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Abstract
Signaling pathways are tightly controlled systems that regulate the appropriate timing of gene expression required for 

the differentiation of cells down a particular lineage essential for proper tissue development. Proliferation, apoptosis 

and metabolic pathways are just a few examples of the signaling pathways that require fine-tuning, so as to control 

the proper development of a particular tissue type or organ system. An estimated 70% of the genome is actively 

transcribed, only 2% of which codes for known protein-coding genes. Long noncoding RNAs (lncRNAs) in particular, 

are a large and diverse class of RNAs > 200 nucleotides in length, and not translated into protein. lncRNAs are essential 

transcriptional and post-transcriptional regulators that control the expression of genes in a spatial, temporal, and cell 

context-dependent manner. The aberrant expression of lncRNAs is therefore linked with a number of chronic diseases 

including cardiac dysfunction, diabetes, and cancer. In this review, we highlight the specific role lncRNAs have in 

promoting the metastatic cascade across a number of epithelial cancer models.
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INTRODUCTION
Metastasis is the leading cause of cancer-related deaths world-wide[1]. Understanding the biological processes 
that control the initiation and progression of metastasis is crucial in reducing tumor-related deaths 
associated with carcinomas[2,3]. Metastasis consists of the following phases: (1) escape of cells from the 
primary tumor and invasion into the surrounding mesenchyme[4]; (2) intravasation into adjacent vasculature 
and the lymphatic system[5]; (3) upregulation of cell survival mechanisms via resistance to apoptosis and 
anoikis[6]; (4) extravasation from the vasculature and subsequent infiltration into the parenchyma of a 
distant organ site[7]; and (5) the ability to undergo micro-metastatic colonization, and survival within a 
new tissue microenvironment[8,9]. The epithelial to mesenchymal transition (EMT) is a key developmental 
regulatory program describing the initiating processes of metastasis, and involves a linear series of events 
including tightly organized epithelial cells undergoing a loss of cellular polarity, and the ability for cells to 
survive under anchorage-independent conditions, both of which supports the propagation of migratory cells 
able to invade distant organ sites[10]. EMT essentially reactivates the embryonic morphogenesis and wound 
healing programs normally kept inactive within differentiated epithelial cells[11-13]. Therefore, investigating 
the series of cellular reprogramming events required for differentiated epithelial cells to acquire an invasive 
mesenchymal phenotype will aid in the development of therapeutics that specifically target metastatic cells. 

While many zinc finger transcription factors (TFs) have been identified as regulators of EMT, including 
zinc-finger enhancer binding 1 (ZEB1), Snail, and Slug, little is known regarding the initiating steps that 
drive the transition of polar cells of an epithelial origin towards those with mesenchymal characteristics[14,15]. 
Furthermore, given invasive metastatic cells hone to various tissue sites depending upon the tissue of 
origin from which the primary tumor derives (i.e., the “seed and soil hypothesis”), one can hypothesize 
that ubiquitously expressed TFs such as Snail cannot be the sole contributor of a cell-context dependent 
regulatory process such as metastasis[16,17]. In fact, in a recent survey of the human genomic landscape, 
there is striking evidence that noncoding RNAs (ncRNAs) play an important and diverse role in regulating 
developmental transitions. Moreover, ncRNAs control the spatial and temporal tuning of cellular signaling 
pathways important for the proper execution of functional phenotypes such as enhanced cellular proliferation, 
migration, and/or survival[18-26]. Furthermore, in cancers that are dependent upon changes in the abundance 
and bioavailability of steroid hormones such as 17β-estradiol, ncRNAs have been identified to play a key role 
in the abrogating hormone-mediated metastasis[19,27-33]. 

Therefore, ncRNAs are considered important epigenetic regulators of the transcriptome that modulate 
context-specific processes involved in promoting a metastatic phenotype. One class of ncRNA includes 
microRNAs (miRNAs), which are short 22-nucleotide (nt) ncRNAs that undergo biochemical processing 
from a longer primary miRNA (pri-miRNA) transcript via a series of interactions with RNase-III type 
proteins that include DROSHA and DICER. miRNAs operate via a distinct mechanism of action that relies 
upon imperfect complementarity or Watson-Crick base-pairing between a miRNA and the 3’ untranslated 
region (3’ UTR) of a target messenger RNA (mRNA)[34]. miRNAs therefore serve as guides that recruit RNA 
binding proteins (RBPs) such as AGO2 to specific mRNA targets resulting in reduced gene expression either 
via translational inhibition or via RNA degradation[25,35-37].

Given this imperfect complementarity, miRNAs function as pleiotropic regulators of cell signaling pathways 
critically important in maintaining proper tissue development, as well as inhibiting the initiation and 
progression of tumorigenic cascades[38]. Given miRNAs operate by fine-tuning gene expression, and themselves 
function as either oncogenes or tumor suppressors when dysregulated, these ncRNAs subsequently present 
as potential targets for therapeutic development across a wide number of genetic disorders. miRNAs also 
modulate the expression of genes considered initiators of EMT, as well as mediators of downstream metastatic 
processes such as micro-metastatic colonization, anoikis, and interactions within the surrounding tumor 
microenvironment. For instance, miR-10b is a miRNA expressed at high levels in metastatic breast cancer 
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samples, and the use of anti-miRNA oligonucleotides significantly reduces metastatic lesions in mouse 
models[39,40]. Additionally, miRNAs such as miR-148a regulate the levels of E-cadherin and subsequently 
the progression of EMT via the modulation of DNMT1 activity[41], while the miR-17 family of miRNAs 
controls metastatic phenotypes in lung cancer via dampening the expression of transforming growth factor 
(TGF)-β[42]. Comprehensive reviews of miRNA in cancer are discussed in greater detail elsewhere[43,44].

lncRNAs are a newly discovered class of ncRNA important in dampening stochastic gene expression by 
modulating the epigenetic landscape of the genome. lncRNAs are a divergent class of ncRNA molecule greater 
than 200 nt in length that lack protein-coding capacity, yet control a diverse array of biological processes 
via the recruitment of chromatin modifiers to specific genomic loci or by modulating post-transcriptional 
processes[45,46]. Currently there are over 118,000 high confidence lncRNA transcripts identified in Homo 
sapiens (http://www.lncipedia.org), many of which have no ascribed biological function. However, a number 
of studies have begun elucidating particular ncRNAs dysregulated across multiple cancer types[19,47-49]. The 
challenge in studying lncRNAs is their relatively low abundance and reduced conservation across species as 
compared to protein coding transcripts and other ncRNAs such as miRNAs[50]. This led many to believe that 
lncRNAs derive from leaky transcriptional processes and, therefore, have limited functionality in regulating 
cellular processes. However, there is considerable evidence that lncRNAs regulate the physiological pathways 
required for the initiation and maintenance of the metastatic process. 

Broadly speaking, the diminished level of a lncRNA within a cell, results in the reduced bioavailability of a 
particular enzymatic substrate important in modulating chromatin structure as well as the transcriptional 
activity of neighboring protein coding genes. This occurs via a chaperone mechanism whereby a lncRNA 
brings into proximity RBPs, as well as components of the transcriptional machinery including RNA polII, 
to discrete genetic loci facilitating proper TF binding[35,45,51-58]. Therefore, the abundance of any particular 
lncRNA is important in providing the specificity necessary to promote certain phenotypic outcomes required 
during the metastatic cascade[59,60]. While investigators have identified specific roles for lncRNAs that control 
a number of cellular functions including differentiation, invasion, and metastasis, this review focuses on the 
role of lncRNAs within the metastatic process [Table 1]. 

LNCRNA NOMENCLATURE
lncRNAs are a heterogeneous class of ncRNA transcribed from a number of regions within the genome, 
and in varying orientations that flank neighboring protein coding genes, promoting a diverse combination 
of functional phenotypes. The nomenclature of lncRNAs is still controversial; however, a concerted effort 
has been made to group lncRNAs into functional categories based on the genomic localization of these 
transcripts, as well as the regulatory functions they confer [Figure 1]. For instance, promoter-associated 
lncRNAs (pa-lncRNAs) are transcribed in an antisense orientation from a shared promoter of a neighboring 
protein coding gene[61]. A majority of pa-lncRNAs operate in cis and recruit chaperone proteins that modulate 
the transcription of the neighboring protein coding gene, though this is not always the case[62,63]. For instance, 
a pa-lncRNA was found to be transcribed from the cyclin D1 promoter and is important in mediating the 
inhibitory activity of certain histone acetyltransferases[64].

Enhancer-associated lncRNAs (ea-lncRNAs) are similar to pa-lncRNAs, yet they originate from active 
enhancer regions within the genome that promote cis-activation of transcription via DNA looping at 
the proximal promoters of nearby protein coding genes[65]. ea-lncRNAs are also released from the site of 
transcription, and modulate the activity of distal gene promoters in trans through the recruitment of co-
activators such as, p300/cAMP response element-binding protein (CREBP), as well as, demethylases such as 
lysine-specific demethylase 1 (LSD1)[66,67]. As an example, Braveheart (Bvht) is a lncRNA transcribed from 
an enhancer region marked by H3K27Ac, associates with cardiac specific transcriptional enhancers, and 
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when lost in mice perturbs the development of cardiomyocytes indicating Bvht is an important regulator of 
mammalian cardiac development[67,68]. 

Natural antisense transcripts (NATs) are considered full length RNA transcripts initiated on the antisense 
strand of a respective protein coding gene[69,70]. Given this type of lncRNA has high complementarity to 
the mRNA transcript deriving from the sense strand, the formation of localized RNA duplexes results in 
enhanced RNA stability through HuR binding, or degradation via activation of RNA interference (RNAi) 
pathways. HIF1A-AS2, for instance, is transcribed from the HIF1A locus and operates as a scaffold, 
recruiting chromatin remodeling complexes, as well as RBPs such as IGF2BP2 to distinct genetic loci[71]. 
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Figure 1. lncRNAs derive from a number of genetic loci and associate with specific lncRNA function. (A) pa-lncRNAs originate from a 
bi-directional promoter from the sense strand of gene foci. These lncRNAs tend to operate in cis and regulate the neighboring protein 
coding gene; (B) ea-lncRNAs are similar to pa-lncRNAs yet are transcribed from enhancer regions within the genome; (C) NAT-lncRNAs 
are transcribed from the antisense strand and contain fully or partially complementary sequences to sense-strand transcripts, depending 
upon the surrounding genetic elements that regulate transcription of NATs; (D) gb-lncRNAs are transcribed in sense orientation, typically 
are one exon in length, and could share exons from protein coding transcripts; (E) lincRNAs are transcribed from genetic loci in either 
sense or antisense fashion and span regions considered transcriptionally active, coding or otherwise. Portions of this figure were adapted 
from Martens-Uzunova et al .[229], with permission



HIF1A-AS2 is also important in regulating hypoxic responses in A549 lung cancer cells[72]. In fact, hypoxia 
induces HIF1A-AS2 expression, which in turn binds and represses HIF1α levels under hypoxic conditions 
presumably through a process of RNA-mediated decay. 

Gene body associated lncRNAs (gba-lncRNAs) differ from NATs, and originate instead from the sense 
strand of a respective protein coding gene loci[73-75]. An example of a gba-lncRNA is the pseudogene 
transcribed from the CCAAT/enhancer binding protein alpha (C/EBPα) locus, termed ecCEBPA, which 
utilizes a separate open reading frame (ORF) and transcriptional start site (TSS) neighboring the C/EBPα 
gene locus[76]. ecCEBPA interacts with DNMT1, resulting in decreased methylation of the CEBPA gene. 
Mutagenesis studies further indicated that ecCEBPA contains hairpin structures that favor DNMT1 binding 
suggesting lncRNAs are important in modulating not only transcriptome wide DNA methylation, but are 
also present at sites of active transcription. Other gba-lncRNAs can operate as sponges for ncRNAs, thereby 
modulating the bioavailability of mRNA transcripts within a cell[73,74]. This competitive endogenous RNA 
(ceRNA) code or hypothesis is discussed in greater detail later in the review. 

Finally, long intergenic noncoding RNAs (lincRNA) span extensive regions of the genome and are found 
within intronic regions of a coding gene, rather than as discrete genetic elements[71]. Examples include 
HOTAIR and MALAT1 [Figure 1]. One of the first lincRNAs discovered, X inactive specific transcript (XIST), 
produces an approximately 20 kilobase (kb) noncoding lincRNA and functions to silence the expression 
of genes derived from the inactive X chromosome (Xi) through recruitment of the polycomb repressive 
complex (PRC1/2)[77]. The precise mechanism by which XIST recruits PRC1/2 to the X-chromosome is still 
unclear, as X-inactivation requires an evenly distributed presence of PRC1/2 across the Xi so as to ensure 
the proper silencing of both coding and noncoding transcripts [Figure 2B]. Some have indicated that the 
silencing of Xi is accompanied by phosphorylation events on p53, indicating XIST cooperates with the p53 
DNA-repair machinery during X-inactivation[78]. Given other ncRNAs such as miR-34 are known regulators 
of TP53 expression in cancer cell lines as well as during development[79], this raises the notion that lincRNAs 
cooperate with ncRNAs to carry out specific cellular programs. XIST also mediates epigenetic interactions 
between PRC1/2 and specific gene loci via interactions with chromatin modifiers such as SHARP, SAF-A, 
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Table 1. lncRNAs associated with and tumorigenesis and EMT pathways 

lncRNA Cancer type Expression in cancer References Role in metastasis
MALAT1 Lung Upregulated [190]

Suppression of E-cadherin[191]Bladder Upregulated [192]
Breast Upregulated [193]
Pancreatic Upregulated [194]

MEG3 Meningioma Downregulated [195]
Regulation of autophagy[196] and DNA repair[197]Lung Downregulated [198]

Gastric Downregulated [199]
HOTAIR Liver Upregulated [200]

Reprogramming of chromatin state[201,202]Breast Upregulated [203]
Pancreatic Upregulated [204]

GAS5 Liver Downregulated [205]
Controls invasion by control of miRNAs[205,206]Gastric Downregulated [207]

Breast Downregulated [208]
H19 Liver Upregulated [209]

Chromatin remodeling[210] and TGF-β regulation[211]Pancreatic Upregulated [137,212]
Gastric Upregulated [213]

HULC Liver Upregulated [147]
Regulates tumor microenvironment interactions[214]Gastric Upregulated [148]

Breast Upregulated [92,146]
SPRY4-IT1 Melanoma Upregulated [139]

Proliferation and invasion via regulation of EZH2[143]Lung Upregulated [215]
SCC Upregulated [142]



and LBR to initiate transcriptional silencing[77]. Taken together, it is crucial that these biochemistry-focused 
studies continue, such that, novel therapies can be developed to modulate a specific biological activity 
mediated by a particular lncRNA of interest.

LNCRNA MECHANISM OF ACTION
lncRNAs communicate with other ncRNAs via the “ceRNA code”
The ceRNA hypothesis, specifically the notion that RNA-RNA interactions operate in a complex regulatory 
pattern through competitive Watson-Crick base-pairing interactions, formed after the discovery that 
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Figure 2. lncRNAs regulate transcriptional and post-transcriptional processes important in modulating gene expression. (A) Depicts the 
number of interactions lncRNAs have with other ncRNAs to modulate the ceRNA network. Specifically, lncRNAs can interact with miRNA 
recruiting these small RNAs from cognate mRNA targets. miRNAs can also compete for lncRNA or mRNA target binding depending 
upon the respective transcript abundance. Finally, lncRNAs can alter the stability of mRNAs either by recruiting RBPs such as HuR, or by 
preventing miRNA-mediated mRNA degradation; (B) represents a number of interactions that modulates the chromatin-architecture, such 
as MALAT1 regulation of the PRC1 complex that can modulate the euchromatin state. Additionally, XIST can recruit PRC2 to chromatin 
sites that preclude RNAPII chromatin binding. Finally, lncRNA ROR sponge histone methyltransferases away from heterochromatic 
regions, promoting transcription and (C) depicts a special chromatin modulation termed “chromosomal looping” which brings seemingly 
distance chromosomal regions into proximity for transcriptional control under cis-regulatory interactions. Chromosomal looping also favors 
additional chromatin modifications to occur at specific genomic locations. Parts of figure are adapted from Long et al .[66], with permission



PTENP1, a particular ncRNA with similar sequence homology to the protein coding gene PTEN, functioned 
as a sponge for ncRNA repressors of PTEN[80] [Figure 2A]. Specifically, PTENP1 binds a number of miRNAs, 
such as miR-21, causing disruption of cognate miR-21-PTEN base-pairing in cells[24,80,81]. When sufficient 
levels of PTENP1 are present, miR-21 is sequestered by the PTENP1 pseudogene which contains homologous 
miR-21 binding sites similar to PTEN. This results in the elevation of PTEN transcript levels, thereby 
promoting a tumor suppressive phenotype as PTEN inhibits the PI3K/AKT cell survival pathway[82-84]. 
However, one can imagine a ping-pong effect, whereby the ratio of PTENP1-PTEN abundance changes 
and levels of the PTEN transcript becomes more abundant. This results in miR-21 preferentially binding to 
PTEN causing a de-repression of the PTENP1 pseudogene. Under normal cellular conditions one can image 
a balanced scenario whereby miR-21 binds to either PTENP1 or PTEN in a 1:1 stoichiometric relationship. 
However, under certain chronic disorders, the over-abundance of any individual pseudogene can disrupt 
this balance, promoting inappropriate expression of transcripts that support either pro-proliferative or pro-
survival signalling pathways (i.e., via the repression of PTEN transcripts)[80,85]. Therefore, further elucidating 
the mechanisms of ceRNA networks specific to metastasis are warranted and requires additional study. 

Studies by Karreth et al.[86] have investigated these ncRNA interactions on a genome-wide level, and found 
that the ceRNA hypothesis can be applied to any number of ncRNAs that have the capacity for Watson-
Crick base-pairing with another RNA molecule, either coding or non-coding. As an example, miRNAs 
can bind to and promote the decay of certain lncRNAs as these transcripts also contain a 3’UTR that in 
many cases harbor similar sequence motifs of the neighboring mRNA transcripts (i.e., lincRNA-p21 and 
CDKN1A) [Table 2]. Many of the mechanisms that facilitate miRNA-lncRNA interactions are similar to 
those that regulate miRNA-mRNA interactions. For instance, let-7 post-transcriptionally represses the RAS 
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Table 2. lncRNA-RNA associations involved in metastatic signaling cascades 

lncRNA Interacting 
ncRNA Mechanism of action Cancer type Phenotype References

MALAT1 miR-9 miR-9 downregulation of MALAT1 Osteosarcoma Reduced proliferation and colony 
formation [216]

miR-1 competitive binding between miR-1, 
MALAT1 , and Cdc42 Breast cancer Enhanced migration and invasion [217]

miR-22-3p competitive binding between miR-
22-3p, CXCR2 , and MALAT1 Sarcomas Regulates angiogenesis [218]

HOTAIR miR-545 Feedback mechanism between 
HOTAIR , miR-545, and EGFR Gastric cancer Promotes EGFR-induced 

proliferation [219]

miR-148a HOTAIR is a miR-148a sponge 
regulates Snail2 Esophageal cancer Promotes EMT expression [220]

miR-568 HOTAIR epigenetically represses 
miR-568 Breast cancer Promotes metastasis via 

enhanced angiogenesis [221]

lncRNA-ATB miR-200 lncRNA-ATB operates as a sponge 
for let-7

Liver and gastric 
cancer Regulation of ZEB and EMT [91,115]

miR-372 lncRNA-ATB competes with miR-
372 and LATS2 Liver cancer Modulates PKA signaling and 

energy metabolism [92]

miR-141-3p lncRNA-ATB competes with miR-
141-3p and TGF-β Gastric cancer Alters cell-cycle arrest and 

tumor growth [222]

H19 let-7 H19 operates as a sponge for let-7 Pancreatic cancer Increases HMGA2-mediated 
EMT [215]

miR-141 H19 operates as a sponge for miR-
141 Gastric cancer Induces EMT through regulation 

of ZEB [223]

HULC miR-675 H19 and miR-675 compete with Igfr  
and Tgfb1 binding HuR Prostate cancer Regulated development and 

angiogenesis pathways [224,225]

miR-372 lncRNA-ATB competes with miR-
372 and LATS2 Liver cancer Modulates PKA signaling and 

energy metabolism [92]

miR-200 HULC modulates Myc expression via 
miR-200a as sponge CML Inhibits tumor growth [226,227]

lincRNA-
ROR miR-205 lincRNA-ROR sponges miR-205 Breast cancer Induces EMT through regulation 

of ZEB [228]

EMT: epithelial to mesenchymal transition; ZEB: zinc-finger enhancer binding 1; PKA: protein kinase A



and HMGA2 oncogenes in epithelial tumors, altering the metastatic potential of these cells[87-90]. However, 
let-7 also binds to well established oncogenic lncRNAs such as H19 and HOTAIR[91], which promotes post-
transcriptional repression of gene targets via AGO2-mediated lncRNA degradation. let-7 also reduces 
lncRNA levels through a separate mechanism of RNA decay by recruiting HuR binding proteins to AU-rich 
regions of the targeted ncRNA transcript. Other examples of lncRNAs that are regulated via the ceRNA 
hypothesis include interactions with lncRNA sponges. For instance, HULC and lncRNA-ATB can bind miR-
372 and miR-200 respectively, but does not result in the degradation of the lncRNA[92,93]. Rather, miR-372 
binding to HULC precludes miR-372 binding to bona fide mRNA targets such as LATS2[94]. This sponging 
phenotype of removing an inhibitor of LATS2 expression is relevant as LATS2 itself is a tumor suppressor. 
Therefore, HULC along with a number of other lncRNAs function as sponges or decoys that operate together 
to modulate the ncRNA network important for the manifestation of a particular cellular phenotype.

lncRNAs modulate cell signaling pathways
In bacteria and yeast systems researchers observed that lncRNAs associate with protein modules localized 
to the cellular membrane[95], indicating lncRNAs are not only present within the cytoplasm, but also operate 
within functionally discrete cytoplasmic compartments. The result of these lncRNA-chaperone protein 
interactions is the modulation of cell signaling networks through the activation or inhibition of a particular 
receptor tyrosine kinase (RTK) via the recruitment of cytoplasmic kinases or phosphatases. For instance, 
in eukaryotic systems, Uchl1 codes for an important enzyme specifically expressed within dopaminergic 
neurons, and the activity of this protein is regulated by an antisense SINEB2 element as well as an 
antisense transcript AS-Uchl1[96,97]. Under conditions of metabolic stress, such rapamycin treatment, AS-
Uchl1 subcellular localization transitions from being primarily nuclear in abundance towards cytoplasmic 
enrichment, with discrete foci detectable by FISH at active polysomes due to the 5’ cap-independent 
translation of Uch11. 

In another scenario, lnc-DC is a lncRNA expressed within dendritic cells, and is a crucial component for 
the activation of STAT3 signaling. This modulation of STAT3 activity occurs because lnc-DC binds to SHP1-
containing protein foci, preventing SHP1-STAT3 interactions, and, in turn, allowing for phosphorylation of 
STAT3 at residue tyrosine-705 by a number of kinases[98]. This implies that lncRNAs function as scaffolds 
that recruit cytoplasmic enzymes (i.e., ubiquitinases, or kinases) essential in mediating post-translational 
modifications of cytoplasmic proteins. These observations also raise questions as to whether lncRNAs can 
recruit adaptor proteins such as GRB2 to the vicinity of the carboxy-termini of membrane-bound receptors 
containing SH2 domains, which are responsible for the direct modulation of RTK-mediated cell signaling 
cascades. These observations also support an earlier hypothesis from studies on RNA viruses, concerning 
RNA-lipid interactions, specifically those with charged moieties including phosphatidylcholine (PC) and 
phosphatidylserine (PS), are crucial in supporting life[99-102]. Further work is warranted to elucidate the 
complexities of these lncRNAs that operate as trans regulators of cell signaling pathways. 

ROLE FOR NCRNAS IN CANCER METASTASIS
The role of ncRNAs in the progression of the metastatic cascade has gained interest over the past decade. 
Small nucleolar RNAs (snoRNAs) for instance regulate the presence of ribosomal RNA (rRNA) modifications 
important in modulating a number of cellular phenotypes. snoRNAs are essential modulators of pre-rRNA 
processing through formation of a 10-21 nt RNA duplex around a specific base-pair modification[103-105]. 
These modifications direct the snoRNA complex to the location of enzymatic cleavage of A-sites on the pre-
rRNA molecule resulting in liberation from the rRNA processing complex. snoRNAs are also important in 
the regulation of the spliceosome complex and the splicing of introns across a number of RNA molecules, 
including mRNAs, lncRNAs, and rRNAs[106,107]. snoRNAs can also regulate mRNA molecules at single nt 
resolution, mostly via methylation of adenosines (i.e., m6A) that alter the post-transcriptional processing of 
those modified mRNAs, or via 2’-O-ribose methylation of the spliceosomal machinery. Finally, snoRNAs are 
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expressed from independent transcripts indicating each snoRNA gene is potentially regulated in a spatial 
and temporal pattern, and implies the regulatory mechanisms controlling a process such as RNA splicing is 
highly cell-context specific[108]. For instance, snoRNAU50 is responsible for methylating residue C248 on the 
28S rRNA subunit, and has been further implicated in supporting a tumor-suppressor phenotype in breast 
and prostate cancer[109]. However, SNORD26 and SNORD30 are important regulators of rRNA processing, 
and are expressed at higher abundance in metastatic prostate tumor samples, as compared to those having 
low Gleason scores, presumably to support the increased demand for protein synthesis required during 
tumorigenesis[17,110]. These studies support the notion that ncRNAs such as snoRNAs operate in a cell-context 
dependent manner, and therefore the continued investigation of specific ncRNAs responsible for modulating 
RNA splicing events, or the addition of RNA modifications that support a favorable cellular environment for 
processes such as metastasis to occur, are important. Additional ncRNAs such as miRNAs also have a well 
described role within the metastatic cascade yet are beyond the scope of this review. Herein, we highlight the 
role lncRNAs play in promoting the metastatic cascade across a variety of cancer models[45,111,112].

lncRNAs have been reported to control one of the most well described processes within the metastatic 
cascade, namely the loss of E-cadherin expression on epithelial cells. Loss of E-cadherin expression is crucial 
in ensuring proper epithelial cell-cell adhesion is maintained, as cell-cell connections are present so as to 
support a state of quiescence within differentiated epithelial tissue[113]. Evidence supporting this notion includes 
studies assessing the mutational inactivation of E-cadherin or the elucidation of mechanisms underlying the 
post-transcriptional repression of E-cadherin mRNA levels[114]. Taken together, observations by numerous 
investigators support a widely accepted hypothesis that loss of cellular polarity through the disruption of cell-
to-cell or cell-to-extracellular matrix (ECM) contacts is required for the initiation of metastasis. 

Specific lncRNAs crucial in controlling E-cadherin abundance include FEZF1-AS1, which is found to 
be dysregulated in non-small cell lung cancer (NSCLC) samples, as compared to adjacent normal tissue 
samples[115]. FEZF1-AS1 is also highly expressed in poorly differentiated tumor tissues as well from as those 
of advanced tumor stage. FEZF1-AS1 abrogates the expression of E-cadherin by directly competing for 
LSD1 binding, which disrupts the required association between E-cadherin and the LSD1/EZH2 complex 
necessary for reducing turnover of the E-cadherin molecule itself. Therefore, lncRNAs operate not only 
as sponges or decoys that modulate the RNA network within a cell, but also as disruptors of cytoplasmic 
protein complexes essential in maintaining cellular polarity. 

Another example of a lncRNA that regulates E-cadherin abundance includes lncRNA-ATB, which promotes 
the invasion of colorectal cancer cells after TGF-β activation. This is a relevant mechanism to study, as 
lncRNA-ATB harbors clinicopathologic significance, and correlates with tumor stage, as well as the presence 
of metastatic foci within the sentinel lymph node and/or at distant organ sites. Furthermore, lncRNA-ATB 
associates with reduced overall- and disease-free survival within colon cancer patients[116], and is elevated 
in the serum of patients post-surgery, indicating lncRNAs are present in circulating biofluids and function 
as biomarkers for tumor progression. Overall, with the advent of genome-wide transcriptomic studies, 
consortiums such as ENCODE[117] and TCGA[27] have amassed a vast array of information that investigators 
can utilize to elucidate how a particular lncRNA can modulate a series of RNA interaction networks 
involved in the attenuation of metastatic phenotypes within a cell. Given this effort, there are a number of 
newly identified lncRNAs strongly associated with metastasis that have the potential to be clinically relevant 
readouts for this biological process. Here, we report on several lncRNAs that play an important role in the 
metastatic process[118-120].

The new linc’s on the block
Since 2012, the number of studies highlighting lncRNA involvement within the metastatic process has 
increased nearly 20-fold to approximately 200 manuscripts being reported in Pubmed.gov this year. Half of 
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these papers discuss how particular lncRNAs regulate the biochemical steps crucial for the initiation and 
maintenance of metastatic dissemination. These new lncRNAs are intriguing entities to study, as they have 
putative tumorigenic activity across a number of epithelial tumors, and are expressed at levels sufficient 
enough for investigators to perform both gain- and loss-of-function studies, and to assess the phenotypes 
that result upon lncRNA dysregulation. 

Elucidating the role of these lncRNAs could further illuminate our understanding of the regulatory processes 
involved in the initiation of cellular depolarization and motility, as well as the crucial genetic factors required 
for metastatic dissemination. Below, we highlight examples of a few lncRNAs that regulate important cellular 
activities in epithelial tumors, which could be utilized for the development of new therapeutics for patients 
with metastatic disease. 

H19
H19 is a 2.3-kb oncofetal lncRNA gene derived from the IGF2 locus important in regulating cellular 
differentiation programs during development, including maternal imprinting[120]. While H19 is expressed 
from only one parental allele, robust levels of H19 are present during embryonic development, which is 
rapidly downregulated postnatally[121-125]. Improper H19 gene dosage compensation due to the lack of 
maternal imprinting results in embryonic lethality in mice, associates with certain clinical manifestations 
of those with Beckwith-Wiedemann syndrome, and correlates with an increased risk of developing Wilms 
tumor of the kidney[126-129]. H19 is also highly expressed in a number of tumors, and supports metastases 
by antagonizing ncRNAs and epigenetic regulators, such as chromatin modifiers crucial in maintaining 
epithelial polarity[130]. A recent study indicated that a single nucleotide polymorphism (SNP), rs2107425 
located within an intron of the H19 gene, was associated with reduced metastatic free survival. This SNP 
does not affect the abundance of H19 in breast cancer patients, as compared to those not harboring the 
rs2107425 variant. Instead, this SNP alters the activity of H19 either by preventing binding to a cognate 
ncRNA or RBP responsible for modulating metastatic processes, or by promoting an alternative splicing 
event resulting in the modulation of the ceRNA network[131]. 

H19 also has a direct role in regulating the cellular processes of invasion and angiogenesis crucial for the 
progression of metastatic disease. For instance, H19 associates with the TF enhancer of zeste homolog 
2 (EZH2) in turn downregulating the expression of gatekeeper genes such as E-cadherin and adenoma 
polyposis coli (APC)[131,132]. H19 also supports constitutive WNT signaling by inhibiting the activity the 
WNT-antagonist Nkd1. Given Nkd1 inhibits WNT activity, it is plausible H19 is a crucial regulator of an 
autoregulatory feedback loop important in preventing the stochastic expression of WNT family members. 
The importance of WNT signaling as regulators of metastatic progression are discussed later in this review. 
However, Nkd1 itself is a specific regulator of clock and is regulated in an oscillatory manner by a number 
of factors. This also implies H19 synergizes with WNT/NKD1 signaling to regulate the circadian rhythm 
pathways essential for proper vertebrate embryogenesis, but also the molecular clock genes that provide 
important spatial information for the inappropriate re-activation of embryonic genes that induce tumorigenic 
processes such as proliferation, invasion, angiogenesis, as well as EMT[133,134].

Understanding the regulation of H19 is important as certain types of cancer are dependent upon H19. In 
fact, BC-819 is an approach utilizing a plasmid expression system coding for diphtheria toxin under the 
control of an H19 regulatory sequence. Intratumoral injection of BC-819 in vivo as well as intraperitoneal 
(IP) injection of the compound in ovarian cancer patients is undergoing phase I/II clinical trials and shows 
promise at extending survival rates by reducing tumor burden[135-137]. Additional clinical trials include the 
ectopic expression of BC-819 via intravesical instillation in bladder cancer patients, and BC-819 vaccination 
in combination with gemcitabine for those with pancreatic adenocarcinoma. While both trials show promise 
as an effective approach to deliver lncRNAs in cancer patients[135-137], it will be interesting to determine the 
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specificity of BC-819 in mitigating the number of metastatic foci detectable in these patients or if this therapy 
extends tumor latency.

SPRY4 intronic transcript 1 
Recently, SPRY4 intronic transcript 1 (SPRY4-IT1) was reported as a novel lncRNA crucial in regulating the 
initiation and progression of EMT across a number of epithelial carcinomas[138]. SPRY4-IT1 is transcribed 
from an intronic region within the SPRY4 gene and is approximately 708bp in length. SPRY4-IT1 is unique 
in that this lncRNA contains several known hairpin structures that associate with particular RBPs[139]. 
Therefore, investigators have some notion regarding the mechanisms by which SPRY4-IT1 controls cellular 
processes important in supporting a metastatic phenotype and includes altering the expression of regulatory 
genes such as MCM2, XIAP, LPIN2[138]. Functional studies indicate that aberrant expression of SPRY4-IT1 
also modulates the migratory and invasive capacities across a number of in vitro cancer models and does this 
in part by regulating DNA repair genes, such as MDM2 and CDK1.

SPRY4-IT1 also controls the process of EMT through the modulation of intermediate filament proteins, such 
as fibronectin and vimentin, resulting in the fine-tuning of the molecular inputs initiated by Snail and TGF-β 
localization and activity. Specifically, in esophageal squamous cell carcinoma (ESCC), the overexpression of 
SPRY4-IT1 disrupts the nuclear localization of Snail, and facilitates TGF-β-induced EMT[140-142]. Mechanistically, 
it is still unclear as to how SPRY4-IT1 reduces the expression of epithelial cadherins (i.e., E-cadherin), while 
subsequently promoting the expression of neuronal or mesenchymal cadherins (i.e., N-cadherin). SPRY4-
IT1 is known to modulate gene activity via dampening global H3K27me3 distribution, which is not in of 
itself not biologically informative; however, SPRY4-IT1 can induce H3K27me3 methylation of the EZH2 
gene promoter, and subsequently promote the repression of E-cadherin gene expression[143]. This post-
transcriptional chaperone activity of chromatin modifying complexes to particular gene loci is a typical 
feature of lncRNAs and is crucial in dampening unwarranted transcripts during cellular development.

It would also be interesting to determine if SPRY4-IT1 interacted with a selective subset of miRNAs that 
supported the development of angiogenesis. For instance, miR-126 inhibits tumor growth and results in 
decreased micro-vessel density in cervical cancer[144,145]. SPRTY-related proteins, such as SPRED1 have been 
reported to bind to miR-126 and control tumor neo-angiogenesis, as well. Therefore SPRY4-IT1 may be a 
crucial component of the ncRNA network responsible for tumor neo-angiogenesis. 
 
Highly upregulated in liver cancer 
Highly upregulated in liver cancer (HULC) was first identified in hepatocellular cancer and is highly 
expressed in liver cancer, as well as in a number of carcinomas that metastasize to the liver, including colon 
and breast cancer[146,147]. Two recent studies suggest that HULC promotes angiogenesis as well as neo-angiogenesis, 
essential processes in the progression of metastasis as micro-metastatic lesions require an oxygen-rich environment 
to meet the demand of tumor growth within an hypoxic environment. For instance, Zhao et al.[148] found that 
overexpression of HULC in hepatocellular cancer cells results in an increase in the pro-angiogenic factor 
SPHK1. Specifically, HULC functions by sequestering miR-107, a bona fide target of which is the TF E2F1. 
The derepression of E2F1 results in the enhanced transcription of SPHK1, and by extension enhanced rates 
of vessel tube formation as well as increased tumor burden in a murine xenograft model. This HULC-
specific upregulation of angiogenic processes was further tested in a chicken chorioallantoic membrane 
(CAM) assay, whereby condition medium from HULC overexpressing cells promoted increased growth of 
vessels within the chicken embryo. 

Additional mechanisms by which HULC induces angiogenesis includes the sponging of miR-372 away 
from genes important in modulating the growth and survival of cancer cells. Additionally, HULC itself is 
transcriptionally upregulated by pro-metastatic growth factors, receptors, and RBPs including IGF2 mRNA-
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binding protein 1 (IGF2BP1), as well as members of the protein kinase A (PKA) signalling pathway[146,149]. 
Going forward, HULC shows promise as a therapeutic target for patients with metastatic disease, and 
therefore further investigation is warranted.

Estrogen receptor regulated lincRNA 01
The role for lncRNAs regulating hormone-signaling pathways related to the metastatic cascade are less well 
understood. In general, 17β-estradiol is known to regulate the activity and abundance of TGFβ signaling[150,151], 
as well as modulate the levels of E-cadherin[152]. Together, 17β-estradiol, and moreover active ERα signaling 
are crucial in maintaining an epithelial phenotype by suppressing the pathways associated with EMT. 
17β-estradiol/ERα signaling also controls the activity of certain ncRNAs, such as the miR-200 family of 
miRNAs, which regulates EMT promoting TF regulators such as ZEB1 and Smad interacting protein 1 
(SIP1)[31]. This indicates steroid hormone signaling pathways can modulate ncRNA networks responsible for 
tumorigenesis and metastatic dissemination. For instance, our group identified lncRNA estrogen receptor 
regulated lincRNA 01 (ERRLR01) as a prognostic biomarker in breast cancer, which is regulated by ERα 
activity in breast cancer tumors. Specifically, ERRLR01 is highly expressed in triple-negative breast cancers, 
yet not in samples derived from patients with ERα+ tumors. Follow up experiments indicated 17β-estradiol 
also altered the levels of ERRLR01 in ERα+ cells lines (i.e., MCF-7 and T47D)[25,153]. 

Given 17β-estradiol is a crucial regulator of EMT[28], we surmise ERRLR01 and other lncRNAs are crucial 
mediators of the metastatic cascade. Another example of a hormone-sensitive lncRNA is linc00461, which 
modulates the activity of CREB, a known 17β-estradiol regulated TF. Interestingly, linc00461 interacts with 
miR-9 as a sponge releasing miR-9 from its cognate mRNA targets, thereby altering the activity of CREB, 
and subsequently modulating the proliferation and migration of glioma cells[154]. linc00461 also regulates 
tumorigenic and metastatic phenotypes in melanoma cells[155], therefore further work elucidating the 
mechanism of action for linc00461 is warranted. 

Colon cancer associated transcript 2
The lncRNA colon cancer associated transcript 2 (CCAT2) was first discovered via genome-wide SNP-
association studies whereby investigators determined if particular genomic variants associated with cancer 
incidence[156]. Previously many SNPs remain understudied because they occur within the ncRNA region of 
the genome. With our current understanding of the ncRNA landscape, new variants are being reassessed for 
functional significance in cancer. SNP, rs6983267, was of particular interest as this variant maps to the 8q24 
region of the genome, which correlates with higher incidences of a number of epithelial tumors, including 
colorectal, prostate, ovarian, and inflammatory breast cancer[157]. Subsequent studies indicate CCAT2 levels 
are expressed at higher frequencies in tumor samples from colorectal cancer (CRC) patients with metastatic 
disease[111,156,158,159]. CCAT2 is also highly expressed in small cell lung cancer (SCLC) samples and is highly 
correlated with poor prognosis, as well as the presence of metastasis, signifying CCAT2 is an independent 
prognostic biomarker and/or therapeutic target for a disease with limited therapeutic options. 

The regulatory mechanisms by which CCAT2 controls the progression of metastatic events is still unclear. 
Gain- or loss-of-function studies demonstrate that CCAT2 can modulate the proliferation and invasion 
potential of cancer cells in vitro, as well as the number of micro-metastatic lesions at distant organ sites 
utilizing murine xenograft models. However, the only reported cellular mechanism of action by which 
CCAT2 alters the metastatic potential of cells involves WNT signaling. The WNT gene family are crucial 
regulators of metastatic progression as WNT coupling to Frizzled receptors on the cell surface allows for the 
release of β-catenin from the GSK-3β ubiquitination complex[160,161]. β-catenin then enters the nucleus and 
operates as a transcriptional co-activator along with TCF/LEF, which together promotes the transcription 
of genes supporting metastatic progression. Here, CCAT2 overexpressing cell lines harbor increased WNT 
activity, while siRNAs directed towards CCAT2 reduced both the nuclear and cytoplasmic abundance of 
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β-catenin, which in turn resulted in reduced CCND1 and MYC protein expression[162-168]. Moreover, the 
phenotypes observed under CCAT2 knockdown conditions operated synergistically with small molecule 
WNT inhibitor, FH-535. These studies indicate CCAT2 imparts a specific regulatory function through the 
augmentation of the WNT signaling pathway, and as such, contributes to a pro-metastatic phenotype.

Myocardial infarction associated transcript
The lncRNA myocardial infarction associated transcript (MIAT) has been linked to several chronic 
disorders including myocardial infarction[169,170], paranoid schizophrenia[171], and neuroendocrine-derived 
prostate cancers[110]. MIAT interacts with a number of epigenetic modifiers in neuronal crest cells including 
PRC1/2 and ZEB1 that when altered results in the modified migratory capacities of these cell lines[172]. MIAT 
is also disrupted in a number of cancer cell lines, and is expressed at significantly lower levels in grade 
I-II breast tumors, as compared to those considered high grade III-IV tumors[110]. MIAT also modulates 
the invasive capacities of breast cancer cells by mediating the ncRNA interaction networks between ZEB1 
and certain miRNAs, such as miR-150 and miR-29[173]. For instance, knockdown of MIAT promotes the 
expression of miR-150, yet also results in the reduction of miR-29 levels. This results in breast tumor cell 
lines transitioning from a pro-proliferative state towards a more quiescent yet migratory phenotype[72,174,175]. 
There are two mechanisms by which MIAT could alter these miRNA interaction networks. The first is that 
MIAT functions as a ceRNA and operates as a sponge for miR-150, reducing the bioavailability of miR-150 
to interact with cognate mRNA transcripts such as ZEB1. The second is that MIAT operates as a chaperone 
or scaffold that recruits co-repressor complexes to the promoter of the MIR150 host gene, subsequently 
reducing the transcriptional output of miR-150. While both scenarios may not be mutually exclusive from one 
another, these regulatory interactions reinforce the notion that EMT is a highly controlled cellular program 
responsible for modulating the expression of E-cadherin, which is initiated by several key transcriptional 
repressors including ZEB1[176,177]. Interestingly, the resulting consequence of the MIAT-miR-150 interaction 
is the increased expression of ZEB1 and, in turn, a pro-metastatic phenotype, through the transcriptional 
upregulation of the MIR29 host gene. miR-29 promotes the invasive capabilities of cells by diverting the 
energy demand required for cellular proliferation and redirecting those energies towards signaling pathways 
that encourage motility and invasion[178,179]. This occurs in part by modulating the expression of cell-cycle 
checkpoint genes such as CDKN2A. Therefore, MIAT represents a characteristic example of how lncRNAs 
can modulate the activity of RNA-RNA interactions by controlling the bioavailability of other ncRNAs, in 
turn, reprograming cellular signaling cascades to support a pro-metastatic phenotype.

BMP/OP-responsive gene 
Recently, the lncRNA BMP/OP-responsive gene (BORG) was identified to play a vital role in augmenting 
proliferation and survival cues within breast cancer cells[71,180]. Specifically, BORG interacts with the 
TRIM28 TF, which modulates the transcriptional co-repression of Cdkn1a and Gadd45a[181,182]. The presence 
of this BORG-TRIM28 binding complex is also linked with shorter tumor latency within breast cancer 
patients and correlates with a faster outgrowth of cancer cells in 3D culture systems. TRIM28 can also 
function as a transcriptional activator or repressor depending upon the chromatin architecture or extent of 
heterochromatization within the nucleus. BORG localizes predominantly to the nucleus and has a unique 
function as it reinforces the repressive actions associated with TRIM28. As an example, repression of BORG 
in metastatic D2.A1 breast cancer cells prevents migratory outgrowths within 3D matrigel culture systems, 
as well as the abundance of micro-metastatic colonies in lung tissue utilizing an invasive breast cancer 
transplant model[180]. Furthermore, in aggressive metastatic breast cancer the expression of BORG is higher 
as compared to samples derived from non-malignant mammary tissues. Therefore, BORG clearly modulates 
the invasive capacities of breast cancer cells.

While RNA immunoprecipitation (RIP) experiments indicate that TRIM28 in fact requires BORG for 
binding to specific gene promoter regions, such as those neighboring Cdkn1a and Gadd45a[180], it is still 
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unclear as to how BORG modulates TRIM28 binding to specific chromatin regions that in turn modulates 
a metastatic phenotype. One assumption is that specific sequence regions of BORG, outside the identified 
TRIM28 binding sequence, interacts with TRIM28 or additional TRIM domain-containing TFs through 
stacking interactions. These lncRNA structure-based interactions, mediate recruitment of the TRIM28 
transcriptional protein complex to the proximal promoters of genes such as Cdkn1a and Gadd45a. BORG 
also confers a unique transcriptional signature that is enriched for KRAS signaling, as compared to non-
metastatic D2.OR breast cancer cells. Further studies elucidating the role of BORG in human breast cancer 
cells, as well as the regulatory role within the metastatic process, are warranted.

Prostate cancer associated transcript 1
Through genome wide RNA sequencing experiments, Prensner et al.[183] identified prostate cancer associated 
transcript 1 (PCAT1) as a lncRNA highly upregulated in metastatic prostate cancer samples, as well as those 
considered high grade (i.e., stage II-IV). Upon knockdown of PCAT1 in prostate cancer cell lines, Prensner et al.[183] 
identified 370 genes expressed differentially, many of which were associated with cell-cycle progression and 
mitosis, as well as cytoskeleton and microtubule regulation. Knockdown studies indicated that loss of PCAT1 
resulted in an approximate 25% reduction in cellular proliferation, though the mechanism by which PCAT1 
promotes an invasive phenotype is still unclear. One possibility may be due to the involvement of PCAT1 
in the homologous recombination (HR) repair pathway. One can surmise, for instance, that as epithelial 
progenitor cells proliferate, the acquisition of successive mutations within the genome across daughter 
generations provides an opportunity for such cells to undergo a process such as EMT[12]. Interestingly, PCAT1 
is inversely correlated with BRCA2 expression in LNCaP cells, while the knockdown of PCAT1 resulted 
in the upregulation of BRCA2, a crucial component of the DNA repair pathway[184,185]. Moreover, PCAT1 
overexpression alters the formation of RAD51 and ɣ-H2aX foci after radiation-induced DNA damage, 
while naturally occurring polymorphisms within the genome, such as rs7463708, can promote an enhanced 
proliferative and migratory state within prostate cancer cell lines[186]. Therefore, it is entirely plausible that the 
reduction in chromosome stability via enhanced PCAT1 activity supports not only a pro-tumorigenic state, 
but a pro-metastatic phenotype as well. Separating these two distinct yet equally important mechanisms will 
be crucial in developing novel therapeutics to treat those with advanced prostate cancer.

CONCLUSION
Overall, lncRNAs play a multifaceted role in controlling the ncRNA network, which is vitally important 
throughout embryogenesis and vertebrate development. Here we discussed the ways in which lncRNAs can 
function as metastatic regulators, primarily by controlling epigenetic mechanisms, such as the recruitment 
of co-repressor complexes including PRC1/2, as well as co-transcriptional complexes such as CREB/REST to 
specific chromatin regions. Therefore, lncRNAs represent a unique class of ncRNA that operate as scaffolds 
to bring specific chromosomal foci into proximity with epigenetic regulators and chromatin modifiers. 
lncRNAs also control the appropriate expression of the DNA methylation machinery such as DNMT1, 
and function as competitive binding partners for other ncRNAs with complementary sequences. As such, 
lncRNAs serve as potent disruptors of conserved RNA-RNA regulatory networks.

Interestingly, lncRNA sequences are not highly conserved across species, however lncRNAs harbor a 
conserved positional synteny that is linked with the regulatory function of that specific lncRNA. This presents 
a unique challenge for the lncRNA field in that determining the importance of a lncRNA molecule found to 
be differently expressed under certain experimental conditions cannot be further studied by assessing the 
conservation of the sequence. Investigators will require a more nuanced approach in studying the landscape 
of the surrounding genomic architecture, the proximity of certain DNA response elements, and if specific 
protein coding genes flank the lncRNA, while also keeping in mind the state of the surrounding chromatin 
architecture and determining if the DNA region is highly hetero- or eu-chromatinized [Figure 2C].
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This also means that the function of a particular lncRNA using a mouse model of metastasis for instance, 
does not always imply that the mechanism of action of those lncRNAs function similarly in human cells. 
For instance, the use of genetically engineered mouse models (GEMMs) that have a propensity to develop 
metastasis may provide some useful information yet may not provide a complete picture regarding the 
mechanisms by which a specific lncRNA promotes metastasis in human systems. Therefore, additional 
technologies will be required to assess the functionality of metastatic-specific lncRNAs. For instance, the use 
of humanized mouse models, 3D culture systems, and use of conditionally reprogrammed cells from human 
tissue, all will aid investigators in determining the bona fide relevance of functionally conserved lncRNAs.

In many cases lncRNAs are expressed at lower abundance than cytoplasmic mRNA, thereby making it 
difficult to assess whether lncRNAs are functionally relevant, or present as a result of leaky transcriptional 
activity. As an example, lncRNAs can regulate the processing of nascent transcripts generated from RNA 
polII-based transcription. These lncRNAs may only number a few copies in the cell at any given time yet 
can bind in a 1:1 stoichiometric relationship with the nascent mRNA altering the stability of the newly 
synthesized RNA molecule. Technologies such as global run on sequencing[187], which is a sensitive and 
high throughput type of nuclear-run on assay, have been developed to specifically determine the relevant 
abundance of a particular lncRNA binding these nascent transcripts. Additionally, techniques such as high-
throughput sequencing of RNAs isolated by crosslinking immunoprecipitation (CLIP)[188] and cross-linking, 
ligation and sequencing of hybrids (CLASH)[189] have been utilized to gauge the abundance, enrichment, 
and/or composition of composition of ncRNAs within particular RNA-RBP cytoplasmic complexes. As 
sequencing technology develops and the cost to perform these analyses decrease, the utilization of these 
biochemical approaches coupled with these high-throughput sequencing methods will pave the way for new 
discoveries regarding lncRNA function.

Despite these challenges, it is clear that lncRNAs play a crucial role in driving a metastatic phenotype, 
and in particular regulate the initiating steps of metastasis such as EMT. Given EMT is the process of 
cell fate switching, or reactivation of embryogenic programs that convert epithelia cells to those harboring 
a mesenchymal phenotype, the continued approach of utilizing reductionist-based investigations within 
well-defined model systems will help in elucidating the mechanisms by which individual lncRNAs regulate 
the underlying biology of metastasis. Given the advances in sequencing technology as well as a renewed 
scientific interest in lncRNA biology, the number of publication discussing the role of lncRNAs in metastasis 
will most likely double in the next year. The continued demand for reliable biomarkers of metastasis will also 
fuel research towards the development of prognostic and predictive indicators for patients with high grade 
tumors harboring metastatic dissemination. In conclusion, the lncRNA field is certainly in its infancy, yet 
is considered to be the wild-west of the post-genomic era and has the potential to unlock the key to some of 
the most prevalent challenges associated with treating patients with metastatic disease. 
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