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Abstract

To date, a large number of long non-coding RNAs (IncRNAs) have been recently discovered
through functional genomics studies. Importantly, INcRNAs have been shown, in many cases, to
function as master regulators for gene expression and thus, they can play a critical role in various
biological functions and disease processes including cancer. Although the IncRNA-mediated gene
expression involves various mechanisms, such as regulation of transcription, translation, protein
modification, and the formation of RNA-protein or protein-protein complexes, in this review we
discuss the latest developments primarily in important cell signaling pathways regulated by
IncRNAS in cancer.

Introduction

It is well known that although a large number of RNA species are transcribed from the
human genome, protein-coding sequences account for a very small fraction of total
transcripts (Birney et al 2007, Kapranov et al 2007). The rest of transcripts are non-coding
RNASs (ncRNAs) and they lack the coding potential except for those capable of producing
functional small peptides (Anderson et al 2015, Nelson et al 2016). ncRNAs were initially
considered as transcriptional noises (Gibb et al 2011), however, it has become increasingly
apparent that they may play a critical role in diverse cellular processes from normal
development to disease processes (Esteller 2011, Fatica and Bozzoni 2014, Wang et al
2013a, Wilusz 2016). There are two major classes of regulatory non-coding RNAs based on
their size, 1) small non-coding RNAs with less than 200 nt in length, represented by
microRNAs and 2) long non-coding RNAs (IncRNASs) with larger than 200 nt in length. As a
well-characterized group of ncRNAs, microRNAS cause gene silencing by mRNA
degradation or translation repression via the RNA interference pathway (Hayes et al 2014).
On the other hand, gene expression regulated by INcCRNAs is more complex, often involving
multiple mechanisms (Rinn and Chang 2012).

As a matter of fact, IncRNAs were discovered a long time ago although the term ‘IncRNA’
had not been coined until recently. For example, XIST and H19 were reported in 1980s and
1990s through screening of cDNA libraries (Bartolomei et al 1991, Brown et al 1992). To
date, there are overwhelming numbers of InNcRNAs reported in different databases such as
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non-code database (http://www.noncode.org), and LNCipedia (http://www.Incipedia.org).
The number of IncRNAs continues growing (Blythe et al 2016).

There are several ways to classify INcRNAs, one of which is based on the genomic level
organization. In this regard, there are at least four groups of IncRNAs based on their relative
positions to protein-coding genes: 1) intergenic INCRNAS, i.e., lincRNAs, that are transcribed
from DNA sequences between two protein-coding genes; 2) intronic InNcRNAs are those that
are generated from introns of protein-coding genes; 3) overlapping INcCRNAs are defined as
transcripts overlapping known protein coding genes; and 4) antisense IncRNAs that are
transcribed in an opposite direction to a protein-coding gene (Katayama et al 2005, Marques
and Ponting 2014, Mattick and Rinn 2015, Ulitsky and Bartel 2013). Regardless of their
genomic organization, it appears that most, if not all, of these InNCRNAs can regulate gene
expression and thus, they could be major players in cancer biology.

Regulation of gene expression by INcCRNAs

Various mechanisms have been implicated in the IncRNA-mediated gene regulation, which
can be attributed to their ability to interact with DNA, RNA, or protein. For example,
IncRNAs may serve as signals to promote transcription, or as decoys to repress transcription,
or as epigenetic regulators, or as scaffolds to interact with various protein partners to form
ribonucleoprotein complexes (Mercer et al 2009, Ulitsky and Bartel 2013, Wang and Chang
2011). Based on levels of gene expression, INcRNA-mediated gene expression may take
place at transcriptional and/or posttranscriptional levels.

At the transcriptional level, IncRNAs may participate in direct transcription by interacting
with transcriptional complex or DNA elements such as promoters involved in transcription.
More broadly, IncRNAs may be involved in modulation of chromatin structures by recruiting
chromatin modifying enzymes, leading to expression or repression of a large number of
genes. For instance, INCRNAs can interact with DNA binding proteins to preclude the access
of these proteins to DNA recognition elements such that transcription is either induced or
repressed depending on the nature of targeted proteins. In this regard, GAS5 has been shown
to compete with glucocorticoid response element (GRE) on the DNA by occupying the
DNA-binding domain of the glucocorticoid receptor (GR) and prevent the access of GR to
target DNA (Kino et al 2010). Similarly, PANDA, a p53 inducible IncRNA, interacts with
transcription factor NF-YA to titrate NF-YA away from the target gene containing chromatin
(Baldassarre and Masotti 2012). There are many reports that INcRNAs can recruit chromatin
modifying enzymes such that they impact their expression at the epigenetic level (Meller et
al 2015). A notable example is HOTAIR which plays a critical role in cancer metastasis
through the interaction with the polycomb repressive complex 2 (PRC2) (Gupta et al 2010).
In this case, HOTAIR alters histone (H3K27) methylation pattern and gene expression to
promote tumor cell invasion. On the other hand, suppression of HOTAIR causes reduction of
cell invasion. This is primarily attributed to the ability of HOTAIR to serve as a scaffold for
selected histone modification enzymes, impacting expression of a specific set of genes (Tsai
et al 2010).
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Posttranscriptional regulation primarily involves mRNA stability, splicing and
modifications; it can also include translational regulation and protein stability, and
subcellular localization. It is well known that certain mMRNASs have a very short half-life,
especially for early genes such as c-Jun and c-Myc. However, their stability can be
significantly increased in cancer cells. In the case of c-Myc, mMRNA turnover is a major
mechanism of posttranscriptional regulation in part through an AU rich element (ARE) in
the 3”-untranslated region (3’-UTR) and ARE binding factors such as AUF1 because ARE
binding by AUF1 is associated with the mRNA stability of a target gene (DeMaria and
Brewer 1996). In support of this notion, our recent study suggests that the interaction of
Linc-RoR with hnRNP | and/or AUF1 impacts the c-Myc stability (Huang et al 2016). In
this way, Linc-RoR is involved in the selective regulation of MRNA stability of specific
genes such as c-Myc.

Alternative splicing is an important mechanism for genetic diversity and thus, it can impact
cancer initiation and progression. It is known that the vast majority of eukaryotic genes can
be expressed as various alternative splice variants (Pan et al 2008). However, regulation of
gene splicing is often complex; splicing factors are not the only factors required for gene
splicing. Moreover, these factors often work together to select correct splice sites at a given
condition. Recent studies suggest that IncRNAs are also involved in the regulation of
alternative splicing. LncRNAs may cooperate with heterogeneous nuclear
ribonucleoproteins (hnRNPs) such as hnRNP Al (Kashima et al 2007) and hnRNP C
(Zarnack et al 2013) to facilitate their binding to exonic splicing silencer (ESS) or intronic
splicing silencer (ISS) elements for alternative splicing. On the other hand, MALAT1 can
regulate alternative splicing of many genes by interaction with the serine—arginine (SR)
proteins and influencing their subnuclear localization (Tripathi et al 2010). Our recent
studies indicate that PCGEM1 and BC200 regulate alternative splicing of androgen receptor
(AR) and Bcl-x, respectively, through interaction with various splicing factors (Singh et al
2016, Zhang et al 2016b).

Translational regulation provides another mechanism for IncRNA-mediated gene expression.
In this regard, lincRNA-p21 serves as an inhibitor of JunB and p-catenin translation in a
HuR dependent manner (Yoon et al 2012). The mRNA UTRs often serve a regulatory
element for translational control. For instance, INCRNA antisense (Uchl1) promotes UCHL1
protein synthesis by enhancing the interaction of the 5" overlapping sense protein-coding
mRNA with active polysomes (Carrieri et al 2012). Several reports indicate that p53
translation can be regulated through its 5" or 3° UTR (Halaby and Yang 2007) (Grover et al
2008). In particular, we show that Linc-RoR is able to suppress p53 translation by
interacting with the phosphorylated hnRNP I, and blocking its interaction with p53 5"-UTR
(Zhang et al 2013a).

Of interest, different InNcRNAs may share the same target. A well-known target is Ezh2
which can be targeted by multiple IncRNAs. For instance, HOTAIR interacts with Ezh2 to
suppress a number of genes such as JAM2 whereas it induces genes such as SNAIL (Gupta
et al 2010). Several other InNcRNAS can also target Ezh2. For example, suppression of
MALAT1 increases E-cadherin expression, whereas it reduces p-catenin expression in an
Ezh2 dependent manner (Hirata et al 2015). Furthermore, ANCR regulates the stability of
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Ezh2, leading to suppression of invasion and metastasis of breast cancer (Li et al 2017).
These findings further support the complexity of IncRNA-mediated gene regulation.
However, it remains to be determined as to whether these INCRNAs simultaneously or
selectively target Ezh2 in different cellular contents, and Ezh2 is essential to regulation of
gene expression by these IncRNAs. Thus, systematic characterization of this regulatory
network may provide a better answer to this question.

Cell signaling pathways

Cell signaling plays a pivotal role in a variety of cellular processes in response to
intracellular or extracellular stimuli. Numerous signaling pathways have been identified in
the cell, and they are often critical to a cascade of biological reactions and gene expression.
A given signal pathway often consists of a number of signaling molecules. Although these
signaling molecules may not be directly involved in transcription, they can ultimately impact
gene expression because these signaling molecules can regulate activity of transcription
factors directly or indirectly. Emerging evidence suggests that INCRNAS are involved in
various pathways. Due to limited space, we selectively discuss those we believe the most
important to cancer, including p53, NF-xB, PI3K/AKT and Notch.

LncRNA and p53 regulatory network

p53 is a well-known tumor suppressor and is frequently mutated or deleted in cancer. p53
can regulate a large set of genes involved cell cycle, apoptosis and DNA repair. Therefore,
the cellular p53 level is delicately balanced. Regulation of p53 level takes place primarily at
translation, and posttranslational modifications and protein stability. Increasing evidence
suggests that in addition to protein factors, INCRNAs also play a role in this p53 regulatory
network (Zhang et al 2014). For instance, a large number of INCRNAs have been recently
shown to serve as p53 effectors, participating in downstream events in a p53-dependent
manner. Of great interest, among those p53-regulated INRNASs, some members of this group
of IncRNAs may also regulate p53 expression or its stability through an auto-regulatory
feedback loop.

The p53 protein level is usually low under normal physiological conditions. However, upon
DNA damage, p53 is substantially increased primarily due to the increased stability. Protein
modifications such as phosphorylation and acetylation play an important role in such a way
that the major p53 inhibitor MDMZ2 is no longer able to direct p53 to degradation. The role
of IncRNAs in regulation of p53 stability has been demonstrated by a recent study (Schmitt
et al 2016). DINO (Damage Induced Noncoding) is induced by DNA damage in a p53-
dependent manner. In this regard, DINO is required for the p53-mediatd phenotypes,
including cell cycle arrest and apoptosis in response to DNA damage. In particular, DINO
expression alone is sufficient to activate damage signaling and cell cycle arrest (Schmitt et al
2016), suggesting that DINO can mimic the function of DNA damage-induced p53.
Mechanistically, DINO physically interacts with p53 to stabilize it; this stabilized p53 in
turn transactivates the downstream targets including DINO itself. Thus, this is a positive
feed-back loop such that the DNA damage-induced p53 is greatly amplified (Fig. 1).
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However, once p53 is induced, the signal has to be turned down or shut off, otherwise the
cell may also suffer from p53-induced damage. It is well known that MDM2 is a major
player to keep p53 level low under normal conditions. After acute DNA damage, the cell
may also need a mechanism to rapidly turn p53 off. However, MDM2 alone may be not
sufficient where other factors such as Linc-RoR can provide an additional mechanism
because Linc-RoR can turn down p53 translation (Zhang et al 2013a).

Our study indicates that Linc-RoR can be induced by p53 in response to DNA damaging
agents. Consistent with this finding, Linc-RoR promoter carries several conserved p53-
binding sites and p53 interacts with these sites, as determined by ChIP assays (Zhang et al
2013a). Of interest, Linc-RoR is also able to suppress p53 (see below) to keep p53 in check

(Fig. 1).

This Linc-RoR-mediated repression of p53 involves hnRNP, an RNA binding protein with
multiple functions. The interaction of hnRNP | with the 5"-UTR of p53 mRNA promotes
p53 translation (Grover et al 2008). Our study indicates that Linc-RoR can also interact with
hnRNP I. Once bound by Linc-RoR, hnRNP I is no longer able to stimulate p53 translation
(Zhang et al 2013a). Of interest, although hnRNP | is an abundant nuclear protein, a small
fraction (<5%) is phosphorylated (p-hnRNP 1) and is detected in the cytoplasm. Further
study indicates that only p-hnRNP 1 is able to interact with Linc-RoR. Therefore, this forms
a competition between Linc-RoR and the 5'-UTR of p53 mRNA for hnRNP 1, ultimately
impacting p53 translation (Zhang et al 2013a). In addition, miR-145 serves as a direct target
of p53 and thus, DNA damage induces p53-mediated miR-145 expression (Sachdeva et al
2009), which in turns is able to target Linc-RoR through CeRNA mechanisms (Wang et al
2013b). In this way, the elevated miR-145 also helps keep Linc-RoR level low. Evidently,
these mechanisms can work together to control the cellular p53 level in response to
environmental cues.

To date, a large number of p53-regulated IncRNAs have been reported and they can impact
various cellular processes. Most of them are direct transcriptional targets of p53, such as
lincRNA-p21 functioning as a repressor in the p53 pathway (Huarte et al 2010). Similarly,
PANDA is involved in p53-regulated cell cycle progression and apoptosis (Hung et al 2011).
Our study indicates that Loc285194 serves as a p53 effector, suppressing tumor cell growth
(Liu et al 2013).

Some of these p53 effector INCRNAS are involved in stemness while others play a role in
DNA repair. For example, LncPRESS1 was identified as a p53-regulated INCRNA by RNA-
seq and ChlP-seq. LncPRESSL is highly expressed in human embryonic stem cells and it is
repressed by p53 during differentiation (Jain et al 2016). On the other hand, TP53TG1 is
tumor suppressor and plays a role in the DNA damage response. Importantly, TP53TG1 is
able to interact with YBX1 to prevent its nuclear localization such that the YBX1-mediated
activation of oncogenes is suppressed (Diaz-Lagares et al 2016). Similarly, p53 regulated
LINP1 promotes the interaction of Ku80 with DNA-PKcs, and thus, enhances DNA repair
(Zhang et al 2016a).
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Finally, a specific group of p53-regulated IncRNAs are enhancer RNAs (p53-eRNAS). These
eRNAs are called p53-eRNAs because they are expressed in a p53-dependent manner (Melo
et al 2013). Given the nature of p53-mediated expression, the p53-eRNA target genes are
also under control by p53, although these target genes may not carry classical p53-binding
sites. Evidently, through this mechanism the repertoire of p53 regulated genes are
significantly increased, and at the same time, p53 may be able to selectively turn on a group
of genes. Finally, a recent study suggests that at least some of these eRNAs can be controlled
by IncRNAs. For instance, LED (LncRNA activator of Enhancer Domains) is involved in
regulation of p53 eRNA expression and it is required for p53-induced cell cycle arrest
(Leveille et al 2015). Therefore, these findings add another layer of complexity in the p53-
regulatory system.

LncRNA-mediated NF-xB signaling

NF-xB is a ubiquitously expressed pleiotropic transcription factor present in almost all cell
types and NF-xB pathway plays a critical role in many biological processes such as
inflammation, cell growth, and cancer metastasis (Peppicelli et al 2013, Shi et al 2000, Xu
and Fidler 2000). Under normal conditions, NF-xB stays in the cytoplasm as a
heterotrimeric complex consisting of the subunits p50, p65, and the inhibitory subunit IxBa..
In response to inducing stimuli such as TNF-a,, IxBa undergoes phosphorylation,
ubiquitination and proteolytic degradation. The p65/p50 subunits are translocated into the
nucleus where they regulate expression of a specific set of target genes (Lu and Stark 2015).
Aberrant regulation of NF-xB and its downstream targets often leads to inflammation, drug/
radiation resistance, and cancer metastasis (Aggarwal 2004).

Several studies have implicated a number of IncRNAs in NF-xB signaling directly or
indirectly (Krawczyk and Emerson 2014, Liu et al 2015, Rapicavoli et al 2013), but we
primarily focus on those that have direct effect on the NF-xB complex where IncRNAS serve
as a scaffold. In the first case, NF-xB Interacting LncRNA (NKILA) interacts with the NF-
xB/IxB complex in such a way that NKILA prevents phosphorylation of 1B by IKK (Liu et
al 2015). NKILA is primarily present in the cytoplasm, where it can inhibit both basal and
cytokine-stimulated NF-xB activation. The underlying mechanism may involve the ability of
NKILA to form a stable heterotrimeric complex (Fig. 2), which may explain why a low level
of NKILA is associated with breast cancer metastasis and poor patient prognosis (Liu et al
2015). Furthermore, NKILA is upregulated by NF-xB, forming a negative feedback loop.
Therefore, this example illustrates that IncRNAs can function as a scaffold to recruit various
proteins in signaling pathways.

Another example of NF-xB-associated IncRNAs is Lethe which can be induced by NF-xB-
mediated proinflammatory cytokines (Rapicavoli et al 2013). In particular, Lethe suppresses
NF-xB activity by physical interaction with the p65 subunit. Since Lethe appears to be
negatively regulated by p65, this is another example of IncRNA-mediated negative feedback
regulatory system for NF-xB (Fig. 2). However, the cancer relevance of Lethe remains to be
determined yet.
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It is well known that p65 and p50 can form heterodimers or homodimers; the heterodimeric
p65-p50 complex appears to be the most abundant, serving as a transcriptional activation
complex. On the other hand, p50-p50 homodimers often play an inhibitory role in
transcription. A nuclear IncRNA PACER (p50-Associated COX-2 Extragenic RNA) was
identified to be able to interact with free p50. Both COX2 and PACER can be induced by
PMA. On the other hand, PACER can regulate COX2 transcription because PACER
knockdown is required for COX2 expression (Krawczyk and Emerson 2014). The
mechanism may involve sequestration of free p50 such that the repressive p50-p50
homodimers are decreased and the active p65-p50 heterodimers are increased in response to
stimuli such as LPS. Therefore, PACER functions in cis to enhance NF-xB-dependent
COX2 transcription (Fig. 2). Further evidence suggests that PACER can be induced by
IL-1pB, leading to a high level of COX2 (Pearson et al 2016). Given that the heterodimeric
p65-p50 complex regulates a large number of genes, it would be interesting to determine
how PACER specifically impacts COX2 expression. Similar to PACER, lincRNA-COX2 is
required for the transcription of NF-xB-regulated late-primary inflammatory response genes
stimulated by LPS (Hu et al 2016).

There are still several other IncRNAs associated with NF-xB pathway, primarily through in
an indirect manner or as NF-xB effectors. For instance, HOTAIR decreases IxBa
transcription through the polycomb repressive complex 2 (PRC2) in ovarian cancer (Ozes et
al 2016). Since 1xBa serves as an inhibitor for NF-xB, a decreased level of 1xBa means that
activation of NF-xB can last for a longer time, leading to increased expression of NF-xB-
regulated genes. Furthermore, HOTAIR can activate NF-xB possibly through cAMP
dependent protein kinase (PKA), or nuclear kinases such as MSK1 and MSK2 (Wu et al
2016). Finally, nuclear MALAT1 was reported to interact with p65/p50 heterodimer such
that expression of TNFa and IL-6 is suppressed (Zhao et al 2016). However, this
observation seems to contradict to what have been reported regarding the function of
MALAT1 and NF-xB. Thus, further evidence is needed to define the role of MALAT1 in
this aspect.

LncRNAs as AKT regulators

Overwhelming evidence supports the role of AKT in cancer (Thorpe et al 2015). At the top
of this pathway, growth factors first interact with receptor tyrosine kinase (RTK), generating
the second messenger PIP3 through PI13K, which subsequently activates critical downstream
targets such as AKT and mammalian target of rapamycin (mTOR). Regulation of AKT
activity often involves vast arrays of players. Two well-known AKT regulators are PI3K and
PTEN. PI3K is a kinase that converts PIP; to PIP3, serving as a positive AKT regulator,
whereas PTEN is a phosphatase that reverse PIP3 to PIP,, acting as a negative AKT
regulator. In addition, other factors such as PP2A or microRNASs can also regulate AKT
activity. Our recent study suggests that IncRNA AK023948 is directly involved in AKT
pathway (Koirala et al 2017). For example, knockdown or knockout of AK023948
suppresses AKT activity; re-expression of AK023948 in the KO cells (i.e., rescue
experiment) restores the AKT activity. Thus, AK023948 is a positive regulator for AKT.
Functionally, AK023948 interacts with ATP dependent RNA helicase A (RHA/DHX9) and
the regulatory subunit of PI3K, p85.
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Despite the importance of p85 in AKT pathway and cancer, information about the regulation
of p85 is limited. This regulatory subunit consists of two major isoforms, p85a and p85p,
however, evidence indicates that p85p plays an oncogenic role whereas p85a functions as a
tumor suppressor (Taniguchi et al 2010). Consistent with these findings, p85p is a primary
target for AK023948 in breast cancer cells. Mechanistically, both AK023948 and DHX9 are
critical to the p85 stability. The interaction of AK023948 with DHX9 and p85 helps to
stabilize p85 and thus, promote AKT activity (Fig. 3).

In addition to PI3K, other components of ATK pathway can also be subject to regulation by
IncRNASs. For instance, a recent report suggests that LINK-A (long intergenic non-coding
RNA for kinase activation) can regulate AKT activity, but through a different mechanism.
LINK-A directly interacts with the AKT pleckstrin homology domain and
phosphatidylinositol (3,4,5)-trisphosphate (PIP3) to promote AKT activity. LINK-A is
required for AKT-PIP3 interaction and consequent enzymatic activation (Lin et al 2017).
Evidently, LINK-A is a lipid-binding INcRNA (Fig. 3). The PIP3-binding motif of LINK-A
is critical to resistance to AKT inhibitors. Thus, through targeting various components of the
AKT pathway, IncRNAs play a very unique role and dysregulation of these InNCRNAs may
ultimately contribute to the increased AKT activity in cancer.

There are a few other IncRNAs implicated in regulation of AKT activity; they may exert
their functions through a direct or indirect way. For example, FER1L4 inhibits AKT activity
by promoting PTEN expression (Qiao and Li 2016). Similarly, BC087858 was reported to
be involved in the PI3BK/AKT and MEK/ERK pathways and epithelial-mesenchymal
transition (EMT) through upregulation of ZEB1 and Snail (Pan et al 2016). In osteosarcoma
cells MALAT1 knockdown significantly suppresses pAKT level whereas ectopic expression
of MALAT1 promotes tumor growth and metastasis by activating PI3K/AKT signaling
cascade (Xu et al 2015). This activation of AKT may be through a post-transcriptional
regulation mechanism (Dong et al 2015). However, further evidence is still needed to define
their role in AKT pathway. In particular, more studies are required to provide detailed
mechanisms of how these InNcRNAs impact AKT pathway.

The significance of AKT in cancer is further supported by the findings that NF-xB serves an
important AKT effector. Thus, AKT-associated IncRNAs may also affect NF-xB activity to
certain degree, further highlighting the importance of these AKT-associated IncRNAs. In
addition, it is well known that phosphatases such as PTEN and PP2A can negatively regulate
AKT activity. Thus, it is conceivable that any IncRNA associated with these phosphatases
will also have an impact on AKT activity. However, to date little is known regarding the
potential involvement of IncRNAs in regulation of these phosphatases. Evidently,
identification of such potential IncRNAs would provide more comprehensive insight into
regulation of AKT pathway.

Notch-associated IncRNAs

The Notch signaling pathway is also a highly conserved cell signaling system in most
multicellular organisms, and is critical to diverse cellular processes such as stemness, cell
proliferation, differentiation, and cell death. The role of Notch signaling in stem cells and
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malignancy is well documented. Of interest, a number of IncRNAs have been shown to be
regulated by Notch; among them is LUNARL1 that is essential for T-ALL growth by
maintaining high expression of IGF1IR mRNA through a c/s-activation mechanism
(Trimarchi et al 2014). On the other hand, Notchl activation can specifically induce
expression of TUG1 (taurine upregulated gene 1) which in turn promotes self-renewal of
glioma stem cells (Katsushima et al 2016), highlighting the importance of Notch-IncRNA
axis in the regulation of self-renewal of glioma cells. Finally, NALT (NOTCH1 Associated
LncRNA In T-Cell Acute Lymphoblastic Leukemia 1) is upregulated in bone marrow of T
ALL specimens. While suppression of NALT by RNAI or suppression of Notch by GSI
inhibitors impairs, ectopic expression of NICD promotes cell proliferation or xenograft
tumor growth (Wang et al 2015). This NALT-mediated activation of Notch signaling may be
through transcription activation by NALT although further studies are needed to confirm this
possibility.

Other signaling pathways

Although there are many other signaling pathways that IncRNAs can play role in
corresponding signaling pathways, due to space limit, we will just discuss two here, Wnt/p-
catenin and HIFla.

Aberrant activation of Wnt/p-catenin signaling has been implicated in several types of
cancer because Wnt/p-catenin signaling controls a number of oncogenic genes, especially c-
Myc, leading to cell proliferation and tumorigenesis. In addition to Linc-RoR controlling the
stability of c-Myc through AUF (Huang et al 2015), a recent study identifies IncRNA MYU
as a direct target of c-Myc. The interaction of MYU with hnRNP K can stabilize CDK6
expression and thereby promote the G1-S transition of the cell cycle (Kawasaki et al 2016).
Similarly, the ultraconserved IncRNA uc.158 serves as a cancer-specific mediator of Wnt/p-
catenin pathway in liver cancer (Carotenuto et al 2016). Given the important role of the Wnt/
[B-catenin signaling in liver pathophysiology, this may explain at least in part why
dysregulation of this pathway promotes the development and progression of different
cancers, including hepatobiliary tumors.

As an important feature of IncRNAs in serving as a scaffold, IncRNAs can interact with
different kinases in cytoplasm that are often critical to cell signaling. For instance, BRK and
LRRK2 are required for HIF1a signaling. This same LINK-A, which was recently shown to
facilitate the recruitment of PIP3 by AKT (Lin et al 2017), can also interact with BRK and
LRRK2. Importantly, LINK-A is required for BRK to interact with the EGFR:GPNMB
complex and it promotes BRK kinase activity. The BRK-dependent HIF1a phosphorylation
at Tyr®85 interferes with its hydroxylation at Pro®64, leading to HIF1a stabilization even
under normoxic conditions (Lin et al 2016).

Role of IncRNASs in cancer

Given the role of cell signaling pathways in cancer initiation, progression and metastasis,
IncRNASs involved in these pathways can impact all aspects of tumorigenesis. As a result,
IncRNASs can play an oncogenic or a tumor suppressive role.
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For instance, a large number of INcRNAs can promote tumor growth and metastasis. PVT1 is
required for a high level of c-Myc protein; PVT1 RNA and c-Myc protein expression is
highly correlated in primary human tumors. Suppression of PVT1 inhibits c-Myc-driven
tumorigenic potency (Tseng et al 2014). MALAT1 was first identified in lung cancer
MALAT1 (Ji et al 2003) and is one of the most studied InNcRNAs in cancer. For example,
MALAT1 can promote tumorigenesis through Wnt/p-catenin pathway, EMT, PI3K/AKT
pathway, ERK/MAPK pathway and angiogenesis (Liu et al 2017). PCAT-1 functions as a
prostate-specific regulator of cell proliferation and it has been implicated in a subset of
prostate cancer patients (Prensner et al 2011). PCGEML1 is a prostate cancer specific
IncRNA (Srikantan et al 2000); it can promote cell proliferation (Petrovics et al 2004) and
reduce apoptosis induced by anticancer drugs (Fu et al 2006). HOTAIR is upregulated in
breast tumors and its expression is strongly associated with breast cancer metastasis and
patient survival (Gupta et al 2010). Finally, LINK-A expression and activation of LINK-A-
dependent signaling pathway correlate with triple-negative breast cancer (TNBC), and they
together promote breast cancer glycolysis reprogramming and tumorigenesis (Lin et al
2016). Moreover, LINK-A-dependent AKT hyperactivation can lead to tumorigenesis and
resistance to AKT inhibitors. (Lin et al 2017).

Our own studies suggest that Linc-RoR and UCAL are upregulated in breast cancer and
suppression of their expression inhibits tumor growth (Huang et al 2014, Huang et al 2015);
AKO023948 is upregulated in breast cancer and it promotes tumor cell growth (Koirala et al
2017). On the other hand, Loc285194 and GAS5 may function as tumor suppressors in
breast cancer (Liu et al 2013, Zhang et al 2013b). These are just a few of IncRNA examples
important to tumorigenesis. Although the detailed molecular mechanism of IncCRNA-
mediated tumorigenesis still remains to be elucidated yet, evidently IncRNA-mediated cell
signaling is an important contributing factor.

Concluding remarks and future directions

The signaling pathways discussed above were discovered a long time ago; and key players in
these pathways are well characterized and described in most textbooks. We thought that we
knew everything about them. However, the fact is that we still have a lot to learn. Although
IncRNAS do not appear to be as important as signaling molecules themselves to certain
degree, it is evident that IncRNAs are critical to this regulatory network by providing a
background support to make the signaling more smoothly or making signaling more flexible
in response to environmental cues.

The most important feature of InNcRNA-mediated regulation of cell signaling is that InCRNAs
are able to function as a scaffold through which IncRNAs are capable of interacting with
various signaling molecules. In this case, INcRNAs may act as various aptamers. Depending
on the type and/or number of their binding partners, IncRNAs can often exert multiple
functions, especially by directly interacting with signaling molecules. Given the complexity
of cell signaling, a critical challenge is how to identify IncRNAs carrying functional
domains (or aptamers) that interact with corresponding binding partners. Currently available
technologies such as RNA precipitation and RNA immunoprecipitation (RIP) or cross-
linking immunoprecipitation (CLIP) are important for identification of such binding
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partners. Especially, RNA precipitation combined with high throughput mass-spectrometry
and RIP/CLIP combined with deep sequencing provide critical research tools in exploring
IncRNA functions in cell signaling. Moreover, functional screening from RNA. libraries or
CRISPR-based libraries are more advanced technologies for identification of their functions
specific to a particular signaling pathway. Together, systematic characterization of INCRNA-
mediated cell signaling would be possible.

The most exciting experience we have been through in past years with regard to INCRNA-
mediated cell signaling is probably the finding that classic signaling molecules and other
factors including IncRNAs are often interconnected and cooperate to exert cellular functions.
Therefore, it is important to keep in mind that IncRNAs alone may not be sufficient to drive
cell signaling; likewise, classic signaling molecules may not work by themselves or they
alone may not work efficiently. Given that IncRNA research is still at the early stage, we
expect that there will be many more IncRNAs associated with various signaling pathways to
be identified in near future. Further characterization of these InNCRNAs will provide new
insight into how IncRNAs and signaling molecules work together, impacting various aspects
of tumorigenesis. As a result, these INCRNAs may serve as cancer biomarkers or therapeutic
targets.
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3’-UTR 3’-untranslated region

ARE AU rich element

DINO Damage Induced Noncoding

EMT epithelial-mesenchymal transition

GAS5 growth arrest-specific 5

GR glucocorticoid receptor

GRE glucocorticoid response element

hnRNP heterogeneous nuclear ribonucleoprotein

INcRNA long ncRNA

LED LncRNA activator of Enhancer Domains

LINK-A long intergenic non-coding RNA for kinase activation
LINP1 IncRNA in nonhomologous end joining pathway 1
MALAT1 metastasis associated lung adenocarcinoma transcript 1
PRC2 polycomb repressive complex 2
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RTK receptor tyrosine kinase
RISC RNA-induced silencing complex
SAM synergistic activation mediator
TUG1 taurine upregulated gene 1
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Fig. 1. p53 and IncRNA auto-feedback regulatory network
Both DINO and Linc-RoR are p53 transcriptional targets. While DINO stabilizes p53, Linc-

RoR inhibits p53 translation.
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Fig. 2. Regulation of NF-xB signaling by IncRNAs
Both NKILA and PACER serve as an NF-xB promoter. On the other hand, Lethe suppresses

NF-xB activity.
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Fig. 3. Regulation of AKT activity by IncRNAs
AK023948 promotes AKT activity by stabilizing p85, a regulatory subunit of PI3K; LINK-

A facilitates the interaction of AKT and PIP3, stimulating AKT activity. It remains to be
determined whether InNcRNAs can interact with PTEN or PP2A and thus impact AKT

activity.
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