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Introduction 
The postulation of the ‘Central Dogma’ by Francis Crick apparently solved the mystery surrounding 

the function of ribonucleic acid (RNA) in the early days of molecular biology(1).  This classical 

paradigm highlights the role of RNA as an intermediate product of gene expression between DNA 

and functional proteins.  However, more recent evidence has suggested that this is a gross 

oversimplification.  It is now recognised that besides messenger RNA (mRNA), a diverse range of RNA 

molecules exist within the cell.  In particular, an increasing body of evidence indicates that non-

coding RNAs (ncRNAs) are key components of both human physiology and pathology, and 

responsible for orchestrating a plethora of cellular functions – many of which we are only beginning 

to unravel.  Thus more than half a century since Crick first stated his ‘Central Dogma’, the full 

spectrum of RNA functioning remains as elusive as ever.   

The aim of the present essay is to discuss recent advances in our understanding of the pathobiology 

underlying this fascinating group of molecules.   

Venturing beyond the gene: an expanding RNA universe  
The essential cellular roles of some non-translated ‘housekeeping’ RNAs such as ribosomal and 

transfer RNAs have been known since the 1950s(3).  However, the traditional view that proteins 

alone underpin the biological phenotype in eukaryotes largely persisted until the discovery of the 

first known microRNA (miRNA) in 1993(4).  MiRNAs are a type of short ncRNAs, and greater efforts 

were subsequently directed at exploring the field of RNAs with little or no protein-coding potential.  

More recently, the interest into ncRNAs has been further catalysed by the rapid rise in large-scale 

genomic sequencing, which has revealed a surprisingly small number of protein-coding genes in 
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humans.  Surely, these 20,000 or so genes, representing <2% of the total genomic sequence(5), 

cannot be solely responsible for our developmental and physiological complexity?  Indeed, humans 

have virtually the same number of protein-coding genes as significantly less complex eukaryotes 

such as the nematode Caenorhabditis elegans!   

Subsequently, it has become apparent that the number of non-coding sequences correlates with 

biological complexity(6).  Furthermore, data from recent high-throughput transcriptomic analyses 

such as FANTOM(7) and ENCODE(8) demonstrate that up to 90% of our genomic DNA is transcribed, 

with the vast majority being so-called long ncRNAs (lncRNAs)(9).  These unexpected findings indicate 

that long non-coding transcripts constitute a substantial proportion of the total mammalian RNA 

population.  Indeed, the known repertoire of lncRNAs continues to grow at breakneck speed; with 

almost 60,000 human lncRNAs reported to date(10), we are undoubtedly entering an era of 

‘lncRNAomics’.   

Long non-coding RNAs  
NcRNAs may have dramatically redefined the traditional paradigm of mammalian genomic 

organisation, but the term ‘long non-coding RNA’ has still eluded comprehensive definition.  One 

group has rather conservatively defined lncRNAs as ‘RNA molecules that may function as either 

primary or spliced transcripts and do not fit into known classes of small RNAs or into classes of 

structural RNAs’(11).  The need for caution is wise, as aside from the absence of a translated open 

reading frame, many lncRNAs are virtually indistinguishable from mRNAs in terms of biogenesis and 

biochemistry(12).  Additionally, the ‘typical’ length of an lncRNA is still debated.  In order to partition 

them from short ncRNAs, lncRNAs are commonly defined as transcripts greater than 200 

nucleotides, which can be further classified into five subclasses depending on their proximity to the 

closest coding genes(13).  Unfortunately, this method of categorisation is far from comprehensive, 

with 200 nucleotides being an arbitrary cut-off that corresponds to the sensitivity threshold of 

contemporary RNA extraction techniques.  LncRNAs are in fact highly heterogeneous in size, with 

some spanning 100 kilobases(14).  Furthermore, with the onset of more sensitive techniques such as 
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mass spectrometry proteomics, a small number of lncRNAs have been found to actually encode 

micropeptides, thus rendering the definition ‘non-coding’ a misnomer(15). 

From a functional perspective, attempts to shed light upon this previously unexplored ‘dark matter’ 

of the genome has been far from straightforward.  In direct contrast to miRNAs, whose roles in 

transcriptional and post-transcriptional gene silencing are comparably well-documented(16), only a 

small fraction of lncRNAs identified to date has been fully characterised.  As such, the overall 

importance and precise functions of lncRNAs remain unclear.   Considering their relatively poor 

primary sequence conservation(17), relative instability(18), and almost complete lack of protein-

coding potential, it has been suggested that lncRNAs may merely be evolutionary ‘debris’ resulting 

from random, meaningless transcription of inert sequences – sometimes referred to as 

‘transcriptional noise’(19).  However, emerging evidence has supported the notion of lncRNAs 

representing a ‘second genetic code’, therefore being critical to normal cellular functioning.  The 

current consensus is that many lncRNAs represent key players in the regulation of diverse 

physiological processes including cell differentiation, development, signalling, and metabolism(20).   

Long non-coding RNAs and cancer 
Of particular relevance to the contemporary 

pathologist, lncRNAs have been implicated in a 

growing number of human diseases.  In particular, 

their association with cancer has eclipsed that of 

any other pathological condition(21).  Recently, 

numerous lncRNAs have been systematically 

identified in multiple cancer transcriptomes, 

establishing their association with the majority of 

cancer types(22)[Figure 1].  A role for lncRNAs in 

cancer is perhaps unsurprising given their importance 

Figure 1. Overview of some lncRNAs known to 
associate with specific cancers.  As can be seen, 
lncRNAs have been implicated in virtually every 
major cancer type.  Taken from (2). 
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in cellular homeostasis, and the strong link between cancer and genomic perturbations.  Indeed, a 

number of short ncRNAs have also been implicated, including miRNAs, piRNAs, and snoRNAs.  

MiRNAs remain arguably the most well-studied ncRNA class in cancer to date, with their role in 

tumorigenesis first identified in 2002(23).  Nonetheless, the interest within the scientific community 

for lncRNA involvement in cancer pathogenesis has seen an exponential rise in recent years[Figure 

2].   

 

 

 
 
 
 
 
 
 

 
 

 
Dysregulated expression of lncRNAs in cancer 
An important clue into the pathological significance of lncRNAs stemmed from studying the cellular 

expression profiles of single transcripts.  Under normal conditions, many lncRNAs display remarkable 

cellular specificity(24) and a relatively restricted expression pattern within the cytoplasm and 

nucleus(25), suggesting an extremely precise regulation of their transcription and activity.  However, 

techniques such as microarray, and more recently RNA sequencing and real-time PCR, have revealed 

differential lncRNA expression in a wide array of tumour types.  To use just one example, levels of 

the HOX Antisense Intergenic RNA (HOTAIR) have been found to be elevated in breast and various 

gastrointestinal cancers(26)[Table 1].  It is likely that with the onset of novel RNA sequencing 

techniques such as CaptureSeq, even rare or poorly expressed transcripts associated with cancer can 

be identified in the near future(27).    

Figure 2. A comparison of the interest 
within the science community for 
involvement of lncRNAs (red) and 
miRNAs (blue) in cancer as measured by 
the number of relevant publications 
over time.  Data (2016 excluded) was 
collected using a PubMed search for 
‘lncRNA cancer’ or ‘miRNA cancer’.   
While the number of studies on miRNAs 
and cancer has been gradually 
increasing since 2005, this has recently 
plateaued and set soon to be 
leapfrogged by the dramatic recent rise 
in efforts dedicated to uncovering the 
role of lncRNAs in cancer. Taken from 
(2). 
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Drivers of aberrant lncRNA expression 
Genomic alterations 
A number of potential causes have been proposed to induce altered lncRNA expression.  These 

include epigenetic changes such as loss of imprinting(28), in addition to genomic alterations 

including mutations, deletions, and amplifications.  Given that 43% of disease- or trait-associated 

single nucleotide polymorphisms (SNPs) are found outside of protein-coding genes(29),  it is likely 

that a large proportion of lncRNAs lies within or close to fragile sites such as common breakpoints 

and SNPs.  This suggests that the primary sequences of at least some lncRNAs would be particular 

susceptible to damage.  In support of this, genome-wide association studies have revealed the 

presence of lncRNAs in specific cancer types based on their overlap with cancer risk loci.  This is 

illustrated by the identification of the lncRNAs CASC15 and NBAT1 as part of the 6p22 locus; the 

latter contains SNP rs6939340, which is linked to neuroblastoma progression(30).  The precise 

mechanism by which small mutations such as SNPs lead to altered lncRNA expression is unclear, but 

SNPs located in genomic regions involved in transcriptional control could potentially interfere with 

promoters and enhancers within the lncRNA gene, leading to altered levels of transcript production. 

Mutations in oncogenic transcription factors 
An additional driver for altered lncRNA expression in cancer takes the form of mutations or 

abnormal expression of transcription factors that are known to interact with lncRNAs.  In a murine 

model of gallbladder cancer, ectopic expression of the canonical oncogene c-Myc has been 

demonstrated to induce HOTAIR expression via promoter binding, with gene knockdown exerting 

the opposite effect(31).  To add on a further layer of complexity, lncRNA expression in tumour cells is 

altered differentially depending on whether they are part of an oncogenic or tumour suppressor 

signalling network.  Thus while HOTAIR, being a pseudo-oncogenic lncRNA, is overexpressed in 

transformed cells(32), levels of MEG3, which is involved in the p53 transcriptional cascade, are 

reduced(33).  Interestingly, some lncRNAs such as H19 and Xist can behave as either oncogenes or 

tumour suppressors depending on the cellular targets present, and the levels of these transcripts 

therefore vary between tumour types[Table 1].  
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Table 1. Examples of several lncRNAs associated with cancer.  These transcripts could either be up-or 
downregulated depending on whether they belong to an oncogenic or tumour suppressor signalling network.  
The main mechanism of action for each lncRNA is shown, although it must be emphasised that individual 
lncRNAs typically display multiple modes of action. 

 

Mechanisms of lncRNA dysfunction in cancer 
The involvement of lncRNAs in tumorigenic signalling pathways has important pathological 

implications.  It suggests that perturbed lncRNA expression in tumours has direct functional 

consequences, thus influencing disease phenotype.  Importantly, functional assessments using RNA 

interference and modified antisense oligonucleotide strategies have demonstrated a role of lncRNA 

dysfunction in virtually all the characteristic hallmarks of cancer such as promotion of angiogenesis 

and metastatic spread(34).  What makes this possible?  An elegant array of mechanisms by which 

lncRNAs normally carry out their functions at the molecular level has been elucidated(35), and many 

of these can potentially be involved in driving the cancer phenotype(2).  HOTAIR represents one of 

the most thoroughly investigated lncRNAs to date(26) and its role in facilitating invasion and 

promoting metastasis in breast cancer will be used to illustrate several of these pathobiological 

mechanisms[Figure 3].    
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HOTAIR as an exemplary inducer of breast cancer metastasis 
Structural scaffold for PRC2 and BRCA1 
Although proteins are often regarded as the primary conductors of scaffolding complexes, as 

highlighted by the abundance of A-kinase anchoring proteins within the cell, emerging evidence 

suggests that particular lncRNAs such as HOTAIR may have a comparable structural role.  Polycomb 

Repressor Complex 2 (PRC2) is an evolutionarily conserved protein complex that has been estimated 

to associate with up to 20% of all known lncRNAs(36), and is heavily implicated in cancer 

pathogenesis(37).  In particular, the recruitment of PRC2 by HOTAIR has been demonstrated to be a 

pivotal event in breast cancer development(32).  Additionally, immunoprecipitation experiments 

have shown that breast cancer susceptibility gene 1 (BRCA1), which is essential for mediating the 

DNA damage response, interacts with a subunit of PRC2 to compete with HOTAIR for binding to the 

complex(38).  Consistent with this finding, decreased expression of BRCA1 has been shown to result 

in augmented recruitment of PRC2 by HOTAIR in breast cancer cell lines(38).  The significance of the 

antagonistic functional relationship between BRCA1 and HOTAIR in breast cancer remains unclear.  

Nevertheless, this parallel interaction of HOTAIR with PRC2 and BRCA1 highlights how a single 

lncRNA can serve as a central platform for multiple effectors to be brought together in space and 

time.   

Genomic retargeting of PRC2  
A distinct advantage of lncRNA-ribonucleoprotein complexes is that they can be targeted to specific 

genomic loci in order to activate or suppress transcriptional activities.   Interestingly, HOTAIR is one 

of the first lncRNAs known to guide changes in gene expression in trans mode – i.e. at distant sites 

(as opposed to cis-acting transcripts, which act on neighbouring genes).  The association of HOTAIR 

with PRC2 highlights one of the most exciting roles of lncRNAs as epigenetic regulators of gene 

expression.  PRC2 is a chromatin modifying enzyme that promotes gene repression by methylating 

histone H3 on lysine 27 to promote gene repression(39), and its targeting illustrates how gene 

expression patterns can be altered in disease via modulation of genomic activity independent of any 

sequence alteration.  Importantly, the overexpression of HOTAIR causes the reprogramming of PRC2 
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activity across the genome to specifically promote metastasis in breast cancer(32).   In contrast, 

depletion of this transcript in tumour cells expressing a high basal level of PRC2 results in reduced 

invasiveness(40).  These results indicate that the genome-wide retargeting of PRC2 induced by 

HOTAIR is somehow critical for metastatic progression.   

Silencing of HOX-D  
Amongst the target genes of PRC2 is that of homeobox (HOX)-D, a transcription factor that has been 

implicated in oncogenesis(41).  The transcriptional silencing of HOX-D is likely to be a key step in the 

promotion of metastatic breast cancer by HOTAIR/PRC2(42).  The indirect regulation of HOX-D 

activity by HOTAIR also has wider pathobiological implications.  A fundamental role of lncRNAs at the 

molecular level is the regulation of gene transcription; previously, we have seen how HOTAIR can act 

as a molecular signal transducer in response to activation by c-Myc in gallbladder cancer(31).  

However, the functional interaction between HOTAIR and HOX-D in breast cancer illustrates how 

particular lncRNAs can also behave as ‘top-level’ regulators of key transcription factors involved in 

cancer signalling.  Under normal physiological conditions, the use of PRC2 as an effector allows 

HOTAIR to exert its transcriptional regulation on a vast array of genes, including those in remote 

locations of the genome.  However, this also means that widespread alterations in the genomic 

landscape can potentially result under pathological conditions.       
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Figure 3. A flowchart illustrating some of the known mechanisms that the lncRNA ‘HOTAIR’ uses to induce 
breast cancer metastasis.  HOTAIR expression is augmented in transformed cells as a result of genomic 
alterations such as SNPs in its primary sequence, or mutations in oncogenic transcription factors that it normally 
interacts with.  HOTAIR can act as a scaffold and long-range guide for protein complexes; overexpressed HOTAIR 
causes increased genome-wide retargeting of polycomb complex (PRC2), which is involved in chromatin 
remodelling.  This leads to silencing of multiple target genes, including the transcription factor HOX-D, 
highlighting the role of HOTAIR as a regulator of oncogenic transcription factors.  These mechanisms ultimately 
promote breast cancer progression and metastasis, implying a potential role of HOTAIR as a 
diagnostic/prognostic indicator of breast cancer.   The HOTAIR/PRC2 scaffold can also accommodate BRCA1, a 
gene critical for breast cancer pathogenesis.  BRCA1 is a known competitive inhibitor of HOTAIR binding to 
PRC2, and can contribute to disease phenotype via independent mechanisms.    
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The impact of lncRNA dysfunction in cancer pathogenesis 
Recent functional and mechanistic assessments of lncRNAs have revealed illuminating insights into 

their roles in cancer.  However, what is the significance of lncRNA dysfunction in disease?  After all, it 

must be remembered that lncRNAs are merely one of several different subclasses of ncRNA.  For 

example, a large proportion of miRNAs has been found to be located in fragile regions of 

chromosomes associated with cancer(43), and aberrantly expressed in tumour cells(44).  In 

particular, incidence of numerous cancers has been found to correlate with the overexpression of 

the miR-17-92 cluster(45).  Likewise, miRNAs can participate in oncogenic and tumour suppressor 

pathways, contributing to disease phenotype through transcriptional and epigenetic 

mechanisms(46).  In light of our limited understanding of the biogenesis of these non-coding RNA 

transcripts, and the somewhat arbitrary nature of our current classification system, it is likely that at 

least a small proportion of lncRNAs and miRNAs will have structural and functional uniformity.  

Moreover, given the extraordinarily large number of ncRNAs in humans and their involvement in 

virtually all signalling and developmental processes, it seems physiologically advantageous to ensure 

some functional redundancy within the mammalian ncRNA system.   

However, it seems unlikely that lncRNAs are merely longer carbon copies of their counterparts.  In 

fact, although only a small fraction of known lncRNAs has been functionally characterised, the 

evidence to date hints at the possibility that long and short ncRNAs contribute to cancer via distinct 

pathways to achieve the same desired outcome, in particular with relation to epigenetic regulation 

of gene expression.  This can be illustrated by the use of mechanisms not classically associated with 

short ncRNAs, as exemplified by the aforementioned recruitment and targeting of chromatin 

modifying complexes such as PRC2, in addition to emerging mechanisms such as ‘chromatin looping’ 

by lncRNAs produced from enhancer regions within the genome(47).  Additionally, a striking feature 

of lncRNAs is that while they typically display multiple modes of action, individual mechanisms 

employed by a single transcript could well be cancer type specific.  To use just one example, 

crosstalk between different ncRNA classes is exemplified by some lncRNAs behaving as competitive 
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endogenous miRNA ‘decoys’ to inhibit miRNA activity.  Ectopic expression of HOTAIR has been 

demonstrated to reduce miRNA-130a expression in gallbladder cancer tissues(31), and this particular 

pathobiological mechanism of HOTAIR is in direct contrast to its involvement in PRC2 retargeting 

observed in breast cancer.  Furthermore, the multi-level crosstalk between lncRNAs, miRNAs, and 

transcription factors discussed earlier suggests that besides providing distinct pathways for inducing 

the onset and progression of cancer, different ncRNA subtypes can function synergistically in a highly 

integrated manner to promote disease.  All of these observations argue against lncRNAs as 

functionally redundant replicas of short ncRNAs.   But despite our awareness of such intricate 

signalling models, the sheer number of lncRNAs identified to date serves as a stark reminder that we 

are still a long way from understanding the full spectrum of their roles in pathology.     

Future perspectives 
Emerging epigenomic and bioinformatic approaches promise the identification of functional lncRNAs 

that remain hidden in the human genome(48).  Furthermore, with the increasing ease of whole 

genome sequencing, as highlighted by the ongoing ‘100,000 Genomes Project’, and the 

development of transgenic mouse models for single lncRNAs, significant headways are being made 

in characterising the pathobiological significance of lncRNAs in cancer.  Importantly, there is 

increasing evidence to indicate a role for lncRNA dysfunction beyond cancer, such as in 

cardiovascular diseases(49) and neurological disorders(50).  However, the relevant pathobiological 

mechanisms await experimental elucidation.  Finally, understanding the precise roles of lncRNAs in 

pathology likely has important clinical applications.  Considering the specific expression profiles of 

individual lncRNA transcripts in different tumour types, the notion of lncRNAs as diagnostic 

biomarkers and prognostic indicators of disease seems a very real possibility(51).  Furthermore, one 

could envisage lncRNAs serving as targets for small molecule drugs in the not-too-distant future.  

Indeed, attempting to unmask the ‘dark matter’ of the genome in disease can at times resemble 

opening a Pandora’s box, but amidst the many challenges and unanswered questions, the future is 

bright.   
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