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ABSTRACT

Emerging evidence highlights certain long noncoding RNAs (IncRNAs) transcribed from or interacting with super-enhancer

(SE) regulatory elements. These IncRNAs, known as SE-IncRNAs, are strongly linked to cancer and regulate cancer progression
through multiple interactions with downstream targets. The expression of SE-IncRNAs is controlled by various transcription
factors (TFs), and dysregulation of these TFs can contribute to cancer development. In this review, we discuss the characteristics,
classification and subcellular distribution of SE-IncRNAs and summarise the role of key TFs in the transcription and regulation

of SE-IncRNAs. Moreover, we examine the distinct functions and potential mechanisms of SE-IncRNAs in cancer progression.

1 | Introduction

Cancer is a localised result of abnormal cellular behaviour at the
genetic level, marked by a loss of normal growth regulation. It
arises from changes in cell proliferation and gene expression that
disrupt cellular homeostasis and lead to uncontrolled growth.
Essentially, cancer is a genetic disease characterised by defects
in cell differentiation and growth [1]. Recent advances in genome
sequencing and functional genomics have led to the discovery of
numerous genomic elements whose mutations, changes in ex-
pression or epigenetic modifications serve as ‘cancer markers’
[2]. Research progress has improved our understanding of the
molecular causes of cancers, leading to significant advances in
its diagnosis and treatment. Despite these advances, the number
of cancer cases continues to increase each year, highlighting the

need to explore additional internal mechanisms driving cancer
development [3].

The advent of next-generation sequencing technologies has led
to the discovery of numerous noncoding RNAs (ncRNAs), which
account for nearly 60% of the transcriptional output in human
cells [4]. Long noncoding RNAs (IncRNAs), a major subclass of
the ncRNA family, are RNA transcripts longer than 500nt that
do not encode proteins [5, 6]. However, this is merely a broad
definition, as it includes all transcripts that lack obvious protein-
coding potential. Interestingly, some IncRNAs previously clas-
sified in this way have been found to encode micropeptides,
revealing unexpected layers of complexity [5, 7]. LncRNAs reg-
ulate gene expression and function at multiple levels. LncRNAs
can regulate the expression of nearby genes in cis and distant
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genes in trans, participate in RNA metabolism, participate in
translation and modulate chromatin structure [8]. Via a multi-
tude of anchor DNA sites, IncRNAs can interact with DNA by
forming an RNA:DNA:DNA triplex, thereby contributing to the
local chromatin organisation of super-enhancers (SEs) [9].

SEs, first proposed by Richard A. Young in 2013, are much larger
than general enhancers: SEs are clusters of enhancers that span
large regions of DNA with a high concentration of transcriptional
coactivator binding [10]. SEs exhibit a number of distinctive fea-
tures that account for their unique biological properties. SEs are
dependent on topologically associating domains (TADs) with
higher order structure [11, 12]. The CCCTC-binding factor (CTCF)
is a highly conserved zinc-finger protein that defines TAD bound-
aries and isolates SEs from adjacent regions. Recent studies have
shown that SEs can function as membrane-free, phase-separated
compartments in the nucleus, where they encapsulate and thereby
stabilise robust transcription [12]. Additionally, the mediator com-
plex, RNAPII, bromodomain-containing protein 4 (BRD4) and
active chromatin markers (e.g., H3K27ac and H3K4mel) were sig-
nificantly enriched in the SE region [13].

Recently, the concept of super-enhancer-associated long noncod-
ing RNAs (SE-IncRNAs) has been frequently discussed, although
the literature is often unclear on the topic. Enhancer RNAs
(eRNAs), transcribed from active enhancers, are characterised by
their bidirectional capping, relatively short length, lack of splicing,
lack of polyadenylation and rapid degradation [8, 14, 15]. In con-
trast to eRNAs, SE-IncRNAs specifically refer to IncRNAs that are
transcribed from or interact with SEs. The transcriptional activity
of SE-IncRNAs heavily depends on SEs [9, 16]. SE-IncRNAs are
commonly unidirectional, polyadenylated and spliced [8].

SE-IncRNAs are associated with a wide range of human diseases,
and research has focused particularly on their role in tumorigen-
esis and cancer progression [17-19]. SE-IncRNAs regulate gene
expression by interacting with long-range chromatin or chroma-
tin loops or by modulating SE activity to influence both normal
and abnormal physiological processes [20, 21]. Currently, dy-
namic epigenetic alterations such as super-enhancer (SE) hijack-
ing events are recognised as key factors leading to metastasis
[22]. The functional roles of SE-IncRNAs in cancer are complex
and multifaceted. While substantial evidence supports the on-
cogenic functions of SE-IncRNAs across various cancers, there
are exceptions. For example, the SE-IncRNA RP11-569A11.1 is
downregulated in colorectal cancer (CRC), and its overexpres-
sion has been shown to suppress CRC progression by increasing
the expression of interferon-induced protein with tetratricopep-
tide repeats 2 (IFIT2) [23].

In contrast to previous reviews that examined only the role of
SE-IncRNAs in cancer, in this review, we comprehensively
summarise the characterisation, subcellular distribution and
functional mechanisms of SE-IncRNAs by exploring the roles of
SE-IncRNAs in different cancer types.

2 | Cis-Acting and Trans-Acting SE-IncRNAs

LncRNAs are known to operate across multiple levels, includ-
ing epigenetic modification, transcription, translation and

posttranslational processes [6]. SE-IncRNAs, a specific class of
IncRNAs mapped to SEs, can be categorised on the basis of their
functional mechanisms. Cis-acting SE-IncRNAs are transcribed
from SEs and regulate nearby genes, whereas trans-acting SE-
IncRNAs are transcribed from other genomic locations and in-
teract with SEs to regulate distant genes (Figure 1A) [20, 24].

2.1 | Cis-Acting SE-IncRNAs

Cis-acting SE-IncRNAs influence the activity of neighbouring
genes by interacting with enhancer sequences, achieving cis-
regulation through intrachromosomal interactions [25]. As a cis-
acting SE-IncRNA, pluripotency-associated transcript 22 (Platr22)
functions as a pivotal regulator of mouse embryonic stem cell
(mESC) pluripotency maintenance. Platr22 regulates the tran-
scriptional activity of its associated SE, P@"22SE. By interacting
with DEAD-box helicase 5 (DDX5) and heterogeneous nuclear ri-
bonucleoprotein L (hnRNPL), Platr22 modulates pluripotency in
mESCs by regulating the expression of its nearby gene, zinc finger
protein 281 (ZFP281), a crucial pluripotency regulator [26].

Additionally, the SE-IncRNAs RP11-379F4.4 and RP11-465B22.8
operate in a cis-acting manner by modulating the expression of
nearby genes and have been identified as potential indicators of
progression from ductal carcinoma in situ (DCIS) to invasive
ductal carcinoma (IDC) [27].

2.2 | Trans-Acting SE-IncRNAs

Extended open-chromatin regions that are highly transcribed at
SEs may produce RNAs with enough abundance and stability to
perform broad functions in trans [24].

For enhancer RNAs (eRNAs), cis-regulation of target loci
through intrachromosomal interactions is considered more
common than trans-regulation via interchromosomal inter-
actions [25, 28]. These findings suggest that eRNAs func-
tion primarily through intrachromosomal interactions rather
than through interchromosomal interactions [25]. However,
it is still uncertain whether SE-IncRNAs use the same regula-
tory mode.

Pax7-associated muscle IncRNA (PAM) is an SE-IncRNA that
primarily interacts with many genomic sites in trans. It regu-
lates muscle satellite cell (SC) activity by binding to DEAD-box
helicase (DDX) and facilitating chromatin interactions between
the PAM on the SE and target genes [25]. Similarly, the SE-
IncRNA Bloodlinc functions in trans to regulate gene expres-
sion. Bloodlinc, which is transcribed from the maternal SE,
spreads to multiple trans-chromosomal loci outside the struc-
tural domain of the maternal SE and plays a role in regulating
erythropoiesis [24].

3 | Relationship Between the Subcellular
Localisation and Function of SE-IncRNAs

The subcellular distribution of IncRNAs is crucial for deter-
mining their molecular functions [29]. Thus, the functional
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FIGURE1 | (A)Schematic representation of cis-acting and trans-acting SE-IncRNAs with distinct mechanisms of action. (B) The associated TFs

establish a core transcriptional regulatory circuitry for transcriptional activity in conjunction with SEs. (C) SE-IncRNAs exert multiple functions on

target cells.

mechanism of SE-IncRNAs is intricately linked to their intra-
cellular positioning.

3.1 | SE-IncRNAs in the Nucleus

In the nucleus, certain SE-IncRNAs modulate transcriptional
programmes through interactions with chromatin and chroma-
tin remodelling. They also act as scaffolds to help establish the
spatial organisation of the nuclear compartment [30]. Nuclear
SE-IncRNAs exhibit significantly enhanced functionality in
transcriptional regulation and chromatin interactions [31]. Both
cis-acting and trans-acting SE-IncRNAs are most likely local-
ised to the nucleus [20, 27].

The IncRNA metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1), which is found primarily in the nu-
cleus, is an SE-IncRNA [30, 32]. MALAT1 promotes c-myc-
mediated epithelial-mesenchymal transition and promotes
epithelial ovarian cancer (EOC) progression by acting as a
miR-22 sponge [33].

3.2 | SE-IncRNAs in the Cytoplasm

In contrast, some SE-IncRNAs are found in the cytoplasm,
where they can influence gene expression through different
mechanisms. Cytoplasmic SE-IncRNAs can interact with di-
verse protein partners, thereby influencing RNA stability, deg-
radation, translation and mRNA splicing [34].

In contrast to nuclear SE-IncRNAs, cytoplasmic SE-IncRNAs
perform their biological functions through several mechanisms.
First, they can interact with TFs to establish a positive feed-
back loop that promotes carcinogenesis. Second, cytoplasmic
SE-IncRNAs can influence posttranslational modifications by
acting as competing endogenous RNAs (ceRNAs) or molecu-
lar sponges. This interaction alters the availability of microR-
NAs (miRNAs), thereby regulating target gene expression.
Additionally, cytoplasmic SE-IncRNAs play a role in cancer
progression by mediating signal transduction pathways [31].
For example, the SE-IncRNA LINC01503, regulated by the tu-
mour protein p63 (TP63), activates the ERK/MAPK and PI3K/
Akt signalling pathways, thereby increasing the proliferation

30f17



and invasion of oesophageal squamous cell carcinoma (ESCC)
cells [19].

The subcellular localisation of SE-IncRNAs in the cytoplasm
underscores their versatile roles beyond nuclear functions, high-
lighting their importance in the posttranscriptional regulation
of gene expression.

However, the localisation of SE-IncRNAs is not fixed. The sub-
cellular localisation of IncRNAs is also associated with alterna-
tive polyadenylation signals [8]. For example, the SE-IncRNA
colon cancer-associated transcript 1 (CCAT1) exists in two iso-
forms: the long isoform (CCAT1-L), which is predominantly lo-
calised to the nucleus, and the short isoform (CCAT1-S), which
is mainly found in the cytoplasm [35, 36].

In summary, SE-IncRNAs have significant potential for regu-
lating cancer development because of their selective binding
to specific targets within various subcellular environments.
Understanding the functions of SE-IncRNAs in different cellu-
lar locations offers valuable insights into their roles in cellular
processes and disease mechanisms. This highlights the criti-
cal importance of their spatial distribution for their regulatory
functions.

4 | TFsInvolved in SE-IncRNA Transcription

SEs have been described as clusters of elements with enhancer
bioinformatic signatures that are enriched with particularly
high levels of TF recruitment [37, 38]. Specific TFs can bind SEs
to regulate gene expression. Some TFs can regulate their own
expression as well as other factors in a feed-forwards loop, col-
laborating with their associated SEs to establish core transcrip-
tional regulatory circuitry (CRC). This circuitry plays a crucial
role in regulating gene expression (Figure 1B) [39-41]. Accurate
interactions among TFs, cofactors and chromatin regulators at
genomic regulatory elements, such as SEs, are essential for ef-
fective transcriptional progression [42]. These findings suggest
that TFs are likely to play important roles in the transcription of
SE-IncRNAs.

Notably, the relationship between SE-IncRNAs and TFs is not
one-to-one; in this review, we highlight the following TFs and
some of the SE-IncRNAs they regulate (Figure 2 and Table 1).

41 | HSF1

Heat shock transcription factor 1 (HSF1) broadly influences tu-
mour biology [52-55]. HSF1 promotes cancer progression by or-
chestrating a range of essential cellular processes [56].

In CRC, HSF1 can activate the transcription of long intergenic
nonprotein coding RNA 857 (LINC00857), which is regulated
by SEs. Additionally, H3K27ac is essential for HSF1 expression.
This finding suggests a positive feedback loop between the TFs
HSF1 and SE that promotes the continuous activation of HSF1
and LNCO00857, thus continuously activating the downstream
signalling pathway [43].

The IncRNA RP13-890H12.2 (HSAL3) is a novel SE-IncRNA. In
hepatocellular carcinoma (HCC) tissues, HSAL3 is upregulated
and activated by the TF HSF1 through its SE, which, in turn,
interferes with the negative regulation of NOTCH signalling
[44]. Given that NOTCH signalling influences many aspects
of cancer biology, HSAL3 may play a role in tumour promotion
through this mechanism [57].

4.2 | HNF4G

Hepatocyte nuclear factor 4 (HNF4) is a type of TF that binds
fatty acids [58]. In the peripheral regions, enterocytes and he-
patocytes rely on the HNF4 TF family, which consists of two
homologues, hepatocyte nuclear factor 4 alpha (HNF4A) and
hepatocyte nuclear factor 4 gamma (HNF4G), to facilitate their
differentiation and function [59].

Recently, an SE-IncRNA, IncRNA-DAW, was identified as a bio-
marker for liver cancer. This IncRNA is activated by HNF4G
and its associated SE, leading to abnormal transcriptional ac-
tivity in HCC. LncRNA-DAW plays a crucial role in liver cancer
development by activating the expression of Wnt family member
2 (Wnt2). This activation promotes aberrant expression of the
Wnt/B-catenin signalling pathway, which is associated with tu-
mour development [45].

43 | E2F1

E2f transcription factor 1 (E2F1), a member of the E2F fam-
ily of transcription factors, can control the expression of tar-
get genes by binding to their promoters at the transcriptional
level [60].

E2F1 participates in regulating several SE-IncRNAs, includ-
ing LINC01004 and LINCO01089 [46, 47]. One SE-IncRNA,
long intergenic nonprotein coding RNA 1089 (LINC01089), is
closely linked to the progression of HCC. E2F1 binding to the
LINCO01089 SE significantly increases the expression of this In-
cRNA. Thus, the dependence of LINC01089 on its SE may be
attributed to E2F1 binding, which enhances gene transcrip-
tion [47].

4.4 | ZEB1

Zinc finger E-box-binding protein 1 (ZEB1) is well known for
its role in promoting epithelial-to-mesenchymal transition
(EMT) and is involved in various tumorigenic activities, in-
cluding cell apoptosis, chemotherapy resistance, invasion
and metastasis. Additionally, ZEB1 can induce stem-cell
properties [61-64].

The SE-IncRNA HCCL5 promotes EMT in HCC cells by up-
regulating the expression of EMT-related TFs. HCCLS5 is tran-
scriptionally regulated by ZEB1. ZEBI1 interacts with both
the SE and promoter regions of HCCLS5 to increase its tran-
scription during both steady-state conditions and EMT pro-
cesses [18].
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FIGURE2 | Schematic summary of several SE-IncRNAs and corresponding TFs that are involved in the regulation of SE-IncRNA expression and

function.

4.5 | TP63/SOX2

Recent studies have demonstrated that the overexpression of
SRY-box transcription factor 2 (SOX2) and TP63 promotes prolif-
eration and tumorigenesis in squamous cells, highlighting their
carcinogenic roles [65-67].

TP63 and SOX2 are implicated in cancer progression by their
ability to modify the levels of SE-IncRNAs, such as LINC01503
and CCAT1 [17, 19]. CCAT1 is an SE-IncRNA that is strongly
expressed in ESCC. In nearly all squamous cell carcinoma
(SCC) cell lines, the promoter and SE regions of CCAT1 are
co-occupied by TP63 and SOX2. These findings suggest that
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TABLE1 | Transcription factors that regulate aberrant expression of SE-IncRNA in cancer.

TF Related SE-IncRNA Tumour type Mechanism References
HSF1 LINCO00857 Colorectal cancer Promote the transcription of LINC00857 [43]
HSAL3 Hepatocellular carcinoma Upregulation and transcriptional [44]
activation of HSAL3
HNF4G LncRNA-DAW Hepatocellular carcinoma Transcriptional activation [45]
of IncRNA-DAW

E2F1 LINC01004 Hepatocellular carcinoma Bind to LINC01004 SE to [46]

promote its expression
LINC01089 Hepatocellular carcinoma Bind to LINC01089 SE and promotes [47]

its transcription and expression
ZEB1 HCCL5 Hepatocellular carcinoma Upregulation and transcriptional [18]
activation of HCCL5
TP63/SOX2 LINCO01503 Oesophageal squamous Bind to LINCO01503 SE to promote its [19]
cell carcinomas expression and activate its transcription
CCAT1 Squamous cell carcinomas Regulation of CCAT1 [17]
expression through activation

of its SE and promoter

MYC TMEM44-AS1 Glioma Transcriptional activation of [48]
TMEM44-AS1, and the formation
of a positive feedback loop with it
LINC00607 Hepatocellular carcinoma Interact with the LINC00607 [49]
promoter and upregulate it
FOXP3 LINC00880 Lung adenocarcinoma Occupy the promoter and SE region of [41]
LINCO00880 to promote its transcription

FOXA1 ATP1A1-AS1 Breast cancer Bind to ATP1A1-AS1 SE to [50]

regulate its expression
DSCAM-AS1 Lung malignant adenomas, Transcriptional activation [51]

breast and prostate cancer

DSCAM-ASI and the positive

feedback loop formed with it

CCAT1 is a downstream target of TP63 and SOX2 in SCC [17].
Furthermore, CCAT1 interacts with TP63 and binds to EGFR
super-enhancers along with SOX2, increasing the activity of
EGFR. This interaction activates the MEK/ERK1/2 and PI3K/
AKT signalling pathways, driving SCC cell proliferation and
survival [68, 69].

4.6 | MYC

The TF MYC is crucial for regulating numerous cellular
processes and is closely associated with cancer development
[48, 70, 71]. MYC uniquely influences the regulation of SE-
IncRNAs and is involved in the transcriptional control of sev-
eral SE-IncRNAs, including TMEM44-AS1 and LINC00607
[48, 49].

Recent studies revealed that TMEM44-AS1, a novel SE-IncRNA,
isdysregulated in glioma tissues. The presence of TMEM44-AS1
enhances glioma cell proliferation, colony formation, migration
and invasion. During glioma progression, TMEM44-AS1 binds
directly to SerpinB3 and sequentially activates MYC and the

EGR1/IL-6 signalling pathway. Conversely, MYC binds to the
TMEM44-AS1 SE, promoting its glioma-specific transcriptional
activation. This interaction creates a positive feedback loop in-
volving TMEM44-AS1 and MYC, highlighting the importance
of the TMEM44-AS1-MYC axis in glioma progression [48].

4.7 | FOXP3

The overexpression of forkhead box protein P3 (FOXP3) signifi-
cantly promotes cellular proliferation, migration and invasion,
indicating its potential as a carcinogen [72-76].

The SE-IncRNA long intergenic nonprotein coding RNA 880
(LINC00880) promotes cell growth, invasion and metastasis in
lung adenocarcinoma (LUAD) by forming a complex with CDK1
and PRDX1. This complex regulates the PTEN-AKT pathway,
promoting malignancy. The TF FOXP3 simultaneously binds
to the promoter and SE regions of LINC00880, resulting in
the upregulation of its transcription. These findings suggest
that FOXP3 contributes to cancer progression by regulating
LINCO00880 levels [41].
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4.8 | FOXAl

The FOXAI1 protein belongs to a unique category of TFs called
pioneer factors. FOXA1 plays a crucial role in cancer develop-
ment [51, 77-79].

FOXAI1 regulates several SE-IncRNAs, including ATP1A1-AS1
and DSCAM-ASI [50, 51]. DSCAM-ASI, an SE-IncRNA, is ab-
normally expressed in lung adenomas, as well as in breast and
prostate cancers, and is directly targeted by FOXA1 [51, 80, 81].
FOXA1 binds directly to the promoter of DSCAM-AS1, modu-
lating its expression in cancer cells. Notably, DSCAM-AS1 also
regulates FOXA1 expression at the transcriptional level. This
bidirectional regulation highlights that SE-IncRNAs can influ-
ence TF expression and contribute to the formation of CRC [51].

In conclusion, dysregulation of the expression of SE-IncRNAs
and their associated TFs is frequently observed in cancer cells
and tissues. This dysregulation often results in the activation
or inhibition of downstream targets, which significantly con-
tributes to cancer progression and affects patient outcomes.
Therefore, SE-IncRNAs and their associated TFs have signifi-
cant potential as diagnostic biomarkers and therapeutic targets
in cancer treatment.

5 | The Mechanisms Underlying the Complexity
of SE-IncRNAs

Increasing evidence suggests that IncRNAs are involved in
almost the entire life cycle of cells through different mech-
anisms and play important roles in many critical biological
processes. Therefore, exploring the relevant interactions of
IncRNAs is particularly important for the mechanistic under-
standing, treatment, prognosis and prevention of human can-
cers at the IncRNA level [82]. Furthermore, IncRNAs have the
potential to serve as reliable diagnostic biomarkers and thera-
peutic targets for cancer [83]. These insights highlight the im-
portance of exploring the roles of super-enhancer-associated
IncRNAs (SE-IncRNAs) in cancer to deepen our understand-
ing of cancer cell metabolism and progression. This review
examines the mechanisms through which SE-IncRNAs con-
tribute to cancer progression at the DNA, mRNA and protein
levels (Figure 3 and Table 2).

5.1 | SE-IncRNAs Alter DNA Structure or Interact
With DNA Promoters in Cancer

The early stage of tumorigenesis often involves the accumula-
tion of genetic mutations, including chromosome translocations.
These genetic alterations can disrupt normal cellular processes
and contribute to the uncontrolled proliferation of malignant
tumours [90].

Aberrant SE-IncRNA synthesis can indeed play a significant role
in tumorigenesis. For example, the transcription of SE-IncRNAs
can lead to activation-induced cytidine deaminase (AID) mis-
targeting, which contributes to genome instability and malig-
nancy [91]. Specifically, certain SE-IncRNAs located within the
BCL6 gene breakpoint region align with the BCL6 translocation

region [92, 93]. These SE-IncRNAs are transcribed in the oppo-
site direction from the BCL6 gene, generating single-stranded
DNA. This single-stranded DNA is then subject to mutations by
AID, which can cause double-strand breaks and chromosome
translocations. Studies have shown that AID specifically deam-
inates cytidine targets within this breakpoint region, thereby
promoting DNA double-strand breaks and subsequent chro-
mosomal rearrangements [92-95]. These findings suggest that
SE-IncRNAs have the potential to alter DNA structure and may
thereby affect gene expression and lead to cancer progression.

In addition to inducing changes in DNA structure, SE-IncRNAs
can interact with DNA promoters to influence downstream
processes and ultimately contribute to the regulation of can-
cer progression. A recent study revealed that an SE-IncRNA
called LINCO00857 is associated with CRC progression [43, 96].
LINCO00857 specifically targets the promoter region of annexin
A1l (ANXA11), leading to increased transcription of this gene.
Silencing LINCO00857 significantly reduces the presence of
the transcriptional activator RNA polymerase II (RNA Pol II)
at the ANXA11 promoter [43]. Consequently, by affecting the
ANXA11 promoter, LINC00857 promotes the activation of the
HSF1/LINCO00857/ANXA11 signalling axis, which enhances
the proliferation and spread of cancer cells [43].

5.2 | SE-IncRNAs Indirectly Form SE-Promoter
Loops in Cancer

SE-IncRNAs play crucial roles in regulating gene expression
through their interactions with enhancers and promoters. They
help initiate and maintain chromatin loops between these ele-
ments, thereby influencing transcriptional activity [35, 97].

CTCF, a multifunctional TF, plays a significant role in this pro-
cess [98]. SE-IncRNA SUCLG2-AS1 recruits CTCF, which facili-
tates the formation of chromatin loops in the SE region of SOX2
with the promoter region. This remote interaction increases the
transcriptional activation of SOX2 and promotes invasion and
metastasis of nasopharyngeal carcinoma (NPC) [21].

5.3 | SE-IncRNAs are Involved in Forming R-Loops
in Cancer

R-loops, which are RNA-DNA hybrids, have important roles in
cancer-associated effects such as DNA damage, hyperrecombi-
nation and genome instability [84]. Changes in the frequency,
stability or genetic positioning of R-loops, such as the triggering
of oncogenes or the loss of tumour-suppressor genes, are associ-
ated with the progression of cancer [99]. SE-IncRNAs can form
R-loops with SEs in cancer, thereby interfering with DNA rep-
lication and thus inducing chromosomal rearrangements and
genomic instability [100].

The seRNA-NPCM is a specific type of SE-IncRNA involved in
the metastasis of NPC. It is linked to the regulation of N-myc
downstream-regulated gene 1 (NDRG1), which has been found
to promote NPC metastasis. The mechanism involves the over-
expression of seRNA-NPCM, which leads to increased R-loop
formation via interaction with the SE region at its 3’ end. This
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remains an unresolved question. Further research is needed to
understand the balance between SE-IncRNA production and R-

FIGURE3 |

R-loop facilitates the formation of chromatin loops between the
SE and the NDRG1 promoter, thereby enhancing the transcrip-

tion of NDRGL. In this process, heterogeneous nuclear ribonuc- loop dynamics in cancer cells.
leoprotein R (hnRNPR) is the protein partner of sseRNA-NPCM,
which binds seRNA-NPCM to the promoters of TRIB1 and

NDRGI. As a result, this process significantly contributes tothe 5.4 | SE-IncRNAs Regulate RNA Splicing,

Stabilisation and Activity in Cancer
RNA plays crucial roles in gene expression, whether as protein-
coding RNAs (mRNAs) or as noncoding RNAs involved in

metastatic potential of NPC cells [84].
Journal of Cellular and Molecular Medicine, 2024

However, how super-enhancer regions produce high levels of
SE-IncRNAs without significantly limiting R-loop formation
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transcription (e.g., IncRNAs), splicing and translation (e.g., miR-
NAs) [101-106]. Recent evidence has shown that RNA process-
ing is systematically altered in cancer, underscoring the impact
of RNA on tumorigenesis, growth and progression [106-110].
These alterations in RNA processing are commonly observed in
cancer and can drive tumorigenesis [106]. SE-IncRNAs, a spe-
cialised class of IncRNAs, may also influence cancer progres-
sion by modulating RNA processing.

Long intergenic nonprotein coding RNA 1089 (LINC01089) is
specifically expressed in HCC cells. LINC01089 increases the
splicing of DTAPH3 mRNA, which is controlled by hnRNPM,
and reduces the incorporation of m6A-modified exon 3 into
DIAPH3 mRNA. This leads to decreased DIAPH3 mRNA
stability and reduced DIAPH3 expression, which, in turn, in-
creases ERK signalling activation and promotes HCC metastasis
and progression [47].

Increasing evidence suggests that ceRNAs play crucial roles
in the development of various cancers by acting as sponges
for miRNAs and modulating the expression of target genes
[85, 111-113]. In CRC, the SE-IncRNA urothelial carcinoma as-
sociated 1 (UCA1) functions as a ceRNA for miR-204-5p. UCA1
binds to miR-204-5p and suppresses its activity, leading to in-
creased expression of miR-204-5p target genes such as CREBI,
BCL2 and RAB22A in CRC cells [85-87]. These findings suggest
that SE-IncRNAs can significantly influence posttranslational
modifications and cancer development by functioning as molec-
ular sponges or ceRNAs [31].

5.5 | SE-IncRNAs Work Synergistically With RBPs
in Cancer

Accumulating evidence indicates that cellular processes such
as cell proliferation, apoptosis and cancer metastasis are regu-
lated by IncRNA-RBP (RNA-binding protein) interactions [114].
LncRNAs perform their cellular functions by forming macro-
molecular complexes with proteins [114, 115]. The accurate pre-
diction of IncRNA-protein interactions (LPIs) is essential for
elucidating IncRNA function and pathogenesis. Several meth-
ods have been developed to efficiently and accurately predict
LPIs, including the use of the FMSRT-LPI model to accurately
identify potential LPIs [116-119]. Disruptions in the IncRNA-
RBP interaction network are closely linked to cancer develop-
ment and progression.

The aberrant expression of the novel SE-IncRNA TMEM44-AS1
in glioma tissues is associated with malignant progression and
poor survival outcomes in glioma patients. This is due to the
direct interaction between TMEM44-AS1 and SerpinB3, which
facilitates the binding of SerpinB3 to downstream targets, lead-
ing to the activation of the EGR1/IL-6 signalling pathway and
the subsequent promotion of cancer progression [48]. Similarly,
DSCAM-AS], another SE-IncRNA, is specifically expressed in
lung, breast and prostate adenocarcinomas. In these cancers,
DSCAM-AS1 modulates the expression of FOXA1 and ERa by
interacting with YBX1, influencing YBX1 recruitment to the
promoter regions of FOXA1 and Era and thereby promoting tu-
mour progression [51].

5.6 | SE-IncRNAs Regulate the Stability
of RNA-Related Proteins in Cancer

LncRNAs, including SE-IncRNAs, play crucial roles in cancer
development through various mechanisms, such as regulating
protein stability and posttranslational modifications such as
phosphorylation [120].

Recent studies have identified a liver-specific SE-IncRNA,
IncRNA-DAW (distant activator of Wnt2), which destabilises
the enhancer of zeste homologous 2 (EZH?2) protein. It does so
by altering the ubiquitination and phosphorylation of EZH2,
leading to decreased stability and reduced total EZH2 protein
levels [45]. This decrease in EZH2 contributes to the ampli-
fication of Wnt2, ultimately promoting cancer progression
[45, 121-124].

5.7 | SE-IncRNAs Act as Scaffolds Between
Proteins in Cancer

The SE-IncRNA LINCO00880 is a relatively specific regulator of
LUAD [41]. It assists in the connection of CDK1 and PRDX1,
serving as a structural support for the formation of a ternary
complex. This complex modulates the level of phosphorylated
PRDX1, resulting in the activation of PI3K/AKT. Ultimately, this
activation promotes the development of malignant tumours [41].

In summary, SE-IncRNAs play pivotal roles in regulating can-
cer development. They influence cancer progression through
interactions with chromatin—by facilitating loop formation and
modulating chromatin stability—or by interacting with RBPs to
regulate downstream signalling pathways. These findings suggest
that SE-IncRNAs act as molecular scaffolds, coordinating various
factors at specific gene expression sites to ensure precise regula-
tion, thereby impacting cancer development and progression.

6 | Potential Functions of SE-IncRNAs

Recent research has highlighted the active role of SE-IncRNAs
in a wide range of pathological mechanisms in human cancers.
These roles are facilitated through their involvement in super-
enhancer activation and interactions with various proteins and
molecules [23]. This review focuses on the key functions of SE-
IncRNAs in the cancer process (Figures 1C and 4 and Table 2).

6.1 | Roles in the Modulation of EMT in Cancer

EMT is a key process in the progression of malignant epithe-
lial tumours that leads to the development of more aggressive
and metastatic tumour subtypes. EMT is crucial in promoting
tumour growth, increasing the population of cancer stem cells
and facilitating tumour metastasis [125].

The SE-IncRNA HCCLS5, which is associated with liver cancer,
shows increased expression in classical EMT models induced
by TGF-f1. ZEB1 interacts with the SE and promoter regions
of HCCLS5 to increase its transcription in both homeostasis and
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EMT. HCCL5 enhances the EMT phenotype by increasing the
levels of key transcription factors, including Snail, ZEB1 and
Twist1 [18].

6.2 | Roles in Vital Activities of Cancer Cells

Cancer growth is characterised by an imbalance in which pro-
liferating tumour cells outnumber those that undergo apoptosis,
disrupting the equilibrium between cell proliferation and cell
death [126]. This fundamental imbalance is closely associated
with alterations in cancer cell metabolism, which can either re-
sult from or contribute to tumour progression [127]. SE-IncRNAs
play a significant role in this process by modulating various cel-
lular activities, influencing both the metabolic state of cancer
cells and their overall behaviour.

SE-IncRNA ACO005592.2 is located primarily in the nucleus
and is significantly upregulated in CRC tissues and cells. This
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o Q)
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Angiogenesis

Complex functions and signalling of SE-IncRNAs involved in cancer progression.

CRC-specific marker promotes cancer cell proliferation and
metastasis by positively regulating the expression of its down-
stream gene, olfactomedin 4 (OLFM4) [88]. Elevated levels of
AC005592.2, thus, contribute to cancer progression in CRC.
However, SE-IncRNAs can have dual roles in cancer. For exam-
ple, the novel SE-IncRNA RP11-569A11.1, which is implicated
in CRC progression, functions as a tumour suppressor through
its interaction with IFIT2. RP11-569A11.1 is downregulated in
CRC tissues, leading to reduced expression of IFIT2. This re-
duction inhibits CRC cell proliferation and metastasis while
promoting the apoptosis of tumour cells, indicating that RP11-
569A11.1 acts to suppress tumours in CRC [23].

6.3 | Rolesin the Immune Response in Cancer
According to the concept of immunosurveillance, the immune

system remains vigilant, continuously monitoring cells and
tissues to detect and eliminate early cancer cells [128]. Among
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various forms of immunotherapy, immune checkpoint blockade
(ICB) has been extensively researched [129]. Nevertheless, tu-
mour tissue generally does not possess immunological check-
points and persists in its proliferation. Recent research has
shown that SE-related oncogenes influence the regulation of
both inhibitory and stimulatory immune checkpoints [31].

A study developed a model using SE-IncRNAs as biomarkers to
evaluate the clinical prognosis of glioma patients. This research
revealed that certain SE-IncRNAs, such as LINC00945, can af-
fect the infiltration and abundance of immune cells, including
natural killer (NK) cells, T follicular helper (Tfh) cells and Th1
cells. Additionally, the expression levels of these SE-IncRNAs
may positively correlate with the expression levels of associ-
ated immune checkpoint genes [89]. Furthermore, research
has identified an SE in breast cancer that elevates the levels of
programmed death-ligand 1 (PD-L1) and programmed death-
ligand 2 (PD-L2), thereby helping tumours evade the immune
system [130].

These findings indicate that SE-IncRNAs have the potential to
modulate cancer progression through their impact on immune
cell function.

6.4 | Rolesin ECM Remodelling in Cancer

The extracellular matrix (ECM) plays a critical role in various
cellular activities that advance cancer and serves as a reservoir
for substances that regulate tumour cell behaviour [131].

Recent research has highlighted the role of the SE-IncRNA
UCAL in activating YAP, revealing that dysregulated activa-
tion of the YAP/TAZ axis is observed in the tumour microen-
vironment of several cancers, including lung and breast cancer
[85, 132]. YAP/TAZ activation significantly enhances contrac-
tile activity and increases the expression of connective tissue
growth factor (CTGF) and cysteine-rich angiogenic inducer 61
(Cyr61), promoting ECM protein deposition [133]. Notably, YAP
can sustain its own activity by inducing the expression of myosin
regulatory light chain 9 (MYL9) and increasing actin contrac-
tility, leading to ‘inside-out’ ECM sclerosis [125]. Additionally,
previous studies have identified several SE-IncRNAs in hepatic
stellate cells that regulate ECM stiffness in a unidirectional
manner [134, 135].

6.5 | Rolesin Cancer Angiogenesis

Angiogenesis promotes cancer progression by facilitating the
provision of nutrients and energy, making it a common target
for cancer therapy [136]. SE-IncRNAs play a role in modulat-
ing cancer angiogenesis by activating various signalling path-
ways [135].

The Hippo-YAP signalling pathway, which is activated by
the SE-IncRNA UCA1, has been shown to promote angio-
genesis in several cancer types, including pancreatic duc-
tal adenocarcinoma (PDAC) and EOC, through multiple
mechanisms. Specifically, UCA1 enhances the expression

of Ang2, VE-cadherin and a-smooth muscle actin (a-SMA)
[87, 135, 137, 138]. Mechanistically, UCAL1 in the cytoplasm in-
teracts with AMOT to promote the interaction between AMOT
and YAP. This binding prevents interaction between pLATS1/2
and YAP as well as YAP phosphorylation. Consequently, this
promotes the nuclear translocation of YAP and its interaction
with TEAD to activate the expression of oncogene tags [87].

A comprehensive analysis revealed that SE-IncRNAs play dual-
istic roles in cancer development, acting both as oncogenes that
promote tumour progression and as tumour suppressors that
inhibit cancer progression. Both upregulated and downregu-
lated SE-IncRNAs influence cancer cell behaviours, including
proliferation, invasion, metastasis and apoptosis. However,
the precise mechanisms underlying these effects remain un-
clear and may involve distinct targets or signalling pathways.
Additionally, the expression of SE-IncRNAs appears to be cell-
type specific, indicating their potential as biomarkers for identi-
fying and classifying different tumour subtypes across various
systems [139].

7 | Concluding Remarks

In recent years, significant advances have enhanced our under-
standing of super-enhancer-associated long noncoding RNAs
(SE-IncRNAs), providing deeper insight into their characteris-
tics and multifunctional roles.

A very high number of IncRNAs that play roles in various can-
cers have been reported, and clarifying their specific mecha-
nisms and then targeting their associated SEs is an important
research direction for the treatment of tumours [17, 97]. SE-
IncRNAs may serve as novel targets for tumour therapeutics.
Xu et al. suggested that SE-IncRNAs might provide a break-
through in immunotherapy for solid tumours [140, 141]. A di-
verse array of preclinical studies indicates that SE inhibitors,
such as the BRD4 inhibitor JQ1, exhibit significant potential in
repressing seRNA transcription and impeding cancer prolifer-
ation [142-144]. Notably, JQ1 has been shown to preferentially
repress SE-IncRNA transcription compared with other IncRNAs
[44]. However, it remains unclear whether all SE inhibitors can
regulate SE-IncRNAs. If they can, they could offer new avenues
for anticancer strategies.

The impact of SE-IncRNAs on intricate physiological processes
and the development of cancer is a topic of considerable impor-
tance. In contrast to previous studies that have generally focused
on the involvement of SE-IncRNAs in cancer progression, the
present review provides an in-depth exploration of the various
mechanisms by which SE-IncRNAs participate in the regulation
of tumour progression, as well as the biological functions of SE-
IncRNAs in this process. However, there are limitations: specific
SE-IncRNAs exhibit different expression levels across various
tumour types and influence diverse tumour phenotypes. While
tissue specificity may explain some of this variability, the precise
mechanisms are not fully understood.

Furthermore, extensive research is needed to better understand
the relationship between SE-IncRNAs and cancer. Given their
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unique attributes, SE-IncRNAs are expected to play an increas-
ingly important role in personalised medicine.
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