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Although only 2% of the genome encodes protein, RNA is transcribed from the majority of
the genetic sequence, suggesting a massive degree of cellular functionality is programmed in
the noncoding genome. The mammalian genome contains tens of thousands of long non-
coding RNAs (IncRNAs), many of which occur at disease-associated loci or are specifically
expressed in cancer. Although the vast majority of IncRNAs have no known function, recur-
ring molecular mechanisms for INcRNAs are now being observed in chromatin regulation
and cancer pathways and emerging technologies are now providing tools to interrogate
IncRNA molecular interactions and determine function of these abundant cellular macro-

molecules.

t has become clear only recently that alter-
I ations within the noncoding genome are ma-
jor contributors to cancer and other human dis-
eases (Maurano et al. 2012). Indeed recurrent
somatic noncoding mutations (Melton et al.
2015), epigenetic alterations (Roadmap Epige-
nomics et al. 2015), or somatic copy number
alterations (Beroukhim et al. 2010) are impli-
cated in multiple cancer types. One of the most
unexpected findings of the genomics era of bi-
ology is that the noncoding genome is the
source of extensive transcription of noncoding
RNA (Rinn and Chang 2012; Morris and Mat-
tick 2014). Remarkably, several cancer-associat-
ed loci contain ultraconserved noncoding RNA
sequences suggesting that these transcripts play
important roles in cancer pathogenesis (Calin
et al. 2007).

The catalog of noncoding genes has grown
tremendously over the past few years in large
part because of the identification of extensive
long noncoding RNA (IncRNA) transcription
(Djebali et al. 2012; Harrow et al. 2012; Iyer
et al. 2015), arising from active enhancers
(Kim et al. 2010), promoters (Seila et al.
2008), and intergenic sequences. Long noncod-
ing RNAs (IncRNAs) are functionally defined
as transcripts >200 nucleotides in length with
no protein coding potential. These transcripts
are biochemically similar to messenger RNA
(mRNA) and are typically transcribed by
RNA polymerase II, polyadenylated, and are
frequently spliced, although they often contain
fewer exons than coding genes. It is now recog-
nized that IncRNAs are exquisitely regulated
and are restricted to specific cell types to a
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greater degree than mRNA (Cabili et al. 2011).
The catalog of identified IncRNAs now in-
cludes tens of thousands of genes and many
are uniquely expressed in differentiated tissues
or specific cancer types (Iyer et al. 2015). In-
deed, the number of IncRNA genes outnum-
bers protein-coding genes (Derrien et al. 2012)
with more than 90% having no appreciable
peptide products (Banfai et al. 2012; Guttman
et al. 2013).

Supporting an important functional role for
IncRNAs, some IncRNA genes are evolutionari-
ly conserved, although may display limited se-
quence similarity. Syntenic genomic sites fre-
quently encode evolutionarily conserved,
functional IncRNAs (Chodroff et al. 2010; Ulit-
sky et al. 2011; Hezroni et al. 2015). In a recent
report, identification of regions of conserved
microhomology within IncRNAs arising from
syntenic sites was used to identify a set of 47
orthologs of the Drosophila IncRNA roX in di-
verse Drosophilid species (Quinn et al. 2016).
Despite drastic sequence divergence, roX ortho-
logs maintain regions of conserved secondary
structure, retain X-chromosome interactions,
and can rescue male lethality in roX-null Dro-
sophila melanogaster.

Despite the rapid pace of discovery in the
field, the vast majority of annotated IncRNAs
have yet to be functionally characterized. How-
ever, several recurring IncRNA molecular mech-
anisms have been observed, particularly in
chromatin biology and gene regulation. The
emergence of several technologies over the last
few years have expanded investigators abilities
to functionally annotate cancer-associated
IncRNAs and resulted in an exponential in-
crease in our understanding of these enigmatic
molecules (Chu et al. 2015). In this article, we
provide an overview of the current state of
IncRNA function in cellular molecular mecha-
nisms and review the known roles for IncRNAs
in cancer pathophysiology. Portions of this re-
view are abbreviated from recent articles by the
investigators (Chu et al. 2015; Schmitt and
Chang 2016), and readers are referred to these
articles for more in depth treatment of IncRNA
as cancer biomarkers or IncRNA-centric tech-
nologies, respectively.

LONG NONCODING RNA: EMERGENCE OF
A DISTINCT CLASS OF REGULATORY RNA

In this section we highlight several of the recur-
ring molecular roles of IncRNAs in cellular pro-
cesses (Fig. 1). Functionality in part begins with
IncRNA cellular localization: nuclear IncRNAs
are enriched for functionality involving nuclear
structure, chromatin interactions, transcrip-
tional regulation, and RNA processing, whereas
cytoplasmic IncRNAs can modulate mRNA
stability or translation and influence cellular
signaling cascades (Batista and Chang 2013).
LncRNA transcriptional regulation at the level
of chromatin is a widely observed mechanism
that can involve activities affecting neighboring
intrachromosomal genes in cis or targeting
of gene in trans on different chromosomes
(Huarte et al. 2010; Huarte 2015; Sahu et al.
2015). LncRNAs are widely known to regulate
genes in cis as enhancer-associated RNAs
(Orom et al. 2010), through transcription acti-
vation or silencing (Huarte et al. 2010; Zhu et al.
2013; Dimitrova et al. 2014; Trimarchi et al.
2014), transcription factor trapping (Sigova
et al. 2015), chromatin looping (Wang et al.
2011), and gene methylation (Schmitz et al.
2010) to name just a few mechanisms. LncRNAs
also regulate distant genes through modulation
of transcription factor recruitment (Hung et al.
2011; Yang et al. 2013b), chromatin modifica-
tion (Wang and Chang 2011), and serving as a
scaffold for assembly of multiple regulatory
molecules at single locus (Tsai et al. 2010).

Nuclear Organization

Deranged nuclear architecture has been a defin-
ing feature of cancer cells for >100 years since
Beale described abnormal nuclear structure in
pharyngeal carcinoma cells in the mid-19th
century. Nuclear atypia remains an important
cytopathologic feature in diagnosing and grad-
ing of malignant cells such as in the case of Pap
test for cervical neoplasia and in breast carcino-
ma. Nuclear organization relies heavily on non-
coding nuclear RNA (Quinodoz and Guttman
2014). RNase treatment and transcription in-
hibitors substantially disrupt nuclear organiza-
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Figure 1. Molecular mechanisms of long noncoding RNAs (IncRNAs). LncRNAs interactions with DNA, RNA,
and protein mediate a wide array of cellular functions including (A) nuclear organization, (B) chromatin
interactions, (C) chromatin and transcriptional regulation, and (D) RNA regulation.

tion, whereas translation inhibitors did not
(Nickerson et al. 1989), pointing to important
structural roles for nuclear RNA. It is now clear
that nuclear IncRNAs interact with protein,
chromatin, and RNA to organize nuclear do-
mains and maintain structure.

Formation of the nuclear paraspeckle, a
poorly understood nuclear domain, is depen-
dent on the ncRNA Nuclear enriched abundant

transcript 1 (NEAT1). NEAT1 serves as a nidus
for formation of the paraspeckle where, on
NEAT1 transcription, soluble protein compo-
nents of the paraspeckle localize to regions of
NEAT1 accumulation thus forming the nuclear
domain (Clemson et al. 2009; Mao et al. 2011;
Shevtsov and Dundr 2011). This domain has
been implicated in nuclear retention of A-to-I
hyperedited transcripts (Chen and Carmichael
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2009) and the sequestration of a transcription
repressor from its chromatin targets (Imamura
et al. 2014). Overexpression of NEAT' in breast
cancer specimens is associated with poor pa-
tient survival in which a hypoxic tumor micro-
environment induces NEAT1 transcription, in-
creasing paraspeckle formation, enhancing can-
cer cell survival and stimulating proliferation
(Choudhry et al. 2015).

LncRNAs associated with functional nucle-
ar domains can provide anchorage points for
the localization of genes undergoing dynamic
regulation. The serum response, the activation
of which in breast cancer is associated with poor
survival (Chang et al. 2004), regulates the local-
ization of dynamically regulated genes between
transcriptionally inactive and active nuclear do-
mains. Serum stimulation recruits the demethy-
lase KDMA4C to select promoter regions that are
regulated by E2F where it demethylates human
Polycomb 2 homolog (Pc2), also known as
Chromobox 4 (Yang et al. 2011). Methylated
Pc2 interacts with the IncRNA TUGI in Poly-
comb bodies, whereas demethylated Pc2 binds
MALAT1/NEAT?2 localized in interchromatin
granules, essentially creating a posttranslation
switch for Pc2 interaction with domain defining
IncRNAs.

Remarkably, mouse genetic loss of function
models of IncRNAs Neatl and Malatl have re-
vealed no clear phenotypes in normal animal
development (Nakagawa et al. 2011, 2012; Eiss-
mann et al. 2012; Zhang et al. 2012). The con-
trast of these results with observed in vitro cel-
lular phenotypes suggests that redundancy or
compensatory mechanisms may be at work.
Yet, Malat1 knockout or depletion by antisense
oligonucleotides in a mouse MMTV-PyMT
breast cancer model slows tumor growth and
inhibits metastasis. Malat1 loss of function pro-
motes cystic differentiation of breast cancer cells
and enhances adhesion and inhibits migration
(Arun et al. 2016).

Chromatin Interactions

The three-dimensional organization of chroma-
tin facilitates contacts between distantly spaced
intra- or interchromosomal sites allowing for

transmittal of regulatory information between
distant loci. Chromatin looping facilitates the
interaction of the cis interaction of the regulato-
ry IncRNA HOTTIP, which is transcribed from
the margin of the HOXA locus, bringing HOT-
TIP into proximity with other HOXA locus
genes and supporting transcription at the locus.
HOTTIP, transcribed from the 5’ end of the lo-
cus, coordinates transcription along the multi-
gene locus by interacting with WDR5 and re-
cruiting the WDR5/MLL complex to target
genes within the locus, increasing H3K4 trime-
thylation and gene transcription (Wang et al.
2011). Similarly, a class of IncRNAs referred to
as noncoding RNA-activating recruit Mediator
to the site of IncRNA transcription and thereby
promote gene transcription of neighboring
genes in close proximity because of chromatin
looping (Lai et al. 2013).

Distant intra- and interchromosomal chro-
matin interactions are also mediated by
IncRNAs. Enhancer RNAs are a subset of
IncRNA transcribed from active enhancer sites.
In response to estrogen exposure, enhancer
RNAs transcribed from estrogen receptor o
(ERa) bound enhancers facilitate the enhanc-
er-promoter looping induced by estrogen sig-
naling (Li et al. 2013). Similarly, the prostate
cancer-specific IncRNA PCGEM1 enables chro-
matin looping between androgen receptor
occupied enhancer regions and the promoters
of target genes to facilitate their regulation.
PCGEML1 bridges the enhancer and promoter
regions by binding separately to the androgen
receptor (AR) at enhancer sites and pygopus 2, a
H3K4 trimethyl “reader” protein bound to the
promoters of AR-regulated genes (Yang et al.
2013b). The X-linked IncRNA Firre interacts
with hnRNPU to organize interactions between
five chromosomes (Hacisuleyman et al. 2014).

Regulation of Chromatin

One particularly well-characterized mechanism
by which IncRNAs regulate gene expression
both in cis and in trans involves interaction
with chromatin to facilitate histone modifica-
tion (Khalil et al. 2009). X-inactive specific tran-
script (Xist), one of the first functionally anno-
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tated IncRNAs, regulates dosage compensation
in female mammals by localizing to the X chro-
mosome and recruiting multiple factors directly
and indirectly, including the polycomb repres-
sive complex 2 (PRC2), to execute X chromo-
some inactivation (XCI) (Gendrel and Heard
2011; Lee and Bartolomei 2013). That human
malignancies frequently have X aneuploidy sug-
gested an important role for dosage compensa-
tion of X-linked genes in preventing malignant
transformation (Pageau et al. 2007). Confirm-
ing this, female mice with Xist deletion in the
hematopoietic compartment develop an ag-
gressive myeloproliferative disorder with full
penetrance (Yildirim et al. 2013).

Although Xist coating of the inactive chro-
mosome is required for X silencing, annotation
of Xist interaction domains is a necessary pre-
requisite for clarifying the role of Xist. To define
the genomic interactions of IncRNAs, Chu and
colleagues developed chromatin isolation by
RNA purification (ChIRP), in which short com-
plementary biotinylated oligonucleotides hy-
bridize to target RNAs and copurify chromatin
cross-linked to the target RNA (Chu etal. 2011).
Similar methods including capture hybridiza-
tion analysis of RNA targets (CHART) and
RNA antisense purification (RAP) showed that
Xist initially binds gene-rich islands on the X
chromosome that are in close three-dimensional
proximity, then spreads to gene-poor regions
during de novo X chromosome inactivation (Si-
mon et al. 2011, 2013; Engreitz et al. 2014).

Transcriptional Regulation

Cancer transcriptional programs are also mod-
ulated by IncRNA recruitment to distant pro-
moters and enhancers. ChIRP revealed that
Paupar, a central nervous system (CNS) restrict-
ed IncRNA located adjacent to Pax6, interacts
with numerous promoters to regulate the cell
cycle and maintain the dedifferentiated state
of neuroblastoma (Vance et al. 2014). NEAT1,
a component of nuclear paraspeckles (Clemson
et al. 2009), is associated with an increased risk
of biochemical progression and metastasis of
prostate cancer and is a downstream transcrip-
tional target of ERa (Chakravarty et al. 2014).

ChIRP revealed that NEAT1 localizes to pro-
moters of genes involved in prostate cancer
growth and increased chromatin marks of active
transcription at these sites, driving androgen-
independent prostate cancer growth. T helper
17 cells are proinflammatory T cells, and the
IncRNA RMRP was shown by ChIRP to coasso-
ciate with the key Thl7 transcription factor
ROR-yt for inflammatory effector function
(Huang et al. 2015). Nascent RNA transcripts
in the vicinity of enhancers and promoters can
also bind the transcription factor YY1, promot-
ing local accumulation of YY1 in the vicinity of
the regulatory sites, supporting the engagement
of YY1 with these elements, and driving a pos-
itive feedback loop that maintains active tran-
scription (Sigova et al. 2015).

Regulation of RNA Processes

LncRNA modulation of RNA metabolism is an
emerging theme with described roles in the con-
trol of mRNA stability, splicing, and translation.
Staufen-1 (STAU-1) mediates mRNA decay
through interaction with a double-stranded
RNA in the 3’ UTR of select mRNAs. However,
a subset of STAU-1 regulated mRNAs can only
form the requisite double-stranded RNA stem
necessary for STAU-1 binding by duplexing with
an Alu element of a cytoplasmic IncRNA (Gong
and Maquat 2011), thus a IncRNA can confer
specificity on the STAU-1-mediated mRNA
decay. STAU-1-mRNA interactions are also
modulated by terminal differentiation-induced
noncoding RNA (TINCR), which drives epi-
dermal differentiation and is down-regulated
in poorly differentiated cutaneous squamous-
cell carcinomas (Kretz et al. 2013). TINCR
recruits STAU-1 to mRNA bearing the 25 nucle-
otide TINCR Box, somewhat unexpectedly, sta-
bilizing these messages and facilitating the
translation of several genes involved in kerati-
nocyte differentiation. DNA damage-induced
IncRNA-p21 has been shown to inhibit transla-
tion of certain mRNAs such as JUNB and
CTNNBI through a direct RNA—RNA interac-
tion mechanism (Yoon et al. 2012).

Multiple IncRNAs have also been implicated
in regulating posttranscriptional mRNA pro-
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cessing. The prostate cancer-specific IncRNA
PCA3 (Bussemakers et al. 1999), which is the
first IncRNA assayed in an FDA-approved clin-
ical test for prostate cancer, is an intronic
IncRNA transcribed antisense to the protein
coding gene PRUNE2. Expression of PCA3 in
prostate cancer cells leads to formation of a dou-
ble-stranded RNA heteroduplex with PRUNE2
that is a template for ADAR to perform adeno-
sine-to-ionosine RNA editing and down-regu-
lation of this tumor suppressor (Salameh et al.
2015). In line with prior observations that MA-
LAT1 can regulate alternative splicing through
interactions with serine/arginine splicing fac-
tors and pre-mRNA, Malatl binds to nascent
strands of pre-mRNA, localizing Malat1 to lo-
calize at the proximal chromatin region of tran-
scriptionally active genes (Tripathi et al. 2010;
Engreitz et al. 2014).

LncRNAs and pseudogene RNA have also
been postulated to act as competing endogenous
RNA (ceRNA) or “RNA sponges,” interacting
with microRNAs in a manner that can sequester
these molecules and reduce their regulatory ef-
fect on target mRNA (Tayetal. 2014). Transcrip-
tion of the PTEN pseudogene, PTENPI and oth-
er transcripts, although unable to serve as a
template for PTEN translation, nonetheless
can increase PTEN protein levels through an
RNA-dependent mechanism that involves bind-
ing and sequestering PTEN targeting miRNA
(Poliseno et al. 2010; Karreth et al. 2011; Tay
et al. 2011). Indeed, IncRNAs serving as RNA
sponges appear to regulate a diverse array of
prostate cancer driver genes (Du et al. 2016).
Similar ceRNA mechanisms have been reported
for IncRNAs H19 and HULC (Wang et al
2010; Keniry et al. 2012; Kallen et al. 2013).
However, quantitative analyses of miRNA and
target mRNA abundance suggest that the ceRNA
mechanism could only operate given appropri-
ate stoichiometry between ceRNA, mRNA, and
miRNAs. Denzler and colleagues provided com-
pelling quantitative evidence that very high
ceRNA copy number thresholds exist for dere-
pression of mRNAs targeted by a miRNA. Their
data supports a model in which the number of
endogenous miRNA target sites exceeds the
number of miRNA copies per cell, resulting in

a high fraction of miRNAs already bound to
target sites. This model implies that derepres-
sion of mRNAs by a ceRNA mechanism requires
the number of decoy target sites encoded in a
ceRNA to equal or exceed the total number of all
miRNA target sites in the cell, which in the case
of miR-122 is ~10° (Denzler et al. 2014). Thus,
quantitative experimental analyses and knock-
out studies are needed beyond the presence of
matching miRNA seed sequences to validate
ceRNA mechanisms.

LncRNA DRIVERS OF CANCER PHENOTYPES

Cancer cells modulate intracellular signaling
networks to proliferate, overcome cytostatic
and tumor-suppressor pathways, enhance via-
bility, and promote invasion and metastasis
(Hanahan and Weinberg 2000; Hanahan and
Weinberg 2011). LncRNAs are key regulators
of pathways involving each of the hallmarks of
cancer, as described by Hanahan and Weinberg
(2000) (Fig. 2). In this section, we review the
myriad of cellular activities of IncRNAs in driv-
ing classic cancer phenotypes.

Cell Growth and Tumor Suppression

Normal tissue homeostasis requires a careful
balance of the imperative of cellular prolifera-
tion and repopulation on the one hand with the
need to limit the expansion of deranged cell
populations on the other. Multiple IncRNAs
are downstream targets of chemokine and hor-
monal pathways (Xing et al. 2014). In T-cell
acute lymphoblastic leukemia, the Notchl on-
cogene drives growth in part by inducing the
IncRNA LUNARI to up-regulate insulin like
growth factor 1 receptor expression and signal-
ing (Trimarchi et al. 2014). Estrogen responsive
genes depend on enhancer IncRNAs to facilitate
local chromatin interactions that promote tran-
scriptional regulation by ERa (Li et al. 2013).
Furthermore, androgen signaling in prostate
cancer also relies on a number of IncRNAs
that are implicated in prostate cancer prolifera-
tion that act through direct interactions with
the androgen receptor (Yang et al. 2013b; Zhang
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Figure 2. Long noncoding RNAs (IncRNAs) in cancer phenotypes. LncRNAs contribute to each of the six
hallmarks of cancer defined by Hanahan and Weinberg. Selected examples of IncRNAs and their molecular
partners or genomic targets are shown for proliferation, growth suppression, motility, immortality, angiogen-
esis, and viability cancer phenotypes. (From Schmitt and Chang 2016; reprinted, with permission, from the

authors.)

et al. 2015) or by inhibiting repressors of the
androgen receptor (Takayama et al. 2013).

The myc proto-oncogene is the subject of
extensive regulation by IncRNAs. Myc tran-
scription is activated in cis by the colon can-
cer—associated IncRNA CCAT-1, also known
as CARLo-5, which promotes long-range inter-
actions between myc and an enhancer element
(Kim etal. 2014; Xiang et al. 2014). The prostate
specific IncRNA PCGEMI1 binds to myc en-
hancing myc’s transcriptional activation of sev-

eral genes that regulate metabolic processes in
prostate cancer cells (Hung et al. 2014). Myc
also targets numerous IncRNAs for transcrip-
tional regulation (Zheng et al. 2014), which
can, in turn, regulate cell-cycle progression
(Kim et al. 2015).

Amplification of the 8q24 locus is a well-
characterized oncogenic event in human malig-
nancies that amplifies MYC copy number. PVT1
is a IncRNA gene that is at the breakpoint of the
t(2:8) translocation in Burkitt lymphoma that
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brings the human immunoglobulin enhancer to
PVTI-MYC locus. In a mouse model of Myc
oncogensis, single-copy amplification of Myc
alone was insufficient to enhance tumor forma-
tion, whereas amplification of a multigene seg-
ment encompassing Myc and the IncRNA Pvt1
promoted efficient tumor development (Tseng
et al. 2014). Coamplification of Pvtl and Myc
increased myc protein levels, whereas depletion
of PVT1 in myc-driven human colon cancer
cells impaired proliferation.

Recently several IncRNAs have been found
to play an extensive role in modulating tumor-
suppressor and growth arrest pathways. The
complement of IncRNA transcription is dy-
namically regulated under differing cell-cycling
conditions (Hung et al. 2011) and during sen-
escence (Abdelmohsen et al. 2013). Several tu-
mor-suppressor genes are regulated in cis by
their antisense transcripts. For example, the ex-
pression of the tumor suppressor TCF21 is ac-
tivated by its antisense RNA TARID, which re-
cruits the GADD45a to the TCF21 promoter to
facilitate demethylation (Arab et al. 2014).

Several IncRNAs regulate the expression
of key tumor suppressors from the CDKN2a/
CDKN2b locus, which encodes plSINK4b,
p16™5* and p14**", The antisense noncoding
transcript p15AS induces silencing of p15Kab
through heterochromatin formation (Yu et al.
2008) and elevated p15AS expression is associ-
ated with low p15™ expression in leukemic
cells. The IncRNA MIR31HG recruits Polycomb
group proteins to the INK4A locus to repress its
transcription during normal growth but is se-
questered away from the INK4A locus during
senescence (Montes et al. 2015).

LncRNAs in the p53 Pathway

Regulation of the p53 pathway by IncRNAs has
been a topic of especially intense interest. The
maternally imprinted RNA MEG3 binds to p53
and activates p53-dependent transcription of a
subset of p53-regulated genes (Zhou et al. 2007).
Furthermore, the known complement of p53-
regulated IncRNAs is growing rapidly pointing
to widespread involvement of IncRNAs down-
stream of p53 activation (Huarte et al. 2010;

Hung et al. 2011; Marin-Bejar et al. 2013; San-
chez et al. 2014; Zhang et al. 2014; Younger et al.
2015). Distant p53 bound enhancer regions gen-
erate enhancer RNAs that are required for p53’s
regulation of multiple genes from a single en-
hancer site (Melo et al. 2013). Genome wide
profiling of p53-regulated enhancer RNAs iden-
tified the p53-induced IncRNA LED, which in-
teracts with and activates strong enhancers
including a CKDNIA enhancer to support cell-
cycle arrest by p53. LED is silenced in a subset of
p53-wildtype leukemia cells indicating a possi-
ble tumor-suppressor role for this IncRNA (Lev-
eille et al. 2015).

LncRNA-p21, which is induced by DNA
damage in a p53-dependent manner, interacts
with hnRNA-K to regulate CDKNIA in cis and
arrest the cell cycle in a p21-dependent manner
(Huarte et al. 2010; Dimitrova et al. 2014).
Apela RNA positively regulates DNA damage-
induced apoptosis in mouse embryonic stem
cells by binding to hnRNPL, inhibiting its abil-
ity to sequester p53 away from the mitochon-
dria (Lietal. 2015). The IncRNA FAL-1, located
within a region of chromosome 1 with frequent
amplification in cancer, recruits the chromatin
repressor protein BMI-1 to multiple genes in-
cluding CDKNIA to promote tumor cell prolif-
eration (Hu et al. 2014a). Additional p53 path-
way activities are also regulated by the p53 and
DNA damage inducible IncRNA PANDA, which
inhibits DNA damage induced apoptosis by
binding to the transcription factor NF-YA and
blocking its recruitment to proapoptotic genes
(Hungetal. 2011). PANDA has also been shown
to regulate senescence through and interaction
with SAFA and PRCI1 (Puvvula et al. 2014).

Enhancing Cellular Survival

The selective advantage of tumor cells is driven
in some cancers by preservation of an undiffer-
entiated tumor cell population. LncRNAs are
extensively involved in differentiation circuits
and modulation of this functional class of
IncRNAs may contribute to the maintenance
of cancer stem-cell populations (Flynn and
Chang 2014). LncTCF7 recruits the SWI/SNF
complex to the TCF7 promoter to activate Wnt

8 Cite this article as Cold Spring Harb Perspect Med 2017;7:a026492
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signaling to maintain liver cancer stem-cell self-
renewal (Wang et al. 2015). Cutaneous squa-
mous-cell carcinoma cells repress the IncRNA
TINCR, which is required for keratinocyte dif-
ferentiation by stabilizing differentiation-asso-
ciated mRNAs through recruitment of STAU-1
(Kretz et al. 2013). The IncRNA NBAT-1 has
also been observed to promote neuronal differ-
entiation in neuroblastoma cells through regu-
lation of the neuron specific transcription factor
NRSF/REST, and repression of this IncRNA is
associated with high-risk neuroblastoma (Pan-
dey et al. 2014).

The replicative potential of differentiated
somatic mammalian cells is typically limited
by progressive telomere shortening following
replication. However, tumor cells adapt mech-
anisms to maintain telomeres and effectively
obtain immortality. The telomere RNA compo-
nent (TERC) is a critical subunit of the ribonu-
cleoprotein telomerase complex and encodes
the template for the hexanucleotide repeats that
compose the telomere sequence (Feng et al.
1995). Single-nucleotide polymorphisms at
the TERC locus are associated with telomere
lengthening and an increased risk of developing
high-grade glioma (Walsh et al. 2014). Mean-
while, Marek’s disease virus efficiently induces
T-cell lymphomas in chickens by expressing a
viral telomerase RNA to promote telomere
lengthening (Trapp et al. 2006).

The telomeric repeat containing RNA
(TERRA) transcribed from subtelomeric and
telomeric DNA sequences exerts both telome-
rase-dependent and telomerase-independent
effects on telomere maintenance (Rippe and
Luke 2015). One role for TERRA involves its
dynamic regulation during the cell cycle, which
promotes the exchange of single-strand DNA-
binding protein RPA by POT-1 and thus telo-
mere capping (Flynn et al. 2011). Cancer cells
lacking the SWI/SNF component ATRX main-
tain persistent TERRA loci at telomeres as cells
transition from S phase to G,. This results in
persistent RPA occupancy on the single-strand-
ed telomeric DNA preventing telomerase-de-
pendent telomere lengthening. These cells in-
stead rely on the recombination-dependent
alternative pathway of telomere lengthening,

which requires ATR, rendering ATRX-deficient
cancer cells highly sensitive to ATR inhibitors
(Flynn et al. 2015).

Cancer cells that overcome intrinsic checks
on growth are yet constantly subjected to con-
ditions of nutrient scarcity and hypoxia and
must develop compensatory mechanisms to
survive under conditions of stress. Growth ar-
rest specific 5 (Gas5) is induced in cells arrested
by nutrient deprivation or withdrawal of growth
factors. Gas5 blocks glucocorticoid responsive
gene expression by binding to the glucocorti-
coid receptor’s DNA-binding domain and act-
ing as a decoy (Kino et al. 2010; Hudson et al.
2014). This blockade of glucocorticoid receptor
decreases expression of the cellular inhibitor of
apoptosis 2 (Kino et al. 2010), thereby enhanc-
ing apoptosis under stressed conditions in
normal cells. Suppression of Gas5 in human
breast cancer cells relative to adjacent normal
breast tissue has been observed and may sup-
port the enhanced viability of breast cancer cells
in the nutrient-poor tumor microenvironment
(Mourtada-Maarabouni et al. 2009).

Tumor Invasion and Metastasis

Cancer metastasis was one of the first can-
cer phenotypes associated with dysregulated
IncRNAs. Overexpression of MALAT1 in early
stage nonsmall cell lung cancer patients was
found to predict a high risk of metastatic pro-
gression (Jiet al. 2003). Although MALAT1 loss
of function in mouse revealed that it is a non-
essential gene in development or for adult nor-
mal tissue homeostasis (Nakagawa et al. 2012;
Zhang et al. 2012), depletion of MALAT1 in
lung carcinoma cells impairs cellular motility
in vitro and metastasis in mice (Gutschner
et al. 2013), suggesting that MALAT1 overex-
pression in cancer may drive gain-of-function
phenotypes not observed during normal tissue
development or homeostasis.

Multiple cancer-associated IncRNAs have
been implicated in regulating cancer invasion
and metastases (Flockhart et al. 2012; Hu et al.
2014b; Huarte 2015). Overexpression of the
HOX-associated IncRNA HOX transcript anti-
sense RNA (HOTAIR) in breast cancer repro-
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grams the chromatin landscape genome-wide
via recruitment of PRC2, enforcing a mesenchy-
mal cellular phenotype which promotes breast
cancer metastasis (Gupta et al. 2010), and is
associated with poor prognosis in other malig-
nancies as well (Kogo et al. 2011). The prostate
cancer IncRNA SChLAP1, associated with poor
prognosis and metastatic progression (Prensner
et al. 2014), promotes prostate cancer invasion
and metastasis by disrupting the metastasis sup-
pressing activity of the SWI/SNF complex
(Prensneretal. 2013). Transforming growth fac-
tor B (TGF-B) was found to induce the expres-
sion of IncRNA-ATB in hepatocellular carcino-
ma (HCC) cells, which facilitated the epithelial
to mesenchymal transition (EMT), cellular in-
vasion, and organ colonization by HCC cells by
two distinct RNA—RNA interactions (Yuan
et al. 2014). LncRNA-ATB competitively binds
miR-200 to activate the expression of ZEB1 and
ZEB2 during EMT, although interactions with
IL-11 mRNA enhances Stat3 signaling to pro-
mote metastasis. The breast cancer—associated
IncRNA BCAR4 connects extracellular CCL22
to noncanonical Gli2 signaling by binding the
transcription factors SNIP1 and PNUTS, stim-
ulating cell migration and metastasis (Xing et al.
2014).

Recent identification of metastasis sup-
pressing IncRNAs has opened a new perspective
into a link between the tumor microenviron-
ment regulation of IncRNAs that promote or
impair metastasis. The IncRNA LET connects
the hypoxia response to the metastasis pheno-
type. Hypoxia-induced histone deacetylase 3
suppresses the LET promoter, impairing its ex-
pression and facilitating nuclear factor 90 accu-
mulation and hypoxia-induced cellular inva-
sion (Yang et al. 2013a). On the other hand,
NKILA is a metastasis suppressor IncRNA that
is induced by NF-kB in response to inflamma-
tory signaling. NKILA mediates a negative feed-
back loop that suppresses NF-kB signaling by
binding the cytoplasmic NF-kB/IkB complex
and preventing IkB phosphorylation, NF-kB re-
lease, and nuclear localization (Liu et al. 2015).
Downregulation of NKILA expression in hu-
man breast cancer is associated to metastatic
dissemination of disease and poor prognosis.

FUTURE DIRECTIONS

LncRNAs occupy a unique niche at the interface
of chromatin biology and the regulation of can-
cer phenotypes. That thousands of these tran-
scripts are differentially expressed in cancer sug-
gests that IncRNAs may play a far greater role in
cancer pathways that currently appreciated.
However, additional layers of IncRNA regula-
tion are clearly at work that may increase the
diversity of IncRNA function far beyond what
is currently appreciated. The extensive posttran-
scriptional modifications of RNA, such as N°-
methyladenosine, are dynamically regulated in
mammalian cells and influence cell fate deci-
sions (Batista et al. 2014; Zhou et al. 2015). Fur-
thermore, RNA structural approaches to evalu-
ating IncRNA functions have revealed that even
single-nucleotide polymorphisms can alter lo-
cal RNA structure at functionally relevant sites
involved in miRNA or protein binding (Wan
etal. 2014). Application of whole transcriptome
RNA structural analyses in cancer may reveal
structural consequences of SNPs or somatic mu-
tations within cancer-associated IncRNAs that
may alter IncRNA function (Chu et al. 2015;
Spitale et al. 2015). Furthermore, the emerging
evidence that some putative IncRNAs may en-
code short, translated open reading frames (In-
golia et al. 2014; Anderson et al. 2015), and that
coding RNAs can exert translation-independent
functional roles (Li et al. 2015), suggests that
distinction between mRNA and IncRNA may
be less absolute than once thought.

Cataloging the physiologic role of cancer-
associated IncRNAs will require an integrated
approaches utilizing molecular and cellular
characterization as well as animal genetic mod-
els (Sauvageau et al. 2013), as recently suggested
(Li and Chang 2014). Animal models will be
especially critical for elucidating the emerging
physiologic roles for noncoding RNA in inter-
cellular signaling, inflammation, angiogenesis,
and immune modulation (Bernard et al. 2012;
Yuan et al. 2012; Michalik et al. 2014; Lu et al.
2015; Satpathy and Chang 2015) and for iden-
tification of therapeutic targets in cancer. Mul-
tiple RNA-directed technologies, including
antisense oligonucleotides, now provide an op-
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portunity to rationally design targeted drugs to
modulate IncRNAs involved in cancer patho-
physiology for therapeutic gain (Gaudet et al.
2014; Buller et al. 2015; Meng et al. 2015).
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