Long non-coding RNAs as key regulators of cancer metastasis
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ABSTRACT

The recent advances in functional genomics have discovered that a large number of long non-coding RNAs (IncRNAs) are pervasively
transcribed from the human genome. Increasing evidence further indicates that IncRNAs are important for gene expression during cell
differentiation and development through various mechanisms such as nuclear organization, post-transcription regulation, alternative
splicing, and epigenetic regulation. Thus, aberrant expression of IncRNAs can cause abnormality in those cellular functions and lead to
various pathological conditions. One of such fatal consequences is cancer metastasis which is responsible for more than 90% of cancer-
related deaths. A good understanding of how IncRNAs regulate different genetic and epigenetic changes during different stages of cancer
metastasis is important not only for general cancer biology but also for identification of novel biomarkers and therapeutic targets for treatment
of metastatic cancer. A significant progress has been made regarding the role of IncRNAs in cancer for past several years. In this study, we
first discuss general functions of IncRNAs and then highlight recent findings of how IncRNAs impact cancer metastasis, and finally we
provide our perspectives on clinical implications of IncRNAs.
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INTRODUCTION

It is well-known now that protein-coding genes account only
about 2% of the human genome,'! whereas the vast majority
of the transcripts do not code for protein.”? Although these
non-coding RNAs were considered “transcriptional noise”,
their functions are increasingly valued for defining the

cellular complexity of organisms. For instance, the number
of protein-coding genes in humans is only a 2-fold more
than that in worms such as Caenorhabditis elegans do,!)
implying that the protein alone is not sufficient to determine
the complexity of organisms. Instead, this complexity may
be achieved by efficient programming, which helps in handy
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expression and functioning of protein in a different context.
The versatility and plasticity of non-coding RNAs help in
such programming of protein function by regulating their
expression and assembly in contextual cues.

Non-coding RNAs include a broad category of RNA
molecules. Some of them are constitutively expressed in
the cells, and they may play a housekeeping role such as
ribosomal RNA, transfer RNA, small nuclear RNA, and
small nucleolar RNA (snoRNA). In contrast, other non-
coding RNAs may be spatiotemporally expressed, and they
often play a regulatory role.
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Figure 1: Flow of genetic information involving messenger RNA and long
non-coding RNA

These regulatory RNAs, on the basis of their size, are
arbitrarily classifi ed into two groups. The first group is
small non-coding RNAs (< 200 bp in length) such as short
interfering RNA, microRNA (miRNA), and piwiRNA.
The second group of non-coding regulatory RNAs is long
non-coding RNAs (IncRNAs) (> 200 bp in length).[**! Like
protein-coding genes, most IncRNAs are polyadenylated
and capped.l’ Both protein-coding genes [messenger RNA
(mRNA)] and IncRNAs carry genetic information [Figure 1];
however, their functions can be very different. Based on their
locations in the genome, IncRNAs can be derived through
the following means: (1) intergenic IncRNAs which are
located between two genes; (2) sense or antisense IncRNAs
which may overlap with an exon of another transcript in
the same or opposite direction; (3) intronic IncRNAs which
reside within an intron and do not overlap with any exon; (4)
processed transcripts which reside in a locus where none of
the transcript has an open reading frame and thus, do not fit
into any other categories because of structural complexity.

To date, an overwhelming number of IncRNAs have
been reported. For example, the non-code database lists
over 56,000 human IncRNAs (http://www.noncode.org)
whereas LNCipedia (http://www.Incipedia.org/) lists over
110,000 human IncRNAs. Although no unified source for
categorizing and annotating IncRNAs is available yet,
evidently, the number of IncRNAs is much larger than the
number of protein-coding genes. Since IncRNA research
is still at a very early stage and the majority of IncRNAs

Table 1: Function of IncRNAs
LncRNA Function
ANRIL, XIST, HOTAIR, H-19

Transcription control by
chromatin modifi cations
Transcriptional regulation
Precursor for miRNA
Regulators of miRNA function

LincRNA p21

H-19

Loc285194, Gas 5,
IncRNA-ATB, CCAT1
PTENPI1, KRASIP, Gas 5 Decoy
RoR, NEAT1, TER Scaffold

IncRNAs: long noncoding RNAs; IncRNA-ATB: IncRNA is
activated by cytokine transforming growth factor-f; CCAT1:
colon cancer-associated transcript 1; TER: telomerase RNA;
NEAT1: nuclear paraspeckle assembly transcript 1; ANRIL:
antisense non-coding RNA in the INK4 locus; HOTAIR: Hox
transcript antisense intergenic RNA; XIST: X-inactive specific
transcript; miRNA: microRNA

are poorly characterized, there is a critical need for a better
understanding of their functions and role in cancer, and
especially, how they impact metastasis.

LNCRNASASMASTER GENE REGULATORS

Given that they can interact with RNA, DNA, and protein,
IncRNAs have been shown to have an impact on almost
every aspect of gene regulation. We list a few of examples
as follows [Table 1].

Transcriptional regulation

Histone modifications such as acetylation and methylation
impact chromatin structure and subsequent transcriptional
activity. A large number of IncRNAs have been shown to
play a role in regulation of chromatin structure. Polycomb
repressive complex (PRC1 and PRC2) consists of several
enzymes, including enhancer of zest homolog 2 (EZH2),
and is essential for histone methylation.®) Antisense non-
coding RNA in the INK4 locus (ANRIL) is one of the
IncRNAs that can suppress transcription by remodeling
chromatin structure. In this regard, the human chromosome
9p21 harbors INK4b/ARF/INK4a locus which has 3 coding
genes, p'Y/ARF, p'/CDKN2B, and p'CDKN2A along
with ANRIL. ANRIL is an antisense IncRNA, overlapping
with p’*/CDKN2B and p'*/CDKN2A." Binding of ANRIL
to PRC1 and PRC2 facilitates the recruitment of PRCI
and PRC2 into the INK4a/ARF locus, which causes
trimethylation of the histone and reduces transcription
activity of the locus.'7 Similarly, X-inactive specific
transcript (XIST) is akey regulator of X chromosome activity
by chromatin structure modifications during embryonic
development. XIST recruits EZH2 in X chromosome and
then causes the trimethylation of histone, leading to a factual
heterochromatin structure and silencing of one of the two X
chromosomes.™"!! Besides, recruitment of different proteins
in a gene promoter region can also change the transcription
activity. For example, the enrichment of hnRNP-K in the
promoters of p53 regulated genes represses the transcription
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of those genes.' However, lincRNA-p21 interacts with
hnRNP-K and helps enrichment of hnRNP-K into these
promoters, resulting in transcription suppression.!') On the
other hand, p53 enhances transcription of lincRNA-p21,
thus forming an auto-regulatory feedback loop.

LNCRNA AS A PROGENITOR OF SMALL
RNAS, REGULATING THEIR FUNCTIONS

Although there is still no concrete evidence yet, IncRNAs
may be post-transcriptionally processed into the small
RNAs. For instance, the computational analysis indicated
that exons of IncRNAs are highly enriched with small
RNAs. In fact, snoRNAs are enriched 6-fold higher in
their exons than any other genomic loci.'Y Similarly, many
miRNAs are derived from transcripts which are capped and
polyadenylated including IncRNAs. About 20% miRNAs
are overlapped with either introns or exons of IncRNAs.[*
LncRNA H19 is one such prominent example which serves
as the precursor of miRNA. The pri- and pre-miR-675
resides in H19 and expression of miR-675 coincides with
H19 in murine embryo. However, miR-675 is not expressed
in NIH3T3 cells that lack H19 expression. The digestion
of 32P-labeled H19 clone with Drosha: DGCRS8 (enzyme
for miRNA biogenesis) releases 57 nucleotide long pre-
miRNA 675, indicating that H19 is the parental transcript
of miR-675.11¢

LncRNAs not only serve as the precursor for the small
RNAs but also regulate the expression and the function of
miRNAs. The IncRNAs provide putative binding sites for
miRNAs. Such interactions alter the expression and the
function of mature miRNAs. For example, 10c285194 is a
tumor suppressor in colon cancer and it carries two binding
sites for oncogenic miR-211. This interaction does not affect
the pri- and pre-miR-211 level but alters the mature miR-
211.17 Similarly, growth arrest-specific 5 (Gas5) regulates
the level of miR-21 through their interaction. Apparently,
Gas5 does not affect the pre- and pri-miR-21. Moreover,
both miR-21 and Gas5 are found in RNA-induced silencing
complex (RISC), suggesting that Gas5 regulates miR-21
through RNA interference (RNAi) mechanism.!'®!

LNCRNAS AS ADECOY

A pseudogene is a class of IncRNAs, derived from mutations
in protein-coding genes. They usually have similar
sequences to their parental gene with few mismatches.
This resemblance in structure could entice different cellular
entities as IncRNAs rather than mRNAs, impacting the
cellular function. For example, PTENP1 is a mutated form
of PTEN and their sequences differ by only 18 mismatches.
PTEN carries a number of different sites for miRNA in
its untranslated region (3’-UTR). Although PTENP1 is 1
kb shorter in the 3’-UTR than PTEN, most of the miRNA
binding sites are conserved. This can trap many miRNAs to
PTENPI to compete with PTEN.I'! A similar relationship

was also observed between Kras and its pseudogene
KRASIP. KRASIP is amplified in most of cancers with
activated Kras, indicating a positive correlation between
them. Although how KRASIP regulates KRAS level is not
well-understood, it may act as a sponge for miRNAs that
bind to the 3’-UTR of Kras and prevents degradation of Kras
transcript.l"”? The IncRNA decoy function is not limited to
miRNAs, and it can also be applied to DNA. For instance,
Gas35, which is enriched in growth-arrested cells,” inhibits
the function of glucocorticoid receptor (GR) by competing
with glucocorticoid response element (GRE) to bind GR.
GR is a transcription factor and is activated by ligand and
subsequently the activated GR binds to GRE to initiate
transcription of downstream genes. A part of Gas5 sequence
is capable of forming 6 hairpin structures; among them,
hairpin structure 5 has two GRE-like structures that mimic
GRE. Therefore, GR could bind Gas5 instead of GRE,
and as a result, this interaction hinders the GR-mediated
transcription activity.!

LNCRNAS AS A SCAFFOLDING AND
STRUCTURAL SUPPORT

Physical association between cellular entities is critically
important for coordination of a variety of cellular functions.
It is well-known that specific binding between two different
cellular components can control the reprogramming of
cellular signaling, leading to alternations of cell phenotype
or function. Apparently, proteins can serve such function
as a scaffolding and structural support.”?! Recent studies
suggest that IncRNAs can also have a similar function
because they can interact with different proteins, through
which IncRNAs provide a platform for the assembly of
various proteins. Such interactions may affect protein
localization, protein function, transcriptional activity, gene
splicing, efc. Linc-ROR is IncRNA as a regulator of induced
pluripotent cell reprogramming.” Of interest, linc-ROR
plays an important role in repression of p53 translation by
interaction with phosphorylated hnRNP I in the cytoplasm.
The physical association between linc-ROR and hnRNP I
controls p53 translation and deletion of hnRNP I binding
motif in linc-ROR abolishes its repression capability.?* The
scaffolding function of IncRNAs is also essential for the
formation of special architect-like paraspeckles, a nuclear
body structure that appears during interphase of cell cycle.
Paraspeckles are primarily composed of proteins such as
paraspeckle protein (PSP1, PSP2) and p54/nrb. Although
the function of paraspeckles is still not clear, components
within paraspeckles are known to play an important role for
transcription and alternative splicing.**?” Since paraspeckles
do not have any membrane structure, IncRNAs within the
paraspeckle may help to establish this compartment.®!
NEATT1 is one of the IncRNAs that interact with PSP1 and
together, they may help to form paraspeckles. Importantly,
the number of paraspeckles increases in vivo and in vitro with
the increase in NEAT 1 expression and deletion of NEAT1
eliminates the paraspeckles, suggesting an important role of
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this IncRNA in the formation of paraspeckles.” Another
IncRNA that provides a platform for the binding of protein is
telomerase RNA (TER). TER along with telomerase reverse
transcriptase (TERT) is essential for telomere synthesis. A
telomere is nucleotide repeat at the end of DNA which is
required for the genomic stability.*! TER is a template RNA
for the synthesis of telomere.’) TER consists of various
motifs; core domain is essential for template activity and
CR4/CR5 domain binds with TERT.*? The mutation in
core domain of TER disintegrates proper structure of this
RNA, losing the binding capability to TERT, which leads
to aplastic anemia.l*¥ This indicates that a comprehensive
structure of TER functions as a scaffold for telomerase to
bind and work properly.

CANCER METASTASIS
PROCESS

IS A MULTISTEP

More than 90% of cancer death is attributed to metastasis.
Cancer metastasis is a process in which cancer cells migrate
from its origin to a distant site and then proliferate. The two
major steps of metastasis are physical dissociation from the
origin of the primary tumor and migration to distant sites and
colonization of those migrating cells in the distant sites.**

This multistep process is usually inefficient and only very
few cells that start migrating from the origin would be
able to colonize in distant organs. The disaggregation of
cells from the primary tumor is the first event during the
metastasis. This process is greatly enhanced by loss of
E-cadherin, a protein, that helps to adhere epithelial cells
together.3%¢ The next barrier that prevents migration of the
cancer cell is basement membrane. The disintegrated cancer
cells can induce stroma to secrete proteolytic enzyme-like
matrix metalloproteinases that dissolve the basal lamina.”)
Detached cells also require motility to move from one place
to another. Several changes in cytoskeleton, interactions
between cell and matrix, and induced Rho, cdc42, and
Rac signaling are important for mobility. Furthermore,
epithelial-mesenchymal transition (EMT) is critical for
dissemination of the cancer cell to distant site as it helps
in effective motility and invasiveness and survival of the
cells.’¥ To reach the distant organs, the cells also require a
traveling path. The hematogenous route works as highway
for this process.’) Although it is still unclear how the
altered cells invade into the blood vessels, the high invasive
capacity of metastasizing cells and chemoattractive factors
in the blood may help their intravasation. Inside the blood
vessels, the migrating cells endure a constant physical
pressure as well as immune responses, an inclement
condition for tumor cells. However, the chance of survival
can be increased by adhering tumor cells to different factors
such as thrombin."*” Tumor cells may also be able to attach
to endothelial cells via protein-protein interaction (integrin
a3p1 of tumor and laminin 5 of endothelial cells) to protect
themselves from harsh condition.[*! The adherence of cells
not only prevent their possible elimination, but also help

their exit from the capillaries (extravasation). Extravasation
is primarily supported by enhanced permeability of
capillary. Vascular endothelial growth factor secreted by
tumor cells can increase the permeability of blood vessels.
In addition, other factors such as alterations in receptor
expression and physical bursting may also help in the exit
of tumor cells from blood vessels.™

Once the cells depart the capillary, they try to colonize in
distant organs. However, few of circulating tumor cells can
colonize to establish micro-metastases. The colonization
is dictated by the microenvironment of primary site and
distant site. A number of cytokines both from tumors and
the site of colonization provide mitogenic signals for the
successful proliferation, survival and resist to apoptosis in
alien environment, finally to develop macro-metastases. !

LNCRNAS AND CANCER METASTASIS

In the previous section, we highlighted the steps during
metastasis. Several genetic and epigenetic modifications
during this multistep process make cells sturdy to survive
the foreign ambience. Although we still do not have a clear
picture as to what causes those change, increasing evidence
suggests that IncRNAs play a crucial role in different stages
of metastasis [Figure 1]. We list the following IncRNAs as
examples.

Metastasis-associated lung adenocarcinoma
transcript 1

Metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) is located at chromosome 11ql13 with 8.7 kb
in length. It is expressed in most tissues with the highest
level in pancreas and lung. The elevated expression of
MALAT1 was found in metastatic cases of non-small cell
lung carcinoma, and as such, it was named MALAT1. The
high expression of MALAT1 in metastatic tumors predicts
poor prognosis.** As a nuclear IncRNA, MALAT plays an
important role in alternative splicing.**) However, loss of
MALAT1 does not seem to affect alternative splicing in the
lung cancer tissue; rather it affects expression of different
genes, including those involved in EMT (LPHN2, ABC1)
and others in regulation of metastasis formation (GPC6,
MCAM, PRCKE). Furthermore, tail vein injection of
xenograft mice with A549 cells overexpressing MALAT1
shows diffused growth in the lung. Knockdown of MALAT1
results in either fewer tumor nodules or the cells cannot exit
out of endothelial cells.*®! Similarly, loss of MALAT!1 in
A549 cells inhibits expression of those genes (CTHRCI,
CCT4, HMMR) that regulate folding of cytoskeleton and
migration of cells.*”! These lines of evidence indicate that
MALATTI is critically important for the cell motility and
extravasation of cells from capillaries.

In addition to lung cancer, MALAT1 is also important for
pancreatic and cervical cancer metastasis.*®! In pancreatic
cancer, MALAT1 enhances expression of EMT markers
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(loss of E-cadherin and gain of N-cadherin, vimentin, and
slug) dependent on transforming growth factor-f (TGF-p).
Similarly, MALAT1 was found highly expressed in cancer
stem cells (CSCs) of pancreatic cancer and knockdown of
MALAT! in those cells greatly reduces CD133+ population
and sphere formation,* suggesting an important role of
CSC formation which may help in migration and survival
of cells during metastasis.

HOX transcript antisense RNA

HOTAIR stands for HOX transcript antisense RNA with
2.2 kb in length. It is derived from HOX C gene (which
determines anterior and posterior plane during embryonic
development). High expression of HOTAIR is correlated
with metastasis, and it signifi cantly decreases the chance
of survival of those patients. Overexpression of HOTAIR
in different cell lines increases cell invasion and transforms
non-invasive cells into invasive cells in vivo. Similarly,
overexpression of HOTAIR in breast cancer MDA-MB-231
cells increases metastatic lung nodules by a 10-fold as
compared to control.>”

Like many other IncRNAs, HOTAIR impacts metastasis via
chromatin remodeling. HOTAIR can directly bind to PRC2
and LSDI, a demethylase that fl anks HOXD. This binding
coordinates enrichment of EZH2 in HOXD promoter which
causes methylation of H3K27, leading to silencing of
transcription through HOXD gene.’"! A similar mechanism
was also observed in the metastatic breast cancer cell lines,
where HOTAIR helps in PRC2 occupancy on promoter of
hundreds of genes and silences them by trimethylation of
H3K27. Many of those genes are involved in breast cancer
progression, cell adhesion, and metastasis. "

In addition to breast cancer metastasis, HOTAIR has
been attributed to enhance metastasis in oral squamous
cell carcinoma by suppressing the level of E-cadherin.*?
Moreover, HOTAIR along with miR-196a is also associated
with high-risk metastasis and poor survival of a patient with
gastrointestinal stromal tumors.[

H19

H19 is one of the first IncRNAs identified in early
1980 and its expression is in accordance to expression
of a-fetoprotein.*¥ This gene represents a maternally
imprinted gene in both humans and mice. The expression
of H19 gradually decreases from fetal tissue to adult, which
indicates its importance in embryo development.™ Initial
reports suggested that H19 could work as a tumor suppressor
in different cancer cases;®® however, other studies
suggested that H19 expression is high in tumor tissues.’”
Despite high expression in tumor samples, overexpression
of H19 in T24 bladder carcinoma cell line did not provide
proliferative advantage. This implies that H19 may regulate
metastasis rather than formation of primary tumor. Indeed,
overexpression of H19 up-regulates genes [e.g. uPAR,

tumor necrosis factor-a, interleukin-6 (IL-6), and Ezrin]
that are required for angiogenesis and metastasis in T24
cells.’! Furthermore, H19 is highly expressed in most
cases of bladder carcinoma which subsequently metastasize
compared to those that do not metastasize. Similarly, H19
level is substantially higher in invasive bladder carcinoma
cell lines than non-invasive cell lines. Mechanistically, H19
recruits EZH?2 in the promoter region of Nkd1 (an antagonist
gene of Wnt/B-catenin) and suppresses its transcription by
hyper-methylation. This makes Wnt/B-catenin constitutively
active while E-cadherin is suppressed, leading to metastasis
of bladder cancer.!®”! In addition to alterations in the gene
expression pattern, H19 also enhances the interaction of the
tumor cell with extracellular matrix. MDA-MB-231 cells
growing in three-dimensional culture exhibit high level
of H19, which helps in enhanced scattering of the cells,
suggesting a role of HI9 in breast cancer metastasis.[°"
In addition to bladder and breast cancer, H19 may also
contribute to metastasis of colorectal cancer. For instance,
H19 is highly expressed in methotrexate resistant HT-29 cells
which reveal mesenchymal morphology. Overexpression
of H19 increases the EMT markers vimentin, ZEB-1, and
ZEB-2 and also promotes cell migration.!®?

Nuclear factor-kB interacting IncRNA

Nuclear factor-kB (NF-kB) interacting IncRNA (NKILA)
is a 2.5 kb transcript mostly found in the cytoplasm and
it negatively regulates the NF-kB signaling.!®*! NF-kB is a
transcription factor which mediates inflammatory signaling
pathways and is often constitutively active in various cancer
cells.® NF-xB is in an active (phosphorylated) or inactive
state (dephosphorylated) in the cell. In the inactive state,
the dimer NF-xB (p65 and p50) is bound with an inhibitory
subunit IkB. This complex keeps the dimer in the cytoplasm
by masking the nuclear localization signal. Several external
stimuli activate IKK 3 which phosphorylates [kBa (a subunit
of IxB) and leads to proteasomal degradation of IkBa. Now,
the free NF-kB dimer translocates to the nucleus where it
binds to NF-kB response element and activates transcription
of different genes.[®) Thus, NKILA adds a new layer of
regulation for NF-kB activity, by interacting with IkBa and
masking its phosphorylation site from IKKP. This prevents
phosphorylation of IkBa and translocation of NF-kB dimer
from the cytoplasm to the nucleus.

The highly metastatic breast cancer cell lines express a very low
level of NKILA while less aggressive breast cancer cell lines
exhibit a high level of NKILA. Furthermore, overexpression
of NKILA in MDA-MB-231 cells reduces their metastasis
in the lung, liver, and lymph nodes. In contrast, knockdown
of NKILA in MCF-7 cells increases their metastasis to those
distant sites. Clinically, loss of NKILA is associated with
advanced breast cancer and distant metastases; low expression
of NKILA is associated with the patient survival.[® Therefore,
NKILA can predict the outcome of breast cancer and may
serve as a prognostic marker.
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LncRNA-ATB

This IncRNA is activated by cytokine TGF-f (IncRNA-
ATB) that is well-known for its role in tumor metastasis.
TGF-p modulates different signaling pathways involved in
EMT, migration, invasion, and metastasis.[*%*] A long time
treatment of cells with TGF-f induces EMT (decreased
E-cadherin and increased N-cadherin, vimentin, slug, twist1,
ZEB-1 and ZEB-2). Similar treatment of hepatocellular
carcinoma (HCC) cells with TGF-f activates the IncRNA-
ATB in a time- and dose-dependent manner. Clinically,
IncRNA-ATB level is high in HCC tumors as compared to
adjacent normal tissue. Similarly, a high level of IncRNA-
ATB is positively correlated with microvascular invasion
and portal vein tumor thrombosis. Consistent with these
observations, injection of HCC tumor cells overexpressing
IncRNA-ATB into orthotropic mice promotes metastasis
to different organs.®! One of the possible mechanisms is
through enhancement of EMT by interfering the action of
miR-200 which can inhibit EMT by suppressing ZEB-1 and
ZEB-2." This 2.5 kb long IncRNA carries 6 binding sites
for miR-200. Therefore, IncRNA-ATB traps miR-200 and
prevents degradation of ZEB-1 and ZEB-2 by miR-200. The
high level of ZEB-1 and ZEB-2 ultimately promotes EMT
and invasiveness of different cells in vitro and in vivo. In
addition, IncRNA-ATB enhances colonization of migrating
cells by enhancing the function of IL-11-STAT3 signaling
pathway. In this case, IncRNA-ATB binds to IL-11 mRNA
and stabilizes it. The increased stability of IL-11 facilitates
its secretion. As a ligand, IL-11 promotes phosphorylation
of STAT3. This autocrine mitogenic signal helps in robust
cell survival and effective colonization in distant organs.[*”]

LncRNA-low expression in tumor

Low expression in tumor (LET) was originally identified in
HCC cells."" Along with HCC, areduced level of LET is also

found in lung squamous carcinoma and colorectal cancer
as compared to adjacent normal tissue. Overexpression
of IncRNA-LET suppresses metastasis of HCC and colon
cancer cells in vivo."” LncRNA-LET could limit HCC
metastasis in both hypoxic and normoxic condition by
different mechanisms. In hypoxic condition, IncRNA-
LET interferes with the function of hypoxia-inducible
factor-la (HIF-1a), a transcription factor that regulates
a number of genes under tumor hypoxia, and promotes
angiogenesis and metastasis.”) The high expression of
IncRNA-LET suppresses HIF-1a through inhibiting NF90
which is required for accumulation of HIF-lo mRNA.
However, hypoxia keeps the level of IncRNA-LET low by
deacetylating its promotor. As a result, HIF-1a is increased
promoting metastasis. In normoxic condition, IncRNA-
LET inhibits expression of CDC42 (which is required for
trans-endothelial migration) of circulating tumor cells. The
low level of IncRNA-LET in HCC keeps CDC42 high and
this results in profound metastasis of HCC.I™!

Colon cancer-associated transcript 1

Colon cancer-associated transcript 1 (CCAT1) was found
up-regulated in colon cancer tissue, circulating blood cells
of colon cancer patient and metastasis cases, indicating its
role in colon cancer progression.’ Besides, high expression
of CCAT1 is also associated with primary tumor tissue,
lymph node metastasis, and metastatic cases of gastric
carcinoma.’™ The elevated level of CCAT1 reduces the
survival of HCC patients. In both gastric cancer and HCC cell
lines, overexpression of CCAT1 enhances the proliferation
and migration of cells driven by c-Myc, an oncogenic
transcription factor required for cell survival. On one hand,
c-Myc binds to promoter of the CCAT1 and up-regulates its
level in cancer cells.™ On the other hand, CCAT1 prevents
degradation of c-Myc by interaction with let-7, a known
miRNA that can target c-Myc through its 3’-UTR.I"®

Primary tumor
Breast Lung Oral squamous HCC Colon Pancreases Gastric Bladder Cervical
tHOTAIR  |[tMALAT-1 || cellcarcinoma |[fLocRNA-ATB | [fH-19 tmaLami |[fecatt (| H19  [[fMaLaT
4 HOTAIR i
HH-19 fccat fccat 4 HOTA!
| NKILA |LncRNA-LET ||| LncRNA-LET

Loss of adhesion, EMT, increased invasiveness and motility

MALATL: EMT and Motilit | | HOTAIR: Adhesion | [ B-19: Adhesion, MTand Motility} | | IncRNA-ATB: EMTandinvasivenesd |

[ LET: Motility |

| CCATl:Migrationﬂ

Intravasation, endothelial migration and extravasation

I LncRNA-ATB: CTCfl | MALATLExlmvasationﬂ | H-19: Extmvasation?

Colonization

Enhanced by MALAT], HOTAIR, NKILA, LncRNA-ATB | | Suppressed by IneRNA-LET

Figure 2: Long non-coding RNAs involved in different stages of cancer metastasis
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DEREGULATION OF LNCRNA EXPRESSION
IN CANCER

It is well-known that most of IncRNAs are transcribed
through RNA polymerase 11, just like protein-coding genes;
they are also spliced products via canonical genomic splice
site motifs, frequently ended with a poly A tail. Importantly,
IncRNAs are often regulated by well-established
transcription factors and are expressed in a tissue-specific
manner.”” For example, we have shown that wild-type p53
can transcriptionally induce linc-RoR and 1oc285194, but
mutant p53 cannot.'’?* On the other hand, c-Myc, as an
oncogene, can regulate a group of IncRNAs."® In cancer,
c-Myc is often amplified or up-regulated, which may
explain why some IncRNAs are often deregulated.

CONCLUSION AND PERSPECTIVE

A tremendous progress has been made in our understanding
of the genes and events involved in metastasis in recent
years. Moreover, emerging evidence indicates that IncRNAs
have also joined this complex regulatory network and may
serve as very important regulators at different stages of
metastasis (e.g. EMT, invasion, migration, and colonization)
often through their expression levels [Figure 2]. However,
overall, IncRNA research in this field is still at the infancy
stage. Given the complex interactions of IncRNAs with
DNA, RNA, and protein, a systematic approach may be
needed to better understand the molecular mechanism of
IncRNA-mediated metastasis. With the development of
advanced technology such as CRISPR/Cas9, it is now
feasible to perform knockout or knockin experiments and
these research tools will no doubt speed up new discovery.
In this system, nuclease Cas9 assisted by a sequence-
specific guild RNA (gRNA) which is functionally similar
to RNAI, cuts targeted DNA sequence.” Once the double
strand break is made, the cell employs one of two major
DNA repair mechanisms, non-homologous end joining
(NHEJ), and homologous recombination (HR). Unlike HR,
the NHEJ mechanism often leads to deletions or insertions,
and thus it is an error-prone repair, a feature important for
knockout. The HR mechanism would allow for introducing
mutations or correcting a mutant sequence by knockin.
Increasing evidence indicates that this technology has a
potential to transform the field of cancer genetics such as the
development of next-generation models of human cancer.®")

Given the nuclear localization nature for a number of
IncRNAs, genetic manipulations at the DNA level provides
a better alternative to RNAi approach which mainly works
through RISC complex in the cytoplasm. Our recent study
indicates that a dual gRNA/Cas9 system combined with
donor vector for HR can greatly improve the efficiency
of obtaining complete IncRNA knockouts in various
cancer cell lines.®! As this field advances, we anticipate
that more IncRNAs will be identified to be important
players in cancer metastasis. More importantly, further

characterization of this regulatory system will reveal many
of detailed mechanisms. As a result, these studies will help
develop novel strategies for cancer treatment. Furthermore,
IncRNAs may serve as biomarkers for diagnosis/prognosis
as supported by profiling studies of clinical specimens.
Finally, given their important role in metastasis, IncRNAs
may also prove to be valuable targets for cancer therapy. In
particular, ribonucleoprotein complexes through IncRNAs
are critical to IncRNA-mediated metastasis, drugs that
block or enhance such interactions may have a bright future.
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