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ABSTRACT

Dysregulation of gene expression, often interpreted by gene transcription as an endpoint response, is
tightly associated with human cancer. Long noncoding RNAs (IncRNAs), derived from the noncoding

KEYWORDS
Long noncoding RNA;
Transcription; Cancer

elements in the genome and appeared no less than 200nt in length, have emerged as a novel class of
pivotal regulatory component. Recently, great attention has been paid to the cancer-related IncRNAs
and growing evidence have shown that IncRNAs act as key transcriptional regulators in cancer cells
through diverse mechanisms. Here, we focus on the nucleus-expressed IncRNAs and summarize their
molecular mechanisms in transcriptional control during tumorigenesis and cancer metastasis. Six major
mechanisms will be discussed in this review: association with transcriptional factor, modulating DNA
methylation or histone modification enzyme, influencing on chromatin remodelling comple, facilitating
chromosomal looping, interaction with RNA polymerase and direct association with promoter.

Introduction

The completion of the 'Human Genome Project’ and the
development of the ‘ENCODE Program’ have revealed
a large portion of noncoding elements in the human genome.
RNA products derived from these regions are not further
translated into typical proteins and collectively referred to as
noncoding RNAs (ncRNAs), which account for approximately
72% of the entire human genome [1]. Long noncoding RNA
(IncRNA), a heterogenous class of ncRNAs that are larger
than 200nt, is a young member in the ncRNA family. The
current definition of IncRNA was generated and world-wide
accepted in the first decade of the twenty-first century,
although the first IncRNA can be traced back to 1970s. The
discovery of IncRNA quickly attracted the research attention,
particularly in the transcriptional regulation, as that the
majority of reported IncRNAs are nucleus-expressed,
a feature that is distinct from mRNAs, which are predomi-
nantly expressed in the cytoplasm. Dysregulation of gene
program is tightly linked with cancer biology. Cancer-
associated gene dysregulation affects both protein-encoding
genes and ncRNA molecules [2]. To date, emerging evidence
have shown that cancer misregulated IncRNAs often act as
critical regulatory molecules in cancer development, and are
potential therapeutic targets in the diagnosis and treatment of
cancer [3-5]. The regulatory mechanisms of these IncRNAs
are diverse and complicated. They are deeply involved in
almost all the steps during the gene expression, transcription-
ally and post-transcriptionally. Generally at the transcriptional
level, these IncRNAs can regulate the neighbouring genes in
cis by trapping transcription factors, influencing epigenetic
modulation enzymes, forming chromatin looping, or direct

association with promoter [6,7]. They can also regulate distal
genes in trans through similar mechanisms [8-11]. In this
review, we will focus on these cancer-related IncRNAs that are
expressed in the nucleus and discuss their working mechan-
isms as transcriptional modulators. We synthesized their acts
into six main mechanisms: association with transcriptional
factor, modulating DNA methylation or histone modification
enzyme, influencing on chromatin remodelling complex,
facilitating chromosomal looping, interaction with RNA poly-
merase, and direct association with promoter.

Association with transcriptional factor (TF)

Association with TFs to regulate gene transcription is
a widely observed mechanism for the nucleus-expressed
IncRNAs. IncRNAs interplay with the TFs via various
mechanisms (Table 1). By direct or indirect interaction
with the TFs [12-30], IncRNAs may control the neighbour-
ing intrachromosomal genes in cis or affect the genes on
different chromosomes in trans.

RNA guide

Some IncRNAs achieve their roles in an ‘RNA guide’ man-
ner (Fig. 1A). In this regulatory mechanism, the IncRNAs
usually interact with a single TF and facilitate the loading
of the TF to promoter or enhancer of the target genes to
participate in transcriptional activation [22,23] (Fig. 1A).
For instance, liver tumour-initiating cells (TICs) play an
important role in initiation and recurrence of liver cancer.
IncSOX4 is highly expressed in TICs to promote
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Table 1. Association with transcriptional factor (TF).

IncRNAs Cancer type Functions and phenotype References

IncSOX4 Liver cancer Recruits transcriptional factor STAT3 to the promoter of SOX4 gene for SOX4 activation, promotes 221
hepatocellular carcinoma development

HOXC-AS3 Gastric cancer Induces transcriptional factor YBX1 to the target genes’ promoters that contain CCAAT-box, activatess 1231
cancer cell proliferation and migration.

HOTAIR Breast cancer Serves as a scaffold to form a complex with HBXIP, c-myc and LSD1, activates transcription of c-myc target 271
genes and drives carcinogenesis.

PCAT19-long Prostate cancer Recruits HNRNPAB and other transcription factors to upregulate cell-cycle genes, promotes cell 1ol
proliferation, migration and invasion.

CCAT1 Squamous cell Acts as a scaffold, forms a complex with TP63 and SOX2, activates the expression of EGFR, MEK/ERK1/2 1331

carcinomas (SCCs) and PI3K/AKT cell signal. It promotes SCC cell proliferation both in vitro and in vivo

SLNCR Melanoma Recruits AR to EGR1-bound genomic loci and switches EGR1-mediated transcriptional activation of B4
p21Waf1/Cip1 to repressive status, promotes the development of melanoma

PCAT1 Prostate cancer Recruits AR and LSD1 to the enhancers of androgen late-response genes, promotes prostate cancer 5]
development.

MALAT1 Breast cancer Serves as a decoy to interact TEAD preventing TEAD from associating with its co-activator YAP and target &7
gene promoters, suppresses cell metastasis.

GAS5 Breast cancer Acts as a decoy of GRE, prevents GR binding to GRE, controls cell apoptosis and inhibits breast cancer e
development.

MALAT1 Liver cancer Acts as a RNA decoy and releases DBC1 from SIRT1 to activate the enzymatic activity of SIRT1. It promotes 1ol
deacetylation of p53 and cell proliferation and inhibits cell apoptosis.

hepatocellular carcinoma (HCC) development. androgen receptor (AR) and EGR1, two TFs responsible for the

Mechanistically, IncSOX4 recruits transcriptional factor
STAT3 to the promoter of SOX4 gene for SOX4 activation
[22]. HOXC-AS3 is a gastric cancer cell highly expressed
IncRNA and plays an oncogenic role in gastric cancer cells
[23]. It acts as an RNA guide to induce transcriptional
factor YBX1 to the target genes’ promoters that contain
CCAAT-box. As a consequence, HOXC-AS3 activates
a set of genes that promote cancer cell proliferation and
migration, including CDK2, HOXBI13, IGFBP4, ATEFS5,
MAPK4, MMP7, MMP24, BIRC2, WNT10B and HDACS.

Molecular scaffold

Other IncRNAs function as ‘molecular scaffolds’. These IncRNAs
are capable to interact with multiple TFs, or TF and other tran-
scriptional regulators simultaneously. The resulting protein:
IncRNA:protein complex provides a platform for the involved
transcriptional modulators to coordinate on the target genes’
transcription [10,12,24-35] (Fig. 1B). For example, IncRNA
HOTAIR usually acts as a scaffold molecule to regulate genes’
expression. During cancer development, HOTAIR recruits PRC2
and LSD1 at new chromatin target sites and inhibits the transcrip-
tion of multiple anti-metastasis genes [10,31,32]. In breast cancer,
HOTAIR forms a complex with HBXIP, c-myc and LSD1. This
complex activates transcription of the c-myc target genes to drive
carcinogenesis [27]. The IncRNA PCAT19 has two different iso-
forms, a short isoform of IncRNA PCAT19 (PCAT19-short) and
a long isoform of IncRNA PCAT19 (PCAT19-long). In prostate
cancer (PCa), IncRNA PCAT19-long interacts with HNRNPAB to
activate a subset of cell-cycle genes that are associated with PCa
progression, thus, promoting PCa tumour growth and metastasis
[30]. As an up-regulated IncRNA in squamous cell carcinomas
(SCCs), IncRNA CCAT1 promotes SCC cell proliferation both
in vitro and in vivo. Mechanistically, CCAT1 acts as a scaffold by
recruiting two TFs, TP63 and SOX2, to form TP63-SOX2-CCAT1
complex. This complex occupies at the supper-enhancer region of
EGFR, activates the expression of EGFR and promotes SCC
tumorigenesis through activating MEK/ERK1/2 and PI3K/AKT
cell signal [33]. Similarly, IncRNA SLNCR builds a scaffold for

transcriptional regulation of tumour suppressor p21W2™/CP! [34],

Under physiological condition, EGR1 works as an activator to
promote the expression of p21"V**/“P! In addition, the authors
also found that ligand-free AR is enriched on the SLNCR-
regulated melanoma genes by ChIP-sequencing assay and that
AR genomic occupancy significantly overlaps with EGR1 at con-
sensus EGR1 binding sites. During tumorigenesis in melanoma
cells, SLNCR recruits AR to EGRI-bound genomic loci and
switches ~EGRI-mediated transcriptional activation of
p21Wa/CPL 4 repressive status. Thus, IncRNA SLNCR plays an
important role in promoting the development of melanoma. The
oncogenic IncRNA PCAT1 acts as a scaffold molecule to link AR
and histone modifier LSD1 (lysine-specific demethylatasel) in
prostate cancer cell and is required for AR and LSD1’s recruitment
to the enhancers of androgen late-response genes [35]. RNA
decoy: Still other IncRNAs are found to serve as ‘RNA decoys’.
These IncRNAs act as intermediates to sequester TFs from their
functional sites [36-40] (Fig. 1C). For example, glucocorticoid
receptor (GR) works with glucocorticoid response element
(GRE) to regulate apoptosis and the cell cycle. It has been reported
that the IncRNA GAS5 represses GR activity by acting as a decoy of
GRE. GAS5 prevents GR binding to GRE and suppresses the
expression of targeted genes in breast cancer [38,39]. For another
example, IncRNA MALATI is a broadly expressed IncRNA
involved in many aspects of cellular processes through multiple
mechanisms. Kim J.et al. reported that MALAT1 can inactivate the
prometastatic transcription factor TEAD through the RNA decoy
mechanism [37]. At the molecular level, interaction of MALAT1
to TEAD prevents TEAD from associating with its co-activator
YAP and target gene promoters. In this work, the expression level
of MALAT!1 is inversely correlated with breast cancer progression
and metastatic ability and was demonstrated as a metastasis-
suppressing IncRNA in breast cancer. It is worth mentioning
that MALATI can also function as an RNA decoy by releasing
the MALAT1-associated protein DBC1 from the latter’s associa-
tion with SIRT1 to reactivate the enzymatic activity of SIRT1 [40],
a mechanism that overlaps with ‘modulating histone modification
enzyme’. Several other IncRNAs have been reported to use this
mechanism for transcritpional regulation: releasing the interacting
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Figure 1. Association with transcriptional factors (TFs).

IncRNAs regulate gene transcription via influencing on TFs. (a) RNA guide: An IncRNA interacts with a single TF directly or indirectly and recruits the TF to the target
gene promoters. (b) Molecular scaffold: An IncRNA is able to interact with multiple transcriptional regulators and promotes their recruitment to the target gene’s
promoter. (c) RNA decoy: An IncRNA sequesters its associated TF from the target gene’s promoter or the latter's complex.

proteins from their complexes, thus altering the activation of the
protein complexes during transcriptional regulation [41-43]. In
addition, besides TFs, decoy IncRNAs can also regulate gene
expression by sequestering RNA-binding proteins that are not
typical TFs, as well as microRNAs, catalytic proteins and subunits
of larger modifying complexes in transcription level and post-
transcription level [44].

Modulating DNA methylation or histone modification
enzyme

Epigenetic modification is recognized as a stable genetic pheno-
type caused by chromosome changes without changing the DNA
sequence [45]. DNA methylation and histone modification, the
two most studied epigenetic modifications, are reversible pro-
cesses and dynamically regulated [46]. Numerous IncRNAs have
been reported to work with the DNA methylation or histone
modification enzymes to mediate gene transcriptional events in
tumorigenesis [12,47-56] (Fig. 2, Table 2). Similar to the ‘asso-
ciation with transcriptional factor’ mechanism, the IncRNAs in
this category can also function as RNA guide, scaffold or decoy.

Through DNA methylation

More than 24 million autosomal CpG sites exist on the human
genome, of which, 60-90% are methylated [57-59]. DNA methy-
lation is highly dynamic dependent on the cell type, physiological
or pathophysiological condition, and developmental stage [60-
64]. In mammalian somatic cells, the DNA methylation is

presumably maintained by DNMT1. Recently, DNMT1 has
been re-grouped as an RNA-binding protein [65-67]. Several
DNMT1-associated IncRNAs have been reported [66,68,69].
Among which, ecCEBPA has been shown to regulate the activity
of DNMTI in a site-specific manner in leukaemia cells [66],
suggesting a possibility that the site-specificity of DNA methyla-
tion may be tightly regulated by the DNMTs-associated RNAs. In
addition, some IncRNAs have been reported to promote the
demethylation event in cancer. For example, IncRNA TARID
(TCF21 antisense RNA inducing promoter demethylation) has
been initially found to facilitate the demethylation of the tumour
suppressor TCF21 promoter through GADD45A and thymine-
DNA glycosylase [68]. Recently, the activation of TARID has been
further shown to be able to induce an R-loop formation at the
TCF21 promoter. The R-loop triggers the recruitment of
GADD45A and TET1 to the TCF21 promoter and results in the
activation of TCF21 [69].

Through histone modification

Abundant research articles have linked IncRNAs with histone
modification. (1) Histone methylation: Interestingly, although
the regulatory mechanisms are diverse at molecular level, about
11-20% of the reported IncRNAs achieved their roles via asso-
ciating with polycomb repressive complexes, including PCR1
and PRC2 [10,70]. PRC2, consisting of enhancer of zeste homo-
log 2 (EZH2), suppressor of zeste 12 (SUZ12), and embryonic
ectoderm development (EED) [68], methylates the 27th lysine of
histone H3 to inhibit the transcription of the target genes. (i)
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Figure 2. Modulating DNA methylation and histone modification enzymes.
IncRNAs mediate gene activation or repression through recruiting (1) or sequestering (2) epigenetic factors to influence the process of DNA methylation and/or

histone modifications.

Table 2. Modulating DNA methylation or histone modification enzyme.

IncRNAs Cancer type Functions and phenotype References

Inc-B-Catm Liver cancer Inc-B-Catm serves as a co-activator of EZH2 to mediate the methylation of 3- [47]
catenin and activates Wnt-{-catenin signalling in liver cancer stem cells (CSCs).

BCAR4 Breast cancer Interacts with SNIP1 and releases the SNIP1’s inhibition of p300-dependent B3l
histone acetylation, it promotes H3K18 acetylation of the GLI2 target genes
promoter. Besides, BCAR4 recruits PNUTS to interact with H3K18ac and disrupts
inhibition of RNA Pol I, activating target genes of GLI2 expression, promoting
tumour invasion and metastasis.

SANT1 Renal cell carcinoma Removes SFPQ/E2F1/HDAC1 suppressor complex from the promoter region and B3]
increases the acetylation of H3K27 to promote SLC47A2 expression

TARID Non-small cell lung cancer, head and neck Induces an R-loop formation at the TCF21 promoter, recruits GADD45A and TET1. 168,69]

squamous cell carcinoma, ovarian cancer It leads to demethylation of TCF21 promoter, activates the tumour suppressor
TCF21 and inhibit tumour development.

EBIC Cervical cancer Recruits EZH2 to E-cadherin promoter, promotes cell metastasis and invasion 1721

AGAP2-AS1 Non-small cell lung cancer recruits EZH2 and LSD1, represses tumour suppressors KLF2 and LATS2 1ol
transcription via H3K27me3, promotes cell proliferation and inhibits cell
apoptosis.

APC Liver cancer Recruits EZH2 to APC promoter, represses the expression of APC and activates 1
Wnt/B-catenin signalling to promote the self-renewal of TIC cells.

TUG1 Non-small cell lung cancer, liver cancer,  Recruits EZH2 to target genes’ promoters, inhibits genes’ expression and cancer 62-84)

glioma development. It also acts as a scaffold to recruit EZH2 and YY1 to repress
differentiation genes in glioma stem cells (GSCs)

LINC00152 Gastric cancer Binds to EZH2 and represses p15 and p21 transcription to accelerate the cell cycle sl
and promote cell proliferation.

IncRNA-p21 Prostate cancer Switches the activity of EZH2 from histone-methyltransferase to non-histone el
methyltransferase, induces EZH2 methylating STAT3 to promote neuroendocrine
differentiation (NED).

LNMAT1 Bladder cancer Recruits hnRNPL to CCL2 promoter to enhance the expression of CCL2 by 71
increasing H3K4me3. It induces CCL2 recruiting macrophages into the tumour
and promotes lymphatic metastasis.

EZR-AS1 Human oesophageal squamous cell Recruits histone methyltransferase SMYD3 to a binding site that is presented in 8]

carcinoma a GC-rich region downstream of the EZR promoter. It causes the local enrichment
of H3K4me3, promotes cell proliferation and invasion.

LINC00473 Breast cancer Recruits phosphorylated CREB or FUS to CCND1 promoter, maintaining the 1ol
expression levels of CCND1. It can promote cell proliferation.

BCAR4 Breast cancer Recruits GLI2 to promoters of HK2 and PFBFK3, promotes H3K27 acetylation, cell o1
migration and invasion.

SATB2-AS1 Colorectal carcinoma Recruits p300, acetylates H3K27 and H3K9 at the SATB2 promoter for SATB2 el

activation. It suppresses cell proliferation, migration and invasion.

Promoting H3K27me3:

Many

PRC1/PRC2-associated

the tumour suppressors KLF2 and LATS2 by recruiting EZH2

IncRNAs can serve as RNA guide or scaffold molecule to recruit
PCR2 complex by interacting with EZH2 directly and promote
H3K27me3 [28,71-79]. For instance, the tumour up-regulated
IncRNA AGAP2-ASI functions as a transcriptional repressor of

and LSD1 to the promoter regions of these two tumour suppres-
sors, and repressing their transcription via H3K27me3 in non-
small-cell lung cancer (NSCLC) cells [80]; LncAPC, located near
APC locus, recruits EZH2 to APC promoter, represses the
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expression of APC and activates Wnt/B-catenin signalling to
promote the self-renewal of TIC cells [81]; LncRNA-EBIC pro-
motes the metastasis and invasion of cervical cancer cells by
recruiting EZH2 to E-cadherin promoter [72]; IncRNA TUGI,
a tumour suppressor regulated by p53 in NSCLC, recruits EZH2
to inhibit the expression of HOXB7 [82]; TUGI regulates the
downstream gene KLF2 through EZH?2 recruitment to the pro-
moter of KLF2 in liver cancer [83] or acts as a scaffold to recruit
EZH2 and YY1 to repress differentiation genes in glioma stem
cells (GSCs) [84]; LINC00152 overexpression facilitates cell pro-
liferation through accelerating the cell cycle by binding to EZH2
and repressing p15 and p21 transcription in gastric cancer cells
[85]. Intriguingly, a couple of reports have showed that IncRNA
can also mediate the non-histone methylation activity of the
PRC2 complex. Enzalutamide (Enz) is an anti-tumour drug
that may extend the castration-resistant prostate cancer
(CRPCQ) patients’ survival up to an extra 4.8 months. However,
Enz might also result in some adverse effects via inducing the
neuroendocrine differentiation (NED). Luo J et al. found that
IncRNA-p21 is an Enz-induced IncRNA and is able to interact
with EZH2 [86]. Upregulation of IncRNA-p21 switches the
activity of EZH2 from histone-methyltransferase to non-
histone methyltransferase. As a result, EZH2 methylated
STAT3 to promote NED. These results further support the ear-
lier identification by Zhu P et al. that Inc-p-Catm serves as a co-
activator of EZH2 to mediate the methylation of non-histone
substrate. The Inc-p-Catm-mediated methylation of B-catenin
can suppress the ubiquitination of B-catenin, and promote the
latter’s stability to result in an activation of Wnt-p-catenin
signalling in liver cancer stem cells (CSCs) [47]. (ii)
Promoting histone modifications other than H3K27me3:
Compared with those PRC complexes-associated IncRNAs, rela-
tively less reports have showed that IncRNAs can mediate other
histone methylations [50,52,87-89]. For example, IncRNA
LNMATT1 recruits hnRNPL to CCL2 promoter to enhance the
expression of CCL2 by increasing H3K4me3. The resulted up-
regulation of CCL2 recruits macrophages into the tumour and
promotes lymphatic metastasis [87]. In human oesophageal
squamous cell carcinoma (ESCC) cells, IncRNA EZR-ASI pro-
motes cell proliferation and invasion. Mechanistically, EZR-AS1
recruits histone methyltransferase SMYD?3 to a binding site that
is presented in a GC-rich region downstream of the EZR pro-
moter, which causes the local enrichment of H3K4me3. In
addition, EZR-AS1 can also interact with RNA polymerase II
to promote EZR transcription [88], a mechanism that will be
discussed later.(2) Histone acetylation: Histone acetylation is
widely accepted as an important epigenetic marker for gene
activation. A large amount of IncRNAs have been reported to
be involved in mediating histone acetylation as well
[40,53,55,56,89-91]. For example, ncRNA transcripts derived
from the 5'-regualtory regions of the cyclinD1/CCNDI1
(ncRNACCND1) were found to have the capacity to interact
with the RNA-binding protein TLS upon DNA damage signal.
The IncRNA:TLS association induces an allosteric modulation of
TLS and induces the repressive activity of TLS on the histone
acetyltransferases to inhibit the expression of cyclinD1 in Hela
cells [89] . Recently, Shi X et al. further discovered that the
regulatory role of ncRNACCNDI is controlled by an upstream
IncRNA molecule LINC00473 in breast cancer cells [90]. In

breast cancer, IncRNA BCAR4 is responsible for GLI2-
controlled gene activation. After being induced by CCL21,
BCAR4 interacts with SNIP1 and releases the SNIP1’s inhibition
of p300-dependent histone acetylation. By CIT/GLI2/SNIP1/
p300 signal axis, BCAR4 promotes H3K18 acetylation of the
GLI2 target gene promoter. Moreover, BCAR4 recruits PNUTS
to interact with H3K18ac and disrupts inhibition of RNA Pol II,
activating target genes of GLI2 expression, promoting tumour
invasion and metastasis [53]. IncRNA BCAR4 also responses to
Hippo-Yap signal during tumour metabolism. BCAR4 is acti-
vated by Hippo-Yap signal, and up-regulated BCAR4 recruits
GLI2 to the promoter of HK2 and PFBFK3, promoting H3K27
acetylation. Thereby BCAR4 is involved in the regulation of
tumour metabolic microenvironment and promotes the migra-
tion and invasion of breast cancer [91]. LncRNA SATB2-AS1 is
a suppressor to cell proliferation, migration and invasion in
colorectal carcinoma. Mechanistically, SATB2-AS1 acts as
a scaffold to recruit p300, acetylates H3K27 and H3K9 at the
SATB2 promoter for SATB2 activation [56]. In renal cell carci-
noma, IncRNA SANT1 in cis regulates SLC47A2 expression by
removing SFPQ/E2F1/HDACI1 suppressor complex from the
promoter region and increasing the acetylation of H3K27 to
promoting SLC47A2 expression [55]. As having been briefly
mentioned under the heading of ‘RNA decoy’, MALAT1 inter-
acts with DCBI1 directly and competes with SIRT1 for DCB1
binding, which results in a release of SIRT1 and enhances its
deacetylation activity. Consequently, the deacetylation of p53
reduces the transcription activity of target genes, promotes cell
proliferation and inhibits cell apoptosis [40].

Influencing on chromatin remodelling complex

Chromatin remodelling is an important mechanism regulating the
transcription of eukaryotic genes, which switches the chromatin
status between condensed and loose conditions. Chromatin remo-
delling complexes rely on hydrolysis of ATP to provide energy.
Based on the type of subunits for hydrolysing ATP, chromatin
remodelling complexes can be divided into three categories: SW1/
SNF complex, ISW complex and other complexes. During tumor-
igenesis, some IncRNAs have been shown to be involved in the
process of SWI/SNF-mediated chromatin remodelling events [92-
97] (Table 3). For example, IncRNA LncTCF?7 is highly expressed
in CSC cells. It activates TCF7 by recruiting the SWI/SNF complex
to the promoter of TCF7, which triggers the Wnt signalling path-
way to increase CSC self-renewal and cause cancer recurrence [96]
(Fig. 3A). Conversely, some SWI/SNF-associated IncRNAs func-
tion through molecule decoy mechanism (Fig. 3B). As an example
of this type of IncRNAs, IncRNA SChLAPI1 antagonizes the gen-
ome-wide localization and regulatory functions of the SWI/SNF
chromatin-modifying complex. Particularly, SChLAP1 represses
the expression of the PTEN gene and promotes the process of
tumorigenesis in prostate cancer cells through a direct association
with SNF5, a subunit of SWI/SNF complex [97]. Other factors
such as INO8O can also be induced by IncRNAs [98-104]. For
instance, IncHand2-AS1 recruits INO80 chromatin remodelling
complex to the promoter region of BMP signalling receptor
BMPRI1A, promotes the expression of BMPRI1A, activates BMP
signalling pathway, and maintains self-renewal of liver cancer stem
cells [104].
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IncRNAs Cancer type Functions and phenotype References
LncTCF7 Liver cancer Recruits SWI/SNF complex to the promoter of TCF7, triggers Wnt signalling pathway to increase CSC self-renewal 106l
and cause cancer recurrence.
SChLAP1 Pprostate  Interacts with SWI/SNF complex, represses the expression of PTEN gene and promotes the process of tumorigenesis 171
cancer in prostate cancer cells.

IncHand2-AS1 Liver cancer

Recruits INO80 chromatin remodelling complex to the promoter region of BMP signalling receptor BMPR1A,

[104]

promotes the expression of BMPR1A, activates BMP signalling pathway, and maintains self-renewal of liver cancer

stem cells.

» o

Transcriptional
Factors

Figure 3. Influencing on chromatin remodelling complex.

(a) IncRNAs can recruit chromatin remodelling complexes such as SWI/SNF, ISW, INO8O to the target gene’s promoter, resulting in an alteration of chromatin structure
that enables tightly condensed DNA to be accessed by transcription factors and gene activation. (b.) Conversely, other IncRNAs can sequester chromatin remodelling

complexes from the targeting cis elements to trigger gene repression.

Facilitating chromosomal looping

The spatial organization of the human genome plays an impor-
tant role in gene transcription [105-107]. In eukaryotes, gene
expression depends on the interaction between transcription
factors and DNA, which can be regulated by changing the three-
dimensional (3D) conformations of chromatin [108]. The chro-
mosomal looping may trigger reversible interaction between
enhancer and promoter of distal genes [109] (Fig. 4). Recently,
some IncRNAs or the act of transcription from the IncRNA loci
have been suggested to actively direct the formation of specific
nuclear conformations, including XIST in X chromosome inac-
tivation, NEAT1 in forming paraspeckle [110-113] and FIRRE
[114,115]. Studies from IncRNA CCAT1-L, IRAIN and Khpsl
further indicate that cancer-associated IncRNAs may utilize
a similar mechanism to affect the transcriptional output of the
downstream genes and tumorigenesis [116-118] (Table 4).
LncRNA CCATI-L is transcribed from an enhancer region
located at 515 kb upstream of MYC. In human colorectal cancer
cells, CCAT1-L promotes the long-range chromatin looping
between the MYC enhancers and promoter to regulate MYC
expression. Through interaction with CTCF, CCAT1-L modu-
lates the structural information of the surrounding chromatin
near the resulted looping domains [119]. LncRNA IRAIN

interacts with chromatin DNA, forming an intra-chromosomal
enhancer/promoter loop to down-regulate the expression of
IGFIR in acute myeloid leukaemia (AML) cells [116]. LncRNA
Khps1 acts as an oncogenic molecule by up-regulating its deriv-
ing gene SPHKI’s expression [118]. At the molecular level,
Khpsl forms an RNA-DNA triplex via a homopurine stretch
upstream of the transcription start site of SPHK1, recruits p300/
CBP and E2H1 to the SPHK1 promoter, and mediate the chro-
matin structure change of the target regions. Overall, these
IncRNAs act as a transcriptional regulator by localizing to target
loci, attracting regulatory proteins or chromatin modifiers, and
shaping 3D nuclear organization (Fig. 4).

Interaction with RNA polymerase

RNA polymerases catalyse the transcription of DNA to
synthesize precursors of mRNAs and ncRNAs [120]. As
the two most studied polymerases in eukaryotic cells, Pol
I is responsible for the synthesis of ribosomal RNA, while
RNA Pol 1II is responsible for most of the pre-mRNA and
IncRNAs synthesis [121]. Taken polymerase II as an exam-
ple, it is a 550-kDa complex, composed of 12 subunits.
A broad range of transcription factors are required for the
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Figure 4. Facilitating chromosomal looping.

IncRNAs helps to form enhancer:promoter looping to activate the transcription of the target genes.

Table 4. Facilitating chromosomal looping.

IncRNAs Cancer type Functions and phenotype References
IRAIN acute myeloid Interacts with chromatin DNA, forming an intra-chromosomal enhancer/promoter loop to down-regulate the (sl
leukaemia expression of IGF1R.
Khps1 Osteosarcoma Forms a RNA-DNA triplexes via a homopurine stretch upstream of the transcription start site of SPHK1, recruits el
p300/CBP and E2H1 to the SPHK1 promoter, and mediate the chromatin structure change of the target regions.
It acts as an oncogenic molecule by up-regulating its deriving gene SPHK1’s expression.
CCAT1-L Colorectal cancer Forms chromatin looping between the MYC enhancer and promoter, recruits CTCF to regulate MYC expression. ol

association of polymerase and promoter. They help the
construction of RNA polymerase complex on the gene’s
promoter during initiation and in the process of transcrip-
tion. In addition, chromatin structure, regulated by chro-
matin structure-oriented factors (e.g. histone modifiers), is
also linked with RNA polymerase II-recorded transcrip-
tion. Therefore, the above discussed IncRNAs through
regulating transcriptional modulators and chromosomal
looping, although not been proven, are likely to have an
influence on polymerases. Here, we will summarize those
IncRNAs that have been reported to participate in gene
transcription by influencing polymerase (Table 5), and
synthesize the recent findings into two main categories
(Fig. 5): direct influence and indirect influence.

Direct regulation

In the case of direct regulation, IncRNAs can alter the structure
of the protein complexes and deactivate the inhibition of the
complexes in RNA polymerase-mediated transcription initiation,
exampled by IncRNA SLERT (Fig. 5A). Human cells contain
about 400 copies of ribosomal DNA (rDNA) sequences, but only
half can be converted into rRNA. Recently, a new mechanism
has been reported to control rRNA transcriptional differences
by IncRNA SLERT-DDX21 looping structure and Pol 1

transcriptional activation. Under normal physiological condi-
tions, the RNA helicase DDX21, which is present in the nucleo-
lus, forms a circular structure around RNA polymerase I. This
circular structure traps RNA polymerase I, and its ‘encirclement’
size directly affects RNA pol I transcriptional activity. In cancer
cells, the conformation of DDX21 is changed by up-regulated
IncRNA SLERT. SLERT can interact with single DDX21 mole-
cule to adjust the size of the DDX21 ring and relieve the inhibi-
tion of pol I. Thereby, SLERT can activate pol I-mediated
transcription initiation directly and promote tumorgenesis
[122]. Indirect regulation: IncRNAs that infulence polymerases
indirectly, on the other hand, recruit histone modification
enzymes and alter chromatin structure to affect the RNA poly-
merases’ binding to target genes’ promoters [88,123-125] (Fig.
5B). IncRNA AY [125] and EZR-AS1 [88] belong to this cate-
gory. In hepatocellular carcinoma, IncRNA AY promotes tran-
scription of ITGAV and the expression of aVP3 to induce
tumour metastasis by specifically interacting with the promoter
of ITGAV and stimulating its activity. AY interacts with histone
1FX (H1FX) through the latter’s central domain (371-522) to
the ITGAV promoter, resulting in enhanced modification of
H3K4Me3 and acH3K9/14 but reducing H3K27Me3 and
HI1EX occupation on ITGAV promoter. This causes a change
of chromatin structure and pol II recruitment to target gene
promoter for gene activation [125]. EZR-ASI functions through
multiple mechanisms and have been discussed above under the
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IncRNAs Cancer type Functions and phenotype References
SLERT Teratoma Interacts with single DDX21 molecule to adjust the size of the DDX21 ring and relieve the inhibition of pol |, (221
activates pol | -mediated transcription initiation directly and promote tumorgenesis.
IncRNA AY Hepatocellular Interacts with histone 1FX (H1FX) to the ITGAV promoter, enhances modification of H3K4Me3 and acH3K9/14 (23]
carcinoma but reduces H3K27Me3 modification and H1FX occupation on ITGAV promoter. This causes a change of
chromatin structure and pol Il recruitment to target gene promoter for gene activation.
NRCP Ovarian cancer  Recruits both TF (STAT1) and RNA polymerase Il as an intermediate to target gene’s promoter. The complex (1281

then increases the expression of downstream genes including glucose-6-phosphate isomerase to modulate
cancer metabolism and promote ovarian cancer development.
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Figure 5. Associated with polymerases.

Histone Modification

IncRNAs participate in gene transcription by influencing the function of polymerases through direct (a) or indirect (b) manner.

heading ‘Promoting histone modifications other than
H3K27me3’ [88]. In addition, some IncRNAs can also regulate
gene transcription by acting as scaffolds to recruit TF or histone
modification enzyme and RNA polymerase together to down-
stream gene’s promoter, activating gene transcription [73,126-
128]. For instance, in ovarian cancer, IncRNA NRCP recruits
both TF (STAT1) and RNA polymerase II as an intermediate to
target gene’s promoter. The complex then increases the expres-
sion of downstream genes including glucose-6-phosphate iso-
merase to modulate cancer metabolism and promote ovarian
cancer development [128].

Direct association with promoter

Some IncRNAs can directly bind the target gene’s promoter to
influence transcription [129-136] (Fig. 6, Table 6). Currently,
IncRNAs fallen in this category take up a very small proportion
among the reported IncRNAs and the underlying mechanisms of
how RNA:DNA association affects transcription is largely
unclear. Recently, a study from Engreitz JM and colleagues
[136] suggests that the IncRNA:promoter association may affect
the loading or activity of the neighbouring transcriptional factors.
In this work, the investigated IncRNA is initially named as

MIR205HG, for being derived from the host gene of miR-205.
Interestingly, in human prostate basal cells, MIR205HG is cap-
able of regulating cell differentiation through an autonomous role
from miR-205 and therefore re-annotated as LEADeR (for Long
Epithelial Alu-interacting Differentiation-related RNA) based on
its molecular function. Mechanistically, LEADeR directly binds to
the Alu elements, which are located at the proximity of the
Interferon-Regulatory Factor (IRF) binding site on the LEADeR
target genes’ promoters. This results in a transcriptional repres-
sion of the target gene possibly via buffering the activity of IRF1
on the promoter. Several other IncRNAs have also been suggested
to have the capacity of direct association with promoter [129-
135]. For example, ARHGAP5-AS] is a natural antisense tran-
script (NAT) derived from ARHGAP5 and associated with
autophagy [129]. Autophagy is a catabolic process that captures
and degrades damaged proteins and organelles in lysosomes.
Under normal physiological conditions, the activity of autophagy
is at a low basal level to sustain cellular homoeostasis [137].
Changes of autophagy activity can lead to a variety of disorders
including metabolic disease, neurodegenerative disease, and
infectious disease [138]. Recently, it has been found that numer-
ous cancer cell lines have a high level of autophagy activity, which
is necessary to meet elevated metabolic demand and allow cell
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An IncRNA binds to the target gene promoter directly and influences gene transcription likely through influencing the neighbouring transcriptional factor’s loading or

activity.

Table 6. Direct association with promoter.

Cancer
IncRNAs type Functions and phenotype References
ARHGAP5-AST Gastric ARHGAP5-AS1 interacts with ARHGAP5 promoter directly to promote the transcriptional expression of ARHGAPS. 2l
cancer It promotes autophagy activity and allows cell survival in vitro and tumorigenesis in vivo.
LEADeR Prostate  Directly binds to the Alu elements, leads to a transcriptional repression of the target gene possibly via buffering 1'%
(MIR205HG) cancer the activity of IRF1 on the promoter.

survival in vitro and tumorigenesis in vivo [137]. ARHGAP5-AS1
is up-regulated when autophagy is inhibited in chemoresistant
gastric cancer cells. In vitro and in vivo experiments demonstrate
that SQSTN directly binds and recruits ARHGAP5-AS1 for
autophagy degradation. ARHGAP5-AS1 interacts with
ARHGAPS5 promoter directly to promote the transcriptional
expression of ARHGAP5. In addition, ARHGAP5-AS1 can sta-
bilize ARHGAP5 mRNA by enhancing the interaction of
ARHGAP5 mRNA with Hur and recruiting METTL3 to mediate
M6A methylation of ARHGAP5 mRNA [129].

Conclusion

Propelled by the HGP and ENCODE Programs, the discovery
of IncRNAs as an entire new class of ncRNAs adds a rich layer
to the complexity of the human genome. It has become clear
that many IncRNAs are critical regulators in almost all the
tested physiological and pathophysiological events. There are
several databases that contain comprehensive information on
disease-related IncRNAs, such as DIANA-LncBase [139],
LncRNADisease  [140,141], LNCipedia  [142], and
LncRNAWiki [143]. Recently, researchers have developed
the Lnc2Cancer database (http://www.bio-bigdata.net/
Inc2cancer) [144,145], which is a manually curated database
that provides experimentally associations between IncRNAs
and cancers. Up to October 2019, the Lnc2Cancer database
has included 1057 associations between 531 IncRNAs and 86
human cancers. With the development of chromatin isolation
by RNA purification (CHIRP), capture hybridization analysis
of RNA targets (CHART), as well as the combined utilization
with mass-spectrometry and next-generation sequencing,
researchers have more technical tools to investigate the
mechanism of IncRNA molecules. In this review, we dis-
cussed the nucleus-expressed IncRNAs and their roles in

cancer-related transcriptional regulation events. Although
around 55% of the tested IncRNAs are found to be located
in the nucleus [146], still an abundant portion of IncRNAs are
found to be expressed in the cytoplasm or asscociated with
cell membranes. It has become clearer now that besides tran-
scriptional controlling, IncRNAs participate in genomic sta-
bility, post-transcriptional RNA processing events, protein
modifications, and metabolisms through interacting with
other types of RNA molecules and proteins in cancer devel-
opment [147-161]. IncRNAs are becoming hot targets for
developing diagnostic markers and therapeutic targets for
human cancers.
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