitrogen, Cat # A7592) 52 hours post-plating and collected using Trypsin-

EDTA (Wisent, Cat # 325-045-EL) at indicated time points. Following a PBS wash, total RNA was 

extracted from cells using TRIzol and RT-qPCR was performed as described below. 

 

Exogenous RNA immunoprecipitation (RIP) 

NCCIT cells were transiently transfected with 3xFLAG-EIF4A3, 3xFLAG-MAGOH or 3xFLAG-

RBM8A as described above, RA-induced 6 hours post-plating, and treated with 50 μg/mL of 

cycloheximide (CHX; 100 mg/mL in DMSO, Thermo Scientific) 47 hours post-plating. Following a 

PBS wash, cell pellets were lysed 48 hours post-plating in 1 mL lysis buffer (10 mM HEPES pH 

7.5, 200 mM NaCl, 2.5 mM MgCl2, 0.5% NP-40 Tergitol, 0.5% Triton X-100, 0.5 mM DTT, 1X 

Protease Inhibitor Cocktail (Sigma-Aldrich, Cat # P8340), 1 mM PMSF, and 0.1 U/mL RiboLock 

RNase Inhibitor (Thermo Scientific, Cat # EO0382)) by incubating on ice 15 minutes, shearing 

through a 23 G needle (20 strokes), sonicating on a Covaris M220 Focused-Ultrasonicator (50W 

PIP; 10% Duty Factor; 200 Cycles per Burst; 7°C bath temperature; 30s time), and shearing again 

with a 23 G needle (20 strokes). Lysates were centrifuged at 14,000 rpm for 15 minutes at 4°C to 

pellet debris. Each RIP used the equivalent of 5 million cells in a final volume of 500 µL, with 10% 

set aside as input (for western blotting or RT-qPCR). Magnetic Protein G Dynabeads (Invitrogen, 
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Cat # 10003D) were washed with 5 mg/mL Bovine Serum Albumin (BSA) three times at room 

temperature, incubated with 5 µg of antibodies against the FLAG epitope (Sigma-Aldrich, Cat # 

F1804) or a control IgG (Abcam, Cat # ab12073) for 3 hours at 4°C on an end-over-end rotor, and 

washed again with BSA solution three times at 4°C. Cell lysates were incubated with antibody-

conjugated beads for 4 hours at 4°C on an end-over-end rotor. Flow through was set aside (for 

western blotting or RT-qPCR), then beads were washed with lysis buffer three times for 5 mins at 

4°C on end-over-end rotor. Elution was performed using 50 μL lysis buffer supplemented with 

3xFLAG peptide (100 μg/mL; APExBIO, Cat # A6001). Sample was collected for western blotting 

or RT-qPCR. For all samples (input, flowthrough, and pulldown), RNA was extracted using TRIzol 

and RT-qPCR was performed as described below, and protein was extracted using Laemmli buffer 

and western blotting was performed as described below.  

 

Endogenous RNA immunoprecipitation (RIP) 

NCCIT cells were RA-induced 6 hours post-plating and treated with 50 μg/mL of cycloheximide 

(CHX; 100 mg/mL in DMSO, Thermo Scientific) 47 hours post-plating. Following a PBS wash, cell 

pellets were lysed 48 hours post-plating in 1 mL lysis buffer (10 mM HEPES pH 7.5, 200 mM NaCl, 

2.5 mM MgCl2, 0.5% NP-40 Tergitol, 0.5% Triton X-100, 0.5 mM DTT, 1X Protease Inhibitor 

Cocktail (Sigma-Aldrich, Cat # P8340), 1 mM PMSF, and 0.1 U/mL RiboLock RNase Inhibitor 

(Thermo Scientific, Cat # EO0382)) by incubating on ice 15 minutes, shearing through a 23 G 

needle (20 strokes), sonicating on a Covaris M220 Focused-Ultrasonicator (50W PIP; 10% Duty 

Factor; 200 Cycles per Burst; 7°C bath temperature; 30s time), and shearing again with a 23 G 

needle (20 strokes). Lysates were centrifuged at 14,000 rpm for 15 minutes at 4°C to pellet debris. 

Each RIP used the equivalent of 5 million cells in a final volume of 500 µL, with 10% set aside as 

input (for western blotting or RT-qPCR). Magnetic Protein G Dynabeads (Invitrogen, Cat # 

10003D) or Protein A Dynabeads (Invitrogen, Cat # 10002D) were washed with 5 mg/mL Bovine 

Serum Albumin (BSA) three times at room temperature, incubated with 5 µg of antibodies 
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targeting EIF4A3 (Atlas Antibodies, Cat # HPA021878) or RBM8A (Sigma-Aldrich, Cat # 05-1511) 

for 3 hours at 4°C on an end-over-end rotor, and washed again with BSA solution three times at 

4°C. Cell lysates were incubated with antibody-conjugated beads for 4h at 4°C on an end-over-

end rotor. Flow through was set aside (for western blotting or RT-qPCR), then beads were washed 

with lysis buffer three times for 5 mins at 4°C on end-over-end rotor. Sample was collected for 

western blotting or RT-qPCR. For all samples (input, flowthrough, and pulldown), RNA was 

extracted using TRIzol and RT-qPCR was performed as described below, and protein was 

extracted using Laemmli buffer and western blotting was performed as described below.  

 

RNA extraction 

TRIzol reagent (Invitrogen, Cat # 15596026) was used to extract total RNA from cells as per the 

manufacturer’s protocol. Molecular biology grade glycogen (Thermo Scientific, Cat # R0561) was 

added to aid with precipitation for low abundance samples (RNA immunoprecipitation samples). 

The resulting RNA pellets were resuspended in RNAse-free water (Wisent, Cat # 809-115-CL) 

and quantified using a NanoDrop2000 Spectrophotometer (Thermo Scientific). 1 µg of total RNA 

was treated with RNase-free DNaseI (New England Biolabs, Cat # M0303S) for 15 minutes at 

37°C. DNaseI was deactivated for 5 minutes at 75°C.  

 

Complementary DNA (cDNA) generation through reverse transcription 

1 µg of RNA was annealed to Random Hexamer Primer (Thermo Scientific, Cat # SO142) at 65°C 

for 5 mins in the presence of dNTPs (Invitrogen). RNA was then reverse transcribed using 

SuperScript III Reverse Transcriptase (Invitrogen, Cat # 18080093), adding DTT (Invitrogen, Cat 

# 18080093) and First-Strand Synthesis Buffer present (Invitrogen, Cat # 18080093), at 55°C for 

70 mins followed by 70°C for 15 mins for enzyme deactivation.  
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Quantitative PCR (qPCR)  

qPCR was performed using SsoFast EvaGreen Supermix (Bio-Rad, Cat # 1725204) and a 

BioRad CFX96 Real-Time PCR System. Data was analyzed using the ΔΔCt method, normalizing 

expression to 18S ribosomal RNA (18S rRNA; for Actinomycin-D experiments), to input (for RNA 

immunoprecipitation experiments), or to Phosphoglycerate Kinase 1 (PGK1; for all other 

experiments). The sequences of primers used for RT-qPCR are described below. 

 

RNA target Primer sequence  

Total HOTAIRM1 (forward) TAGTTATTGACCTGGAGACTGGTAGC 

Total HOTAIRM1 (reverse) TCAGTGCACAGGTTCAAGCC 

Spliced HOTAIRM1 (forward) AGGGAAGGTAGGGAGCAAACCTATG 

Spliced HOTAIRM1 (reverse) GTTGATGGGTTCAGGCAAAACAGAC 

Unspliced HOTAIRM1 (forward) CTGGAGCTGGTCTCTTTCAACG 

Unspliced HOTAIRM1 (reverse) CCTTTCTAGCATAAGAGCCC 

PGK1 (forward) CAAGAAGTATGCTGAGGCTG 

PGK1 (reverse) TGATGGTGATGCAGCCCCTA 

18S rRNA (forward) GTAACCCGTTGAACCCCATT 

18S rRNA (reverse) CCATCCAATCGGTAGTAGCG 

GAPDH (forward) CCCAGCAAGAGCACAAGAGG 

GAPDH (reverse) TGGTACATGACAAGGTGCGG 

NORAD (forward) GAATGACAGGCCACGTTTGG 

NORAD (reverse) TACGTCGGCAACCTCTTTCC 

GAS5 (forward) TGGACAGTTGTGTCCCCAAG 

GAS5 (reverse) CGTTACCAGGAGCAGAACCA 

MALAT1 (forward) CTGACCCAGGTGCTACACAG 

MALAT1 (reverse) CGTTAGCGCTCCTTCCTTCT 

UPF1 (forward) CACCTCCTACCTGAACAGGAC 

UPF1 (reverse) GTGATGATGCCAATCTGGTCCG 

GAPDH intron 1 (forward) GAAGCTGAGTCATGGGTAGTTG  
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GAPDH intron 1 (reverse) CGGTGACATTTACAGCCTGG 

GAPDH exons 1-2-3 (forward) CGGAGTCAACGGATTTGGTC 

GAPDH exons 1-2-3 (reverse) CTTCCCGTTCTCAGCCTTGA 
 

Primer pair efficiency testing 

To verify efficiency of all new qPCR primer pairs, qPCR was performed on total gDNA and cDNA 

from the cell line of interest using five 8-fold serial dilutions. Results were analyzed using CFX 

Manager and CFX Maestro software, validating primer pairs whose E-value is above 85% and 

below 115%. 

 

Western blotting 

Whole cell extracts were boiled for 15 minutes at 95°C in Laemmli buffer (62.5 mM Tris-HCl pH 

6.8, 2% SDS, 7.5% glycerol, 5% β-mercaptoethanol, 0.04% bromophenol blue). Protein samples 

were resolved by uniform sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-

PAGE) with a hand-cast 4% stacking gel (0.125 M Tris-HCl pH 6.8, 4% Acryl./0.44% Bis-Acryl., 

0.1% SDS, 0.033% APS, 0.2% TEMED) and a variable percentage resolving gel (0.38 M Tris-HCl 

pH 9.1, 8% to 12.5%of Acryl./0.3% Bis-Acryl., 0.1% SDS, 0.08 % APS, 0.1% TEMED). The EZ-

Run Pre-stained Rec Protein Ladder was used to monitor progression and assess band size 

(Fisher BioReagents, Cat # BP3603500). The gel was run for 20 minutes at 80 V, then for 1 hour 

at 100 V in a Mini-PROTEAN Tetra Cell (Bio-Rad, Cat # 1658001), with a Mini Trans-Blot Module 

(Bio-Rad, Cat # 1703935). The gel was transferred onto a 0.45 µm nitrocellulose membrane 

(Thermo Scientific, Cat # 88018) with 10% methanol using a Hoefer TE77X semi-dry transfer unit 

at 20 V for 1 hour. Ponceau S staining was performed on membranes for 5 minutes on a rocking 

platform (Thermo Scientific, Cat # A40000279), washed with ddH2O, and removed with PBST 

(PBS, 0.1% Tween-20). Membranes were blocked in 5% skim milk in PBST for 2 hours at room 

temperature on a rocking platform. Membranes were washed in PBST before incubating with 
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primary antibodies in 5% skim milk in PBST overnight at 4°C on a rocking platform. Membranes 

were washed in PBST before incubating with horseradish peroxidase (HRP) conjugated 

secondary antibodies in 5% skim milk in PBST for 2 hours at room temperature. Membranes were 

washed in PBST before using chemiluminescence to reveal protein bands with the western 

Lightning Plus-ECL Enhanced Chemiluminescence reagent (Revvity, Cat # NEL105001EA) as 

per the manufacturer’s instructions. For visualization, film exposure or a ChemiDoc imaging 

system were used. Quantification was performed with ImageJ, by using the analyze gel 

rectangular tool, delineating plots, measuring area with the wand (tracing) tool, and comparing to 

reference gene EEF2 or HuR (106). 

 

Antibody Manufacturer and Cat # Dilution 

Anti-FLAG-M2 (primary) Sigma-Aldrich, Cat # F1804 1:2000 

Anti-UPF1 (primary) Bethyl Laboratories, Cat # A301-902A-T 1:10000 

Anti-AGO2, clone C34C6 
(primary) Cell Signaling Technology, Cat # 2897 1:1000 

Anti-EIF4A3 (primary) Atlas Antibodies, Cat # HPA021878 1:1000 

Anti-MAGOH, clone F-6 
(primary) Santa Cruz Biotechnology, Cat # sc-271365 1:500 

Anti-RBM8A, clone 4C4 
(primary) Sigma-Aldrich, Cat # 05-1511 1:500 

Anti-EEF2 (primary) Cell Signaling Technology, Cat # 2332 1:2000 

Anti-HuR, clone 3A2 
(primary) 

Kind gift from Dr. Imed Gallouzi (King 
Abdullah University of Science and 
Technology) 

1:10000 

Anti-mouse (secondary, 
HRP-conjugated) 

AffiniPure rabbit anti-mouse IgG (Jackson 
ImmunoResearch Laboratories, Cat # 315-
035-003) 

1:2500 

Anti-rabbit (secondary, 
HRP-conjugated) 

AffiniPure goat anti-rabbit IgG (Jackson 
ImmunoResearch Laboratories, Cat # 111-
035-003) 

1:2500 
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Luciferase assay 

0.35 million NCCIT cells were plated per well in a 6-well plate and transfected the next day with 

1.5 μg plasmid (CMV-LUC2CP/intron/ARE “Luc-i”, AddGene Cat # 62858, and CMV-

LUC2CP/ARE “Luc”, AddGene Cat # 62857) using JetPRIME (PolyPlus Sartorius) as per the 

manufacturer’s instructions. The next day, cells were induced with 10 µM all-trans retinoic acid 

(RA; Sigma-Aldrich). The fourth day, cells were treated with 30 μM isoginkgetin (IsoG; Sigma 

Aldrich, Cat # 416154) for 4 hours. Cells were then lysed and collected using Passive Lysis Buffer 

form the Dual-Luciferase Assay Kit (Promega) by shaking on a rocking platform at room 

temperature for 20 minutes. Total protein was quantified using a Bradford assay, measuring 

absorbance at OD = 595 nm (Bio-Rad, Cat # 5000006). 8 μg of total protein was added to 100 μL 

Luciferase Assay Reagent II and Firefly Luciferase activity was recorded in triplicates. 
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Results 

 

HOTAIRM1 is spliced alternatively and with cell-type specificity in HEK293T and NCCIT 

Since HOTAIRM1 is known to be spliced alternatively and with cell-type specificity (see 

discussion for an in-depth review of known spliced and unspliced isoforms and their expression 

in various cell lines), we began by investigating which variants are predominant in our cell lines 

of interest, namely the human embryonic kidney cell line HEK293T and the human pluripotent 

embryonal carcinoma cell line NCCIT which can differentiate in response to retinoic acid (RA) 

(107). We found that, in the HEK293T cell line, spliced HOTAIRM1 (HMs) is the major isoform 

compared to unspliced HOTAIRM1 (HMu), with an estimated 91% of the lncRNA in its spliced 

form as compared to 9% in the unspliced form (Figure 6A). We also found that, in the NCCIT cell 

line, there is a drastic increase in HOTAIRM1 levels upon RA exposure. Indeed, levels of 

HOTAIRM1 increased over 300-fold regardless of the isoform when treated with RA for 2 days  

 
 

 

 
Figure 6. HOTAIRM1 is spliced alternatively and with cell-type specificity. Total RNA from 
HEK293T cells (A) and untreated (-RA) and RA-induced (+RA) NCCIT cells (B) was quantified. 
Unpaired t-test, P-value = 0.0001 (HEK293T), P-value = 0.0028 (HMs in NCCIT), P-value = 
0.0013 (HMu in NCCIT), P-value = 0.0421 (HMs vs HMu in NCCIT). Experiments were 
performed in triplicate technological measurements from three biological replicates and 
standard deviations are shown. 
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(Figure 6B). Moreover, in the RA-treated cells, inversely to HEK293T cells, HMu is the major 

isoform compared to HMs, with approximately 64% of the lncRNA in its unspliced form as 

compared to 36% in the spliced form (Figure 6B). These preliminary findings shed light on the 

HOTAIRM1 variants present in our models and were instrumental in guiding our experimental 

design choices throughout this project. 

 

Determining the half-lives of HOTAIRM1 isoforms HMs and HMu 

In order to better understand how HOTAIRM1 functions in the cell, we then determined its 

half-life using the transcriptional inhibitor Actinomycin-D (ActD) in a time course experiment 

(Figure 7A). We aimed to identify how stable the HOTAIRM1 transcript is, and how much of its 

expression relies on constant expression from its promoter. We also wanted to see whether HMs 

and HMu exhibit differences in their stability. 18S ribosomal RNA (rRNA) was chosen as a relative 

control due to its incredibly high stability, with a half-life around 72 hours, ensuring that it does not 

negatively impact the accuracy of our half-life measurements (108). Our 24-hour time course in 

RA-induced NCCIT cells revealed that HMs is more stable, with a half-life around 10 hours, while 

the half-life of HMu is approximately 1.5 hours (Figure 7B). However, we were concerned that the 

apparent lower stability of HMu may in fact be due to the combination of transcription inhibition 

and conversion into HMs through splicing, which would make the half-life appear as lower than it 

is. Hence, we decided to repeat this experiment in the presence of a splicing inhibitor to rule out 

this possibility. 

 

Isoginkgetin stabilizes HOTAIRM1 isoforms HMs and HMu 

To investigate whether these differences in half-life between HOTAIRM1 isoforms may be due 

to conversion of HMu into HMs upon transcriptional inhibition, we repeated the time course in the 

presence of the splicing inhibitor isoginkgetin (isoG) (109).  
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Figure 7. Determining the half-lives of HOTAIRM1 isoforms. (A) Temporal schematic 
showing how NCCIT cells were treated with RA for 42 hours and the transcriptional inhibitor 
Actinomycin D (ActD) for up to 24 hours. (B) Total RNA levels of spliced and unspliced 
HOTAIRM1 over time were quantified. Experiments were performed in triplicate technological 
measurements from three biological replicates and standard deviations are shown. 

 

We performed a 24-hour ActD time course in RA-induced NCCIT cells with simultaneous isoG 

treatment (Figure 8A). This revealed that HMs is once again more stable than HMu (Figure 8B). 

Strikingly, isoG treatment significantly stabilized the HOTAIRM1 transcript, with the half-life 

increasing from 10 hours to over 24 hours for HMs and from 1.5 hours to 2 hours for HMu (Figure 

8B). The stabilizing effect of splicing inhibition hints towards a splicing-dependent destabilizing 

mechanism at play in HOTAIRM1’s post-transcriptional regulation. 

We then verified the efficacy of isoG in inhibiting splicing by two methods. First, we performed 

a Luciferase assay where NCCIT cells were transfected with plasmids encoding either an 

intronless Luciferase gene (Luc) or an intron-containing Luciferase gene (Luc-i) (Figure 9A), 

submitted them to RA and isoG treatment, and quantified light emission (Figure 9B) (110). We 



- 43 - 
 

 

 
Figure 8. Isoginkgetin stabilizes HOTAIRM1. (A) Temporal schematic showing how NCCIT 
cells were treated with RA for 42 hours, isoG for 4 hours, and the transcriptional inhibitor 
Actinomycin D (ActD) for up to 24 hours. (B) Total RNA levels of spliced and unspliced 
HOTAIRM1 over time were quantified. Experiments were performed in triplicate technological 
measurements from three biological replicates and standard deviations are shown. 

 

were expecting the Luc condition to express bright luminescence regardless of isoG, and the Luc-

i condition to show decreased luminescence when treated with isoG. Instead, we observed 

decreased light emission for both Luc and Luc-i upon isoG treatment (Figure 9C). This indicates 

that, at least for transiently transfected transcripts, the effect is not absolutely selective. We also 

observed higher luminescence with the Luc-i gene both under -isoG and +isoG conditions 

compared to the Luc gene (Figure 9C), the implications of which are canvassed in the discussion. 

Since the Luciferase assay did not allow us to conclude that isoG was selectively inhibiting 

splicing, we also quantified the levels of spliced GAPDH and unspliced GAPDH in response to  
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Figure 9. Effect of isoginkgetin on splicing inhibition. (A) Schematic showing the intron-
containing Luciferase (Luc-i) and intronless Luciferase (Luc) sequences. Adapted from Younis 
et al., 2010 (110). (B) Temporal schematic showing transfection with Luc-i or Luc followed by 
RA and isoG treatment (7). (C) Relative Light Units (RLU) from Luc and Luc-i, with and without 
isoG treatment. Experiments were performed in triplicate technological measurements from 
one biological replicates and standard deviations are shown. (D, E) Total RNA levels of 
unspliced GAPDH (D) and spliced GAPDH (E) with and without isoG treatment. Experiments 
were performed in triplicate technological measurements from three biological replicates and 
standard deviations are shown. 

 

isoG treatment. We chose an amplicon spanning the junctions of exons 1, 2 and 3 for spliced 

GAPDH and an amplicon within intron 1 for unspliced GAPDH. We were expecting to observe 

decreased levels of spliced GAPDH and increased levels of unspliced GAPDH in response to 

isoG. However, we observed no significant difference in the levels of spliced GAPDH and 

decreased levels of unspliced GAPDH upon treatment with isoG (Figures 9D and 9E). This 

indicates that, at least for GAPDH, the isoG drug has a blanket effect on transcript levels. Taken 
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together, these two methods to assess efficacy of isoG indicate that, in RA-induced NCCIT cells, 

this small molecule does not seem to successfully inhibit splicing, though further investigation is 

needed. Thus, the stabilizing effect of isoG on HOTAIRM1’s half-life is likely due to a mechanism 

unrelated to splicing.   

 

Cycloheximide-mediated translational inhibition increases HOTAIRM1 levels 

After determining the half-life of HOTAIRM1 under normal conditions and under splicing 

repression, we set out to investigate whether processes related to translation may be impacting 

HOTAIRM1’s stability. To do so, we inhibited translation using cycloheximide (CHX) in HEK293T 

cells and in RA-induced NCCIT cells in an 8-hour time course experiment (Figure 10A). In both 

cell lines, we observed a gradual increase in total HOTAIRM1 levels with increased CHX 

treatment time (Figures 10B and 10C). Specifically, we reached an approximately 2-fold increase 

in HOTAIRM1 levels after 8 hours of treatment in both cell lines. Similarly, levels of our positive 

control GAS5, a lncRNA which is known to be sensitive to NMD, gradually increased with longer 

CHX treatment (Figures 10B and 10C) (95). In contrast, levels of our GAPDH negative control, 

which has never been found destabilized by NMD in spite of extensive investigation, were not 

affected by CHX treatment (Figures 10B and 10C). While CHX-mediated stabilization of 

HOTAIRM1 and GAS5 achieved similar levels in HEK293T cells, HOTAIRM1 was interestingly 

more strongly stabilized by CHX treatment than GAS5 in RA-induced NCCIT cells. Taken together, 

these results indicate that HOTAIRM1’s stability is influenced by translation-dependent 

mechanisms, with particularly strong effects in the NCCIT cell line.  

 

The exon-junction complex is deposited onto HOTAIRM1  

We next sought to determine which translation-dependent processes might be involved in 

regulating HOTAIRM1 stability. One such possible mechanism is through nonsense-mediated 

decay (NMD). Since NMD relies on the exon-junction complex (EJC), we thus explored whether 
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Figure 10. Cycloheximide-mediated translational inhibition increases HOTAIRM1 levels. 
(A) Temporal schematic showing how NCCIT cells were treated with RA for 42 hours, and how 
both HEK293T and NCCIT cells were treated with the translational inhibitor cycloheximide D 
(CHX) for up to 8 hours. (B, C) Total RNA levels of HOTAIRM1, GAS5 and GAPDH over time 
were quantified in HEK293T (B) and NCCIT (C) cells. Experiments were performed in triplicate 
technological measurements from three biological replicates and standard deviations are 
shown. 

 

the EJC gets deposited onto HOTAIRM1. This was doubly interesting to us as it would 

complement our investigation of HOTAIRM1’s alternative splicing and yield further insight on 

HOTAIRM1’s splicing.  

We began by constructing plasmids encoding 3xFLAG-tagged EJC factors EIF4A3, MAGOH 

or RBM8A. Using the Protein Data Bank (PDB), we first determined whether tagging at the N or 

C terminus would be preferred and opted for the N terminus due to its protrusion from the EJC 

protein folding structure (Figures 11A and 11B) (87,111,112). We then introduced the 3xFLAG 

sequence into the pcDNA3.1(+) plasmid vector in the upstream portion of its multiple cloning site 

(MCS) followed by the EIF4A3, MAGOH or RBM8A sequences downstream from the tag (Figure 
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Figure 11. Cloning of plasmid constructs containing 3xFLAG-tagged EJC factors EIF4A3, 
MAGOH and RBM8A. (A, B) EIF4A3 and MAGOH N termini highlighted within the EJC as per 
the crystal structure determined by Bono et al., 2006 (87,112). EIF4A3 is shown in blue, 
MAGOH is shown in purple, RBM8A is shown in dark pink, RNA is shown in light pink (C) 
Schematic of the cloning workflow, with sequential insertion of the 3xFLAG within pcDNA3.1(+) 
followed by insertion of the EIF4A3, MAGOH and RBM8A downstream from the 3xFLAG (7). 
(D) Western blot confirmation of successful expression of 3xFLAG-tagged EJC factors, by 
probing for the FLAG as well as EIF4A3, MAGOH and RBM8A. EEF2 is used as a control. 
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11C). After verifying the cloning accuracy in our plasmids by Sanger sequencing, we confirmed 

the expression of our tagged proteins 3xFLAG-EIF4A3, 3xFLAG-MAGOH and 3xFLAG-RBM8A 

by western blotting, probing with anti-EIF4A3, anti-MAGOH, anti-RBM8A, anti-FLAG, and the 

eukaryotic elongation factor EEF2 as control (Figure 11D). 

Following transfection of RA-induced NCCIT cells with these 3xFLAG-tagged EJC constructs, 

we treated the cells with the translational inhibitor CHX for one hour (Figure 12A). The purpose 

of this treatment was to favour retention of EJC onto transcripts, as the process of translation 

removes this complex (89). RNA immunoprecipitation (RIP) using FLAG-targeting antibody was 

performed on total cell extracts and samples were subjected to protein and RNA analysis (Figure 

12A). We first confirmed the success of the immunoprecipitation (IP) by western blotting. We 

observed the presence of FLAG-tagged EJC constructs (3xFLAG-EIF4A3, 3xFLAG-MAGOH and 

3xFLAG-RBM8A, respectively) in input, FLAG IP and IgG flowthrough (FT) samples, but not in 

IgG IP nor FLAG FT samples (Figure 12B). As these results confirmed the success of the IP, we 

then turned to the investigation of RNA transcripts which immunoprecipitate along with EJC 

factors. We found enrichment of HOTAIRM1 in all FLAG IPs (3xFLAG-EIF4A3, 3xFLAG-MAGOH 

and 3xFLAG-RBM8A), as compared to IgG IPs and to the NORAD transcript, an intronless and 

thus EJC-deficient lncRNA, both of which acted as negative controls (Figures 12C, 12D and 12E).  

Overall, this exogenous RIP with FLAG-tagged constructs indicated that the EJC gets 

deposited onto HOTAIRM1, which allowed us to continue our investigation of HOTAIRM1’s links 

to NMD and splicing. However, we were equally interested in performing an endogenous RIP with 

antibodies directly targeting the EJC factors, as these have the advantage of targeting the RNPs 

in a cellular context (113). 

To complement the previously described exogenous RIP, we performed an endogenous RIP 

using antibodies directly targeting the EJC factors, using a similar experimental design to the 

exogenous RIP (Figure 13A). Following extensive troubleshooting, we determined that none of 
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Figure 12. Exogenous RNA immunoprecipitation shows that the exon-junction complex 
is deposited onto HOTAIRM1. (A) Schematic of the experimental workflow showing 
transfection of 3xFLAG-tagged EJC factors into NCCIT cells, induction with RA, treatment with 
cycloheximide (CHX), collection of total cell extract, pulldown with anti-FLAG antibody-coated 
magnetic beads, followed by analysis of protein and RNA (7). (B) Western blot confirmation of 
successful immunoprecipitation by probing for FLAG. EEF2 is used as a negative control for 
pulldown. (C) RNA quantification of levels of HOTAIRM1 and NORAD in pulldown samples 
relative to input. Experiments were performed in triplicate technological measurements from 
three biological replicates and standard deviations are shown. 
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the commercially available MAGOH antibodies are suitable for IP, while antibodies targeting 

EIF4A3 and RBM8A yielded partial results. We were able to perform a successful IP, and even 

obtained co-IP of EIF4A3 and MAGOH in the RBM8A pulldown, indicating that the interactions 

between the three core EJC components remain intact throughout the IP protocol (Figure 13B). 

RNA analysis of transcripts that IP with endogenous EJC factors unfortunately showed highly 

inconsistent results (not shown). Nevertheless, the exogenous RIP provides us with sufficient 

evidence of EJC deposition onto HOTAIRM1, and we thus continued our investigation of 

HOTAIRM1’s links to NMD and splicing. 

 

 

 
Figure 13. Endogenous immunoprecipitation of EJC factors shows co-IP. (A) Schematic 
of the experimental workflow showing induction of NCCIT cells with RA, treatment with 
cycloheximide (CHX), collection of total cell extract, pulldown with anti-EIF4A3 and anti-RBM8A 
antibody-coated magnetic beads, followed by analysis of protein and RNA (7). (B) Western blot 
confirmation of successful IP and co-IP by probing for EIF4A3, MAGOH and RBM8A. EEF2 is 
used as a negative control for pulldown. 
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NMD inhibition through UPF1 knockdown does not impact HOTAIRM1’s stability 

Upon uncovering evidence that HOTAIRM1’s stability is influenced by translation-dependent 

mechanism(s), with particularly strong effects in the NCCIT cell line, and that the EJC is deposited 

onto HOTAIRM1, we then turned to the investigation of NMD as a potential HOTAIRM1-

destabilizing mechanism. We performed knockdown of UPF1, a central and essential component 

of the NMD machinery, to shut down this process (92). We designed three small interfering RNAs 

(siRNAs) targeting distinct regions of the UPF1 transcript, termed siUPF1.1, siUPF1.2 and 

siUPF1.3, and employed them independently from each other to rule out off-target effects such 

as knockdown of other genes. To optimize our protocol, we performed preliminary time course 

experiments where we looked at knockdown efficiency with all three siRNAs every 12 hours for a 

total of 72 hours (Supplemental data 1). Based on these results, we opted to use siUPF1.1 and 

siUPF1.3 in a 48-hour knockdown. We verified the success of the UPF1 knockdown by western 

blotting (Figure 14A) which we quantified relative to the stably expressed EEF2 protein and 

observed an ~80% knockdown efficiency (Figure 14B). We then quantified RNA levels of 

HOTAIRM1 – our gene of interest –, GAS5, an NMD-sensitive control whose levels were expected 

to increase upon UPF1 knockdown, and MALAT1, an NMD-insensitive control whose levels were 

expected to remain constant despite knockdown of UPF1 (95,114). We observed a marked 

increase in GAS5 levels and no significant change in MALAT1 levels, confirming the success of 

UPF1 knockdown in achieving NMD inhibition (Figure 14C). Moreover, we did not notice any 

significant changes in HOTAIRM1 levels relative to MALAT1 in UPF1 knockdown conditions, 

implying that HOTAIRM1’s stability is not dependent on NMD (Figure 14C). We thus turned our 

attention to other RNA-destabilizing mechanisms. 
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Figure 14. NMD inhibition through UPF1 knockdown does not impact HOTAIRM1 levels. 
(A) Western blot confirmation of successful knockdown, comparing the non-coding siRNA 
control (siNC) to two UPF1-targeting siRNAs (siUPF1.1 and siUPF1.3). EEF2 is used as a 
control. (B) Quantification of UPF1 protein levels from the western blot, relative to EEF2 levels. 
Welch’s t-test, P-value = 0.0007 (siUPF1.1) and P-value = 0.0010 (siUPF1.3) (C) Quantification 
of RNA levels for HOTAIRM1, NMD-insensitive MALAT1, and NMD-sensitive GAS5. Welch’s t-
test, P-value = 0.2469. Experiments were performed in triplicate technological measurements 
from three biological replicates and standard deviations are shown. 

 

MiRISC inhibition through AGO2 knockdown does not influence HOTAIRM1’s stability 

The next translation-related process that we investigated in relation to HOTAIRM1’s stability 

was the miRNA-induced silencing complex (miRISC). We performed knockdown of AGO2, a 

central and essential component of the miRISC machinery, to shut down this process (98). We 

verified the success of the AGO2 knockdown by western blotting (Figure 15A) which we quantified 

relative to the stably expressed HuR protein to observe an ~65% knockdown efficiency (Figure 

15B). We then quantified RNA levels of HOTAIRM1, as well as GAS5 and MALAT1, and observed 

no significant changes relative to GAS5 nor MALAT1 in the AGO2 knockdown condition, implying 

that HOTAIRM1’s stability is not dependent on miRNA-induced silencing (Figure 15C). We were 
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however still interested in seeing whether NMD and miRISC may be working in partnership to 

affect HOTAIRM1’s post-transcriptional regulation. 

 

 

 
Figure 15. MiRISC inhibition through AGO2 knockdown does not influence HOTAIRM1 
levels. (A) Western blot confirmation of successful knockdown, comparing the non-coding 
siRNA control (siNC) to an AGO2-targeting siRNAs (siAGO2). HuR is used as a control. (B) 
Quantification of AGO2 levels from the western blot, relative to HuR levels. Welch’s t-test, P 
value = 0.0125. (C) Quantification of RNA levels for HOTAIRM1, MALAT1 and GAS5. 
Experiments were performed in triplicate technological measurements from three biological 
replicates and standard deviations are shown. 

 

Simultaneous inhibition of NMD and miRISC does not sensitize HOTAIRM1 

To investigate whether NMD and miRISC may be affecting HOTAIRM1’s stability through a 

mechanism in which one destabilizing process sensitizes to the other, in other words a 

mechanism in which NMD and miRISC work hand-in-hand to destabilize the HOTAIRM1 

transcript, we performed a double-knockdown of UPF1 and AGO2. We opted to use siUPF1.3 

and not siUPF1.1 due to its slightly higher knockdown efficiency (Figure 14B). We verified the 



- 54 - 
 

success of the knockdowns by western blotting (Figure 16A) which we quantified relative to the 

stably expressed HuR protein to observe ~65% knockdown efficiencies for both genes (Figure 

16B). We then quantified RNA levels of HOTAIRM1, GAS5 and MALAT1, as per our previously 

described UPF1 and AGO2 individual knockdowns. Similarly to the UPF1 individual knockdown, 

we observed a marked increase in GAS5 levels and no significant change in MALAT1 levels upon  

 

 

 
Figure 16. Simultaneous inhibition of NMD and miRISC does influence HOTAIRM1 levels. 
(A) Western blot confirmation of successful knockdown, comparing the non-coding siRNA 
control (siNC) to a condition with double-knockdown using siRNAs targeting AGO2 and UPF1 
(siAGO2 + siUPF1). HuR is used as a control. (B) Quantification of AGO2 and UPF1 protein 
levels from the western blot, relative to HuR levels. Welch’s t-test, P value = 0.0167 (AGO2) 
and P value = 0.0075 (UPF1). (C) Quantification of RNA levels for HOTAIRM1, NMD-sensitive 
GAS5, and NMD-insensitive MALAT1. *Bands marked with an asterisk are not relevant to this 
experiments. Experiments were performed in triplicate technological measurements from three 
biological replicates and standard deviations are shown. 
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UPF1 knockdown, indicating the success of the NMD inhibition (Figure 16C). We did not notice 

any significant increase in HOTAIRM1’s levels, implying that its stability is not dependent on a 

collaborative mechanism involving both NMD and miRISC (Figure 16C). The potential 

mechanisms behind HOTAIRM1’s translation-dependent destabilization, beyond NMD and 

miRISC, are further outlined in the discussion. 

 

Exploration of HOTAIRM1-binding miRNAs 

The last phase of this project consisted in examining the interactions between HOTAIRM1 

and miRNAs, given that these interactions may be relevant if HOTAIRM1 is acting as a competing 

endogenous RNA (ceRNA) or if it is inducing target-directed miRNA degradation (TDMD, see 

discussion) of associated miRNAs. As such, three different methods were conducted to identify 

HOTAIRM1-binding miRNAs. First, the TarBase v8 database from DIANA tools, which comprises 

publicly available experimental data from CLIP-seq, RNA-seq and microarray experiments, was 

employed to reveal 55 hits (115). Next, miRcode, which is a map of putative miRNA target sites 

in the long non-coding transcriptome, was used to identify 24 hits (116). Finally, a literature search 

was conducted and it yielded 17 hits (117-124). Overall, a total of 82 miRNAs were identified by 

merging results from these three sources (Figure 17; Supplemental data 3). There was 

surprisingly little overlap between the miRNA hits obtained through each method, and only two 

miRNAs (miR-20a-5p and miR-17-5p) were identified as HOTAIRM1-binding using all three 

methods (Figure 17). These diverging results are further addressed in the discussion.  
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Figure 17. Experimental databases and prediction tools show diverging results 
regarding HOTAIRM1-miRNA interactions. The HOTAIRM1 miRNA interactome was 
assessed using 3 methods (miRcode, TarBase and publications), and hits were compared.  

 
 

Out of the 82 candidate miRNAs examined, we then determined which ones specifically target 

HOTAIRM1’s exon 2. These hold relevance as this exon is alternatively spliced, with some tissues 

and cell lines expressing higher levels of the HM123 isoform while others mostly express HM13. 

We found that 7 of them target exon 2, and then investigated how each of these relate to cancer, 

the results of which are summarized below (Table 2).  
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Table 2. Cancer involvement of the 7 miRNAs predicted to bind HOTAIRM1’s exon 2. 

miRNA Publications Mutations in TCGA? HOTAIRM1
link? 

Expression 
in NCCIT? 

miR103 

Colorectal cancer (125-128) 
Gastric cancer (129,130) 
Breast cancer (131,132) 

Glioma (133) 

N/A N/A Yes (134) 

miR135 

Breast cancer (135-138) 
Gastric cancer (139,140) 

Prostate cancer (141) 
Pancreatic cancer (142) 

Skin cutaneous melanoma 
Rectum adenocarcinoma 

Uterine corpus endometrial 
carcinoma 

Colon adenocarcinoma 

N/A Yes (134) 

miR122 
Colorectal cancer (143,144)  

Breast cancer (145) 
Gastric cancer (146,147) 

Liver hepatocellular 
carcinoma 

Skin cutaneous melanoma 
Head and neck squamous 

cell carcinoma 
Uterine corpus endometrial 

carcinoma 

N/A N/A 

miR216 

Cervical cancer (148) 
Colorectal cancer (149) 
Pancreatic cancer (150) 

Gastric cancer (151) 
Acute myeloid leukemia (152) 

Breast cancer (153) 

Skin cutaneous melanoma 
Uterine corpus endometrial 

carcinoma 
Pheochromocytoma and 

Paraganglioma 
Colon adenocarcinoma 

Bladder Urothelial 
Carcinoma 

Lung squamous cell 
carcinoma 

Brain Lower Grade Glioma 

N/A N/A 

miR490 

Gastric cancer (154-156) 
Bladder cancer (157) 
Prostate cancer (158) 
Colon cancer (159) 
Lung cancer (160) 

Ovarian cancer (161) 
Breast cancer (162) 

N/A N/A N/A 

miR107 

Colorectal cancer (125,163-
165) 

Penile cancer (166) 
Breast cancer (167,168) 

Papillary thyroid cancer (42) 
Lung cancer (169,170) 

N/A Yes (42) Yes (134) 

let7i 

Breast cancer (171,172) 
Lung cancer (173) 

Prostate cancer (174) 
Ovarian cancer (175) 

N/A N/A N/A 
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Discussion 

 

This project began by investigating HOTAIRM1’s isoforms in the cell lines of interest, to set 

the foundation for further study. We found that HOTAIRM1 is spliced alternatively and with cell-

type specificity, specifically that HMs is largely predominant in HEK293T cells, while there is a 

drastic increase in HOTAIRM1 levels upon treatment with retinoic acid (RA) in NCCIT cells and 

overall higher levels of HMu. We then determined the half-lives of HOTAIRM1 isoforms and found 

that HMs is more stable than HMu, with half-lives approximately 10 hours and 1.5 hours, 

respectively, and that splicing inhibition using isoginkgetin (isoG) stabilizes HOTAIRM1, with half-

lives increasing to over 24 hours and around 2 hours, respectively. Following cycloheximide-

mediated translational inhibition, HOTAIRM1 levels increased, indicating that HOTAIRM1’s 

stability is influenced by translation. We thus sought to determine which translation-dependent 

process is responsible for these observed changes. For this, we started by verifying that the exon-

junction complex (EJC) is deposited onto HOTAIRM1. Through individual knockdowns of UPF1 

and AGO2, we then showed that this is not due to nonsense-mediated decay (NMD) nor miRNA-

induced silencing (miRISC), respectively. We also performed a double-knockdown of UPF1 and 

AGO2 and found that simultaneous inhibition of NMD and miRISC does not affect HOTAIRM1’s 

levels. Finally, we explored HOTAIRM1-binding miRNAs and identified 82 candidates, including 7 

which are predicted to bind HOTAIRM1’s alternatively spliced exon 2 and which have all been 

implicated in cancers.  

 

Diversity in the expression of HOTAIRM1 isoforms 

Comparably to many lncRNAs, HOTAIRM1 exists as an unspliced isoform (HMu) as well as 

alternatively spliced isoforms (HM123 and HM13), depending on the tissue type or cell line. As 

such, most studies on HOTAIRM1 include an investigation of the predominant variant in the model 

of interest. In NB4 and HL-60 acute promyelocytic leukemia cell lines and in neutrophil cell lines, 
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the HM13 isoform predominates, with minor amounts of HMu and HM123 present (31,46,176). 

The NT2-D1 pluripotent embryonal carcinoma cell line mainly exhibits the HM123 spliced isoform, 

as well as comparable amounts of HMu (46). The HK-2, ACHN and CAKI-1 kidney cell lines mostly 

express HMu, with some HM123 and trace amounts of HM13 (43). In the T98G glioblastoma cell 

line, HM123 is the predominant isoform (177). The SHY5Y neuroblastoma cell line expresses the 

HM123 variant prior to induction and both HM123 and HM13 after induction (178). In breast 

cancer models, HM13 was identified as the predominant isoform (179). As part of this study, we 

explored the expression of HOTAIRM1 variants in our models. We revealed that, in the HEK293T 

cell line, HMs is the major isoform compared to HMu. We also showed that, in the NCCIT cell line, 

there is a drastic increase in HOTAIRM1 levels upon treatment with RA, with HMu being the major 

isoform compared to HMs. Therefore, our research adds to prior endeavors which aim to establish 

a comprehensive map of the expression of HOTAIRM1 isoforms across cell lines. 

To assess the expression HOTAIRM1 isoforms, this study relied on RT-qPCR of an amplicon 

within exon 3 for total HOTAIRM1 levels, an amplicon spanning the junction between exons 2 and 

3 for HM123 levels, and an amplicon within intron 1 for HMu levels. Unfortunately, HM13 could 

not be measured by RT-qPCR as the junction between exons 1 and 3 is extremely GC-rich, 

rendering the design of suitable primer pairs virtually impossible, as determined via thorough 

primer pair efficiency testing. Instead, Northern blotting or RNA sequencing would allow us to 

precisely determine the HOTAIRM1 isoforms expressed in our cell lines of interest (180,181).  

In NCCIT, a human pluripotent cell line known to differentiate into neuronal lineages in 

response to RA, we observed a stark increase in HOTAIRM1 levels upon RA treatment (107). The 

literature supports our observations as HOTAIRM1 is located within the HOXA gene cluster, which 

is highly implicated in development, thus it seems logical that HOTAIRM1’s expression would be 

repressed in pluripotent cells and induced in differentiating cells (33).  

HMu is abundantly found in some cell lines, such as NCCIT. The question of whether this is 

due to deliberate and active retention in the unspliced form or due instead to high transcription 
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rates coupled with low RNA processing rates remains to be addressed and would be an intriguing 

avenue for future investigation. 

 

Cellular localization of varying HOTAIRM1 isoforms 

Cellular localization of macromolecules such as proteins or RNAs plays a major role in their 

ability to perform their cellular roles (182). Thus, in-depth comprehension of HOTAIRM1’s 

localization within the NCCIT cell line, more precisely the localization of the spliced versus 

unspliced forms, would allow us to better understand where the splicing occurs, how much of 

each isoform is retained in the nucleus versus how much is exported to the cytoplasm, where 

these different isoforms localize specifically within the cytoplasm in relation to organelles, 

granules or membranes, and generally provide insight into HOTAIRM1’s cellular roles. This could 

be achieved by performing small molecule fluorescent in situ hybridization (smFISH), probing for 

areas within introns to assess HMu localization, areas within exons to determine total HOTAIRM1 

localization, and performing a comparison to assess the localization of HMs. This could also be 

achieved by performing cellular fractionation to separate nuclei from cytoplasm, followed by RT-

qPCR in the resulting fractions, though this approach would yield less precise information (183).  

Although studies looking into the cellular localization of HOTAIRM1 have never been 

conducted in the NCCIT cell line, they have been performed in select cell lines. A study by 

Hamilton et al. looking at the NT2-D1 pluripotent embryonal carcinoma cell line and a study by 

Wang et al. investigating multiple renal proximal tubule cell lines found that, in these models, HMu 

preferentially localized to the nucleus while HMs preferentially localized to the cytoplasm (43,46). 

A study by Han et al. looking at glioblastoma cell lines U87MG, T98G and A172 using the cellular 

fractionation approach found that HM123 is largely located in the cytoplasm while HM13 is 

primarily cytoplasmic with slight amounts of nuclear localization (177). The same study then 

performed FISH exclusively in T98G cells to confirm their observations (177). Since this study 
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identified HMs in the nucleus, it would be interesting to investigate whether it is exported to the 

cytoplasm and then imported back into the nucleus, or whether there is active nuclear retention.  

Interestingly, it was demonstrated that lncRNAs which encode micropeptides tend to localize 

in the cytoplasm, while lncRNAs which do not undergo translation are mostly located in the 

nucleus (66). Hence, the primarily cytoplasmic localization of HMs in investigated cell lines reveals 

that it may indeed be undergoing translation, while the primarily nuclear localization of HMu 

indicates that it likely does not undergo such translation, though this requires further investigation.  

 

Relationship between the EJC and HOTAIRM1 

This study demonstrates the presence of core EJC components EIF4A3, MAGOH and RBM8A 

on HOTAIRM1. However, the question of which peripheral EJC factors bind HOTAIRM1 was not 

addressed. Given that specific EJC composition can affect RNA processing, learning more about 

the EJC factors that make up HOTAIRM1’s distinct EJC would prove insightful (81). A recent study 

by Chuang et al. using biotinylated antisense DNA oligonucleotide probes identified HOTAIRM1-

binding proteins through mass spectrometry and found enrichment of core EJC factors EIF4A3 

and RBM8A, as well as peripheral EJC factors CASC3, PYM1, UPF1 and UPF3B (involved in 

NMD), among other targets (67). Likewise, recent unpublished data from our lab investigating the 

protein interactome of HOTAIRM1 revealed that EIF4A3, RBM8A and PYM1, but not MAGOH nor 

CASC3, may be binding HOTAIRM1. However, both of these analyses were performed without 

biological replication, and the authors recommend verification of identified factors by additional 

methods (67). 

Regarding EJC deposition onto HOTAIRM1, current literature indicates that this is highly likely 

to occur during the process of splicing, though it is important to note that we did not show 

concurrence between splicing and EJC deposition in this study. Regarding EJC removal from 

HOTAIRM1, current literature indicates this likely occurs during translation, either through 

ribosome- or PYM1-mediated displacement. Evidence presented in the introduction leads us to 
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believe that HOTAIRM1 may be undergoing small amounts of translations, which would be 

enough to cause EJC removal (89). Hence, it would be interesting to investigate whether the EJC 

is removed from HOTAIRM1, and if so, the step of RNA processing at which this occurs. This 

could include performing cellular fractionation followed by RNA immunoprecipitation experiments 

similar to the ones presented in this study, to explore whether EJC factors are bound to 

HOTAIRM1 in nuclear and cytoplasmic fractions. If HOTAIRM1 remains EJC-bound in both 

fractions, then we may wonder which mechanisms HOTAIRM1 is employing to avoid degradation 

by NMD despite translation and the presence of EJCs downstream from termination codons. 

Many groups have attempted to obtain complete crystal structures of the EJC (87,184-186). 

Although these structures provide insight on the way EJC components interact with one another 

and with RNA, none of the groups were able to obtain a reliable structure for the N terminus of 

RBM8A, as all models are missing the first ~60 amino acids. In this way, although our data seems 

to show successful pulldown of RBM8A tagged at the N terminus with a 3xFLAG, we cannot 

ascertain that the N terminus is indeed accessible. 

While exogenous RIPs using transfected tagged proteins and tag-specific antibodies are 

instrumental in the exploration of RNA-protein interactions, endogenous RIPs using antibodies 

directly targeting the protein of interest have the advantage of targeting these RNA-protein (RNP) 

complexes in a cellular context (113). One major setback to this technique is that commercially 

available IP-grade antibodies are rare. Although multiple antibodies targeting EJC factors were 

tested in this study, few were successful in pulling down the desired proteins, as showcased by 

immunoblotting (Figure 13B), and even fewer were able to generate reproducible RNA data. The 

most successful pulldown from this study employed the clone 4C4 anti-RBM8A antibody and 

showed co-IP of core EJC factors EIF4A3 and MAGOH. This result is in line with other studies 

performing endogenous RIP of EJC factors, in which they exclusively show evidence of RBM8A 

pulldown (67).  
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In addition to the exogenous 3xFLAG-tagged and endogenous RIP experiments performed in 

this study, it would be interesting to perform crosslinking immunoprecipitation (CLIP) experiments. 

While RIP techniques purify RNP complexes under native conditions (187,188), CLIP techniques 

rely on ultraviolet (UV) irradiation of cells, which induces irreversible covalent binding between 

RNAs and proteins (189). This allows for more stringent purification steps in the protocol and is 

hence beneficial for result validation and the removal of false-positive hits. In this way, we 

recommend performing CLIP to confirm the interaction between core EJC factors and HOTAIRM1. 

 

HOTAIRM1 half-life: measurements and perspectives 

Transcriptional inhibitors such as actinomycin-D (ActD) used in this study have long been the 

gold standard for determining RNA stability and are still considered as a reliable way of measuring 

half-life (190). However, there are some drawbacks to using transcriptional inhibitors, notably their 

toxicity, as their large-scale impacts on cellular physiology may affect precision when measuring 

RNA decay rates, especially during extended treatments (77). Hence, newer methods based on 

metabolic pulse labelling of RNA transcripts using uridine analogs are emerging as alternatives 

to transcriptional inhibitors (191). During the pulse, uridine analogs become incorporated into all 

nascent RNA transcripts, and cell extracts are collected at sequential time points following 

removal of uridine analogs from the cellular environment (192,193). The half-life is then estimated 

by determining the decrease in metabolically labeled RNA over time (190). These metabolic 

labeling techniques have the advantage of being less toxic to cells, and are thus preferred, 

especially for RNAs with long half-lives (74). In the case of HOTAIRM1, whose spliced isoform 

has a half-life exceeding 24 hours upon isoG treatment, cellular toxicity of ActD is a major issue 

as the experiment could not be carried out for an extended period of time (194). In this case, 

metabolic labeling techniques such as 5′-BrU immunoprecipitation (BRIC) would be preferred 

(191). A recent study by Han et al. performed BRIC in the A172 glioma cell line and found that 

HM123 has a half-life around 11 hours while HM13’s half-life is around 12 hours, which not only 
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shows the success of the BRIC technique for our RNA of interest, but is also in line with our 

findings that the half-life of spliced HOTAIRM1 is around 10 hours in NCCIT cells (177). 

Given that lncRNAs have a median half-life of 3.5 hours and a mean half-life of 4.8 hours, 

ranging from less than 30 minutes to over 48 hours, this places HMs in the category of the most 

stable lncRNAs and HMu in the category of the least stable lncRNAs (74). When compared to 

mRNAs, which are generally considered as more stable with a median half-life of 5.1 hours and 

a mean half-life of 7.7 hours, spliced HOTAIRM1 can still be regarded as a highly stable transcript 

(74). It is generally considered that RNAs with shorter half-lives have regulatory roles within the 

cell, as high turnover means they can be expressed sporadically in response to specific stimuli, 

while RNAs with longer half-lives perform maintenance roles, as they need to be constantly 

expressed and low turnover is thus advantageous (74). Our findings regarding HMs’ high 

transcript stability indicate that it may be playing an essential role in NCCIT cells, while HMu’s low 

stability hints at a more regulatory role, though this deserves further investigation.  

In support of the idea that HM123 and HM13 may also exhibit different half-lives, a study by ‘t 

Hoen et al. looking at RNA stability in proliferating and differentiated myogenic cells showed that 

splice variants that include alternatively spliced internal exons may differ in stability (195). This 

contradicts the widespread idea that the 3’ UTR is the lone determinant of transcript stability (73).  

A study by Chen showed major differences in the nucleocytoplasmic distribution of splice 

variants, and showed that this can be at least partially attributed to differences between nuclear 

and cytoplasmic RNA degradation mechanisms (196). This link between RNA cellular localization 

and stability would be particularly interesting to explore for HOTAIRM1 given our previously 

discussed point that its isoforms have been shown to localize differentially. 

N6-methyladenosine (m6A) is an abundant modification in RNAs which is directed by a 

methyltransferase “writer” complex containing METTL3, among other factors (197). m6A can be 

removed by demethylase “erasers” such as FTO and ALKBH5 (198). m6A modifications can be 

bound by “readers” from the YTHDF and IGF2BP families of proteins which regulate many 
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aspects of RNA post-transcriptional processes, such as translation and stability (199). A recent 

study by Wu et al. showed that METTL3 and IGF2BP2 are both upregulated in glioma tissues and 

cell lines, and that HOTAIRM1 functions as an oncogene in glioma progression (197). 

Interestingly, they also showed that METTL3-dependent m6A modification enhanced 

HOTAIRM1’s stability, via IGFBP2 binding to HOTAIRM1 (197). In addition, two recent 

publications highlighted that the specificity of m6A deposition onto RNA transcripts is mediated 

by exon architecture via the EJC (200,201). Therefore, it is important to consider the influence of 

the EJC and RNA modifications like m6A on the stability of HOTAIRM1 when investigating its 

post-transcriptional regulation. 

 

Suggested pathways for translation-dependent destabilization of HOTAIRM1 

We have shown that translation destabilizes HOTAIRM1, but that this does not occur through 

the translation-related RNA-destabilizing mechanisms of NMD and miRISC, nor through a 

cooperative action between these two processes. Hence, the specific translation-dependent 

mechanism by which this occurs remains a topic of open investigation. Here, we suggest multiple 

avenues for such exploration. 

We hypothesize that this may be occurring through no-go decay (NGD) (202,203). NGD 

occurs in RNAs in which translation elongation stalls, and it results in endonucleolytic cleavage, 

ultimately leading to both 5’ to 3’ and 3’ to 5’ decay (204-207). Thus, we suggest knocking down 

core components of the NGD machinery and seeing whether this affects HOTAIRM1 levels.  

Alternatively, this may be occurring through non-stop decay (NSD) (202,203). NSD occurs in 

RNAs lacking an in-frame termination codon, as ribosomes stalled at the 3’ end recruit multiple 

factors, for instance 3’ to 5’ exonucleases, ultimately leading to the degradation of the transcript 

(208-212). In this way, we also suggest knocking down core components of the NSD machinery 

and observing the effects on HOTAIRM1’s stability. 
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Interestingly, it has been suggested that micropeptides encoded by short ORFs from lncRNAs 

may be interacting with the decapping protein complex that removes the m7G cap from RNAs to 

promote 5' to 3' decay (213). This alternative mechanism by which HOTAIRM1 may be 

destabilized by translation constitutes another an area that we recommend investigating in. 

Finally, translation has been shown to affect RNA stability in a codon-dependent manner, 

where specific codons, as opposed to specific nucleotide sequences, are associated with 

transcript stability (214). The number of ribosomes loaded onto a transcript modulates this codon-

mediated effect on gene expression (214). This RNA-destabilizing mechanism has been termed 

codon optimality-mediated RNA decay (COMD) and could be another way in which translation 

may be affecting HOTAIRM1’s post-transcriptional regulation.  

 

Effect of isoginkgetin on HOTAIRM1 levels 

The rationale behind the use of isoG in our RNA stability determination time courses was to 

use it as a splicing inhibitor to ensure that the half-lives we were observing for HMu and HMs 

were accurate. Indeed, we were concerned that the lower HMu half-life and the higher HMs half-

life observed may in fact represent conversion from the unspliced to the spliced form upon 

transcriptional inhibition. The finding that both HMu and HMs are stabilized by isoG raised a new 

question, that HOTAIRM1 may be destabilized by a splicing-dependent mechanism. However, 

doubts remain considering the selectivity of isoG as a splicing inhibitor. Indeed, neither the 

Luciferase assay nor the examination of GAPDH splice variants were able to confirm the 

selectivity of this small molecule in inhibiting splicing. Both in the presence and absence of isoG, 

the intron-containing Luc-i gene produced higher luminescence than the intronless Luc gene, 

which is consistent with the knowledge that splicing aids in expression (215). For future uses of 

isoG as a splicing inhibitor, we recommend titrating the isoG concentration to determine if 

specificity increases.  
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HOTAIRM1-miRNA interactome 

Considerable effort has been made to determine RNA-RNA interactions as this is a key step 

to understanding their roles, especially in the case of ncRNAs (216). This includes algorithmic in 

silico approaches and experimental in vivo and in vitro approaches. Algorithmic predictions 

provide a solid foundation for the discovery of such interactions by providing a list of potential 

binding partners, but are notorious for providing false-positive results (216). Experimental 

identification and validation of predicted interactions is hence crucial to overcome a growing issue 

in the field whereby many published RNA-RNA interactions cannot be validated (216). For our 

study, this includes all predicted HOTAIRM1-binding miRNAs identified exclusively from miRcode. 

Additionally, our finding that only 2 out of the 82 miRNAs were identified as HOTAIRM1-binding 

using all three methods (miRcode, TarBase and publications) raises further concerns regarding 

the reliability of miRNA-based experiments. In this way, we urge readers to perform experimental 

validation with adequate controls of any putative miRNA-lncRNA interaction. Recent unpublished 

data from our lab investigating the miRNA interactome of HOTAIRM1 revealed that miR-3196, 

miR-3960, miR-4508 and miR-4516 may be binding HOTAIRM1, in addition to the 82 miRNAs 

provided in this study. miR-3960 is particularly interesting as it was previously identified as a 

HOTAIRM1-binding partner by Xin et al. (124). 

Most miRNAs exhibit high stability when bound to Argonaute proteins such as AGO2, and little 

is known regarding how these small RNAs are degraded (217). While base pairing between 

miRNAs and RNA using exclusively the seven-nucleotide seed sequence induces degradation of 

the RNA target, there is increasing evidence that extensive base pairing can instead trigger 

miRNA turnover (218,219). This mechanism, termed target-directed miRNA degradation (TDMD), 

has changed the way the field thinks about miRNA and RNA stability (219). Instead of miRNAs 

destabilizing RNAs, it is the RNAs which destabilize miRNAs (219). The suggested mechanism 

involves structural conformation changes in the Argonaute proteins, though further research is 

required to support this claim (220,221). Due to the abundance of predicted HOTAIRM1-binding 



- 68 - 
 

miRNAs, it would be interesting to investigate whether HOTAIRM1 is responsible for the TDMD-

mediated decay of a subset of these miRNAs. It would not be surprising to find that it does, as 

lncRNAs are generally longer than mRNAs, and HOTAIRM1 is no exception with HMu exhibiting 

an impressive length of 4 kb while HM123 and HM13 are 1 kb and 0.8 kb long, respectively.  

 

From a single-gene to a multi-gene approach 

This project utilized a single-gene approach, looking at HOTAIRM1 specifically in order to 

discover intriguing post-transcriptional mechanisms affecting its stability and RNA processing. It 

would also be interesting to perform a multi-gene approach, to explore whether any of these 

mechanisms can be widely generalized to lncRNAs. For instance, we could perform RNA 

sequencing as an alternative to RT-qPCR, to investigate multiple genes in parallel. Nevertheless, 

in the age of high-throughput studies, single-gene approaches remain invaluable as they allow 

for more focused experimental designs and can act as stepping stones for subsequent multi-gene 

studies. 
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Conclusion and Summary 

 

In conclusion, we addressed multiple aspects of HOTAIRM1’s post-transcriptional regulation, 

in an effort to understand more about this lncRNA which was shown to be involved in multiple 

cancers, both as an oncogene and as a tumor suppressor.  

 

Aim 1: Determine HOTAIRM1’s stability and half-life 

We found that HMs is overall a highly stable transcript, which may hint at a maintenance role 

for this lncRNA. By contrast, HMu is a lot less stable, which may hint at a more regulatory role. In 

the context of cancer, where different cell lines and tissues express different HOTAIRM1 isoforms, 

this means that HOTAIRM1 may not only exhibit vastly different stabilities, but also that it may be 

performing different cellular functions, depending on cancer type. This may contribute to its 

intriguing alternative role in either promoting or preventing cancer.   

 

Aim 2: Investigate destabilizing mechanisms affecting HOTAIRM1 

We showed that translation destabilizes HOTAIRM1, and that this cannot be attributed to 

NMD, but rather to a separate translation-dependent mechanism which remains to be determined. 

We also found that the miRISC does not seem to be affecting HOTAIRM1 levels, neither 

independently from nor jointly with NMD. We suggest further investigation into HOTAIRM1-

destabilizing mechanisms and recommend focusing on Non-Stop Decay (NSD) and No-Go Decay 

(NGD). This will help better understand HOTAIRM1’s post-transcriptional regulation, which may 

prove useful for downstream applications such as targeting it in cancers in which it is implicated.  

 

Aim 3: Elucidate potential links between HOTAIRM1 and miRNAs 

We investigated the links between HOTAIRM1 and miRNAs, paying particular attention to 

miRNAs involved in cancer and those binding HOTAIRM1’s alternatively spliced exon 2, and 

obtained a shortlist of 7 miRNAs warranting further investigation. Following experimental 
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confirmation of interactions between these RNAs in our models, it may be interesting to look into 

the functional implications of such binding, for instance if HOTAIRM1 is acting as a ceRNA or if it 

is inducing TDMD of associated miRNAs.  

 

Overall, context-dependent alternative splicing of HOTAIRM1 and available miRNA pool may 

affect HOTAIRM1’s half-life and post-transcriptional regulation through various RNA destabilizing 

mechanisms, which could potentially explain its compelling duality in cancer as oncogene and 

tumor suppressor. 

 

 

 
 

Figure 18. Current model for the post-transcriptional regulation of the lncRNA HOTAIRM1 
involved in cancer. Depending on the specific cancer context, different HOTAIRM1 isoforms 
are expressed. These exhibit different half-lives, in a translation-dependent manner. In addition, 
cancer context affects the pool of miRNAs expressed which can interact with HOTAIRM1. 
These interactions depend not only on the available miRNAs, but also on HOTAIRM1’s 
available binding sites, which are themselves determined by the HOTAIRM1 isoform expressed 
and the RNA-binding proteins expressed which may hinder miRNA-binding (7).  
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Appendix (Supplemental data) 
 

 

 
Supplemental data 1. Preliminary knockdown time course for optimization, testing three 
UPF1 siRNAs over six time points. (A) Western blot assessment of knockdown, comparing 
the non-coding siRNA control (siNC) to three UPF1-targeting siRNAs (siUPF1.1, siUPF1.2 and 
siUPF1.3). EEF2 is used as a control. (B) Quantification of UPF1 protein levels from the western 
blot, relative to siNC and to EEF2 levels. (n=1) 

 

 
 

 
 

Supplemental data 2. Primer pair efficiency testing of novel NORAD, MALAT1, UPF1, 
GAS5 and 18S rRNA primer pairs. cDNA samples from total HEK293T cells were quantified 
using five 8-fold serial dilutions. Results were analyzed using CFX Manager and CFX Maestro 
software, validating primer pairs whose E-value is above 85% and below 115%. 
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Supplemental data 3. Comprehensive available list of HOTAIRM1-binding miRNAs. 
miRNA miRcode TarBase v8 Literature 

let-7b-5p  x  
let-7c-5p  x  
let-7d-5p  x  
let-7i-3p  x  
miR-103 x x  

miR-106a-5p  x x 
miR-106b-5p  x x 

miR-107 x  x 
miR-1179  x  
miR-122 x   
miR-125b   x 

miR-1296-5p  x  
miR-129a-5p x  x 
miR-129b-5p x  x 
miR-130a-3p  x  
miR-130b-3p  x  
miR-132-3p  x  
miR-133b-3p   x 

miR-135a x   
miR-137 x  x 

miR-148a-3p x x  
miR-148b-3p x   
miR-150-5p x   

miR-152 x   
miR-153-50   x 
miR-15a-3p  x  
miR-17-5p x x x 

miR-181a-5p  x  
miR-181b-5p  x  
miR-181c-5p  x  
miR-181d-5p  x  
miR-182-5p    
miR-18a-5p  x  
miR-200b-3p  x  
miR-20a-5p x x x 
miR-20b-5p x x  
miR-212-3p  x  
miR-216a x   

miR-216b-5p x   
miR-22-3p x x  
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miR-224-5p  x  
miR-25-3p  x  
miR-26a-5p  x  
miR-26b-5p  x  
miR-29a-3p  x  
miR-29b-3p  x  
miR-29c-3p  x  

miR-302a-3p  x  
miR-30e-3p  x  
miR-31-5p  x  

miR-3127-5p  x  
miR-3180-3p  x  

miR-320b  x  
miR-328-5p   x 
miR-330-3p  x  
miR-335-3p  x  
miR-338-3p x   

miR-34a   x 
miR-376a-5p  x  

miR-3960   x 
miR-423-3p  x  
miR-423-5p  x  
miR-424-5p  x  

miR-427 x   
miR-449a  x  

miR-449b-5p  x  
miR-4525  x  

miR-454-3p  x  
miR-490-3p x   
miR-490-5p  x  
miR-495-3p   x 

miR-498   x 
miR-501-5p  x  
miR-5127 x   

miR-518a-3p x   
miR-519d-3p x   
miR-629-5p  x  
miR-664-30   x 
miR-7-5p  x  
miR-93-5p x x  
miR-99a-3p  x  
miR-99b-3p  x  

 


